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LIGHTING AND ELECTRICAL SYSTEMS  
Electric lighting is one of the major energy consumers in schools. Enormous energy savings are 
possible using efficient equipment, effective controls, and careful design. Using less electric lighting 
reduces heat gain, thus saving air-conditioning energy, increasing the potential for natural ventilation, 
and reducing the space's radiant temperature (improving thermal comfort). In cold, predominately 
heating climates, reducing electric lighting use does decrease heat gain from lights, which in turn, 
increases conventional energy use for space heating during the winter. However, this increase in 
heating energy is more than made up for in electrical savings. Electric lighting design also strongly 
affects visual performance and visual comfort by aiming to maintain adequate, appropriate illumination 
while controlling reflectance and glare. Finally, visual and accessible light and power meters can 
educate students and faculty about how lighting systems and energy controls work. 

This chapter provides guidelines for: 

Pendant-Mounted Lighting (Guideline EL1) 

Troffer Lighting (Guideline EL2) 

Industrial-Style Classrooms (Guideline EL3) 

Lighting Controls for Classrooms (Guideline EL4) 

Gym Lighting (Guideline EL5) 

Corridor Lighting (Guideline EL6) 

Lighting for a Multi-Purpose Room (Guideline EL7) 

Lighting for a Library or Media Center (Guideline EL8) 

Lighting for Offices and Teacher Support Rooms (Guideline 
EL9) 

Lighting for Locker and Toilet Rooms (Guideline EL10) 

Outdoor Lighting (Guideline EL11) 

OVERVIEW 
This section outlines lighting quality, lighting technology, lighting energy use, and other important 
lighting issues such as design criteria, maintenance, and commissioning. These factors all affect the 
design, installation, and maintenance of lighting systems in different school building spaces.  
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Visual Tasks in Schools 

Common Visual Tasks 
School visual tasks vary in terms of size, contrast, viewing angle, and distance. Many of these activities 
require close attention for prolonged periods of time. Critical visual tasks common to all school 
environments include: 

 Writing 

 Reading printed material 

 Reading material on visual display terminals (VDTs) 

 Reading from blackboards, whiteboards, overhead and video projections, and bulletin boards. 

Additional School Tasks 
In addition to the reading and writing visual tasks common to all school environments, several more 
specialized activities may occur in specific circumstances, which require specialized lighting equipment 
and design. Examples include: 

 Drawing, painting, and other artwork 

 Laboratory work 

 Food preparation 

 Performance activities, such as dramatic productions and debates 

 Sports 

 Home economics activities, including sewing and cooking 

 Industrial education activities, such as metal shop and wood shop. 

One notable difference between schools and other environments is that students must constantly adapt 
their vision between “heads-up” and “heads-down” reading conditions. Copying a homework 
assignment from the blackboard into a notebook, for instance, requires the eyes to adjust for 
differences in visual target size, distance, contrast, and viewing angle. To create comfortable and 
productive spaces, the lighting design must address the quality of the entire visual environment instead 
of merely accounting for horizontal illuminance, as is too often the case.  

Lighting Quality Issues 

Lighting in schools should provide a visual environment that enhances the learning process for both 
students and teachers, allowing them to perform their visual tasks quickly and comfortably. Several 
lighting quality issues important in school lighting are outlined below. Table 1 provides information about 
the relative importance of various lighting quality issues for specific school spaces. 
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Table 1 – Lighting Quality Issues for Sample School Building Spaces 

 General 
Classroom 

Computer 
Classroom 

Multipurpose 
Classroom 

Corridor 

Control of Direct and Reflected Glare     
Light on Walls and Ceiling     
Fixture Location Related to People     
Light Patterns – Uniformity vs. Shadows     
Daylight     
Color Rendering and Color Temperature     
Lighting Controls, Flexibility     
  Very Important     Important     Somewhat Important 

Quantity of Light 
In design, the quantity of light is measured in footcandles, taken in the horizontal plane at the task. 
IESNA publishes illumination level recommendations. With the ninth edition of the IESNA Lighting 
Handbook (2000), IESNA revised its recommended lighting design procedure and issued the latest 
recommendations for horizontal illuminance. For most typical classroom and office reading tasks, the 
current recommended light level is 30 footcandles, as shown in Table 2. However, because some 
classroom tasks may justify up to 50 footcandles, choosing a level between 30 and 50 is an excellent 
compromise. Exceptions include art classrooms, shops, laboratories, and other spaces where tasks 
may require light levels as high as 70 to 100 footcandles.  

Even if designing electric light levels for 30 to 50 footcandles of electric illumination, higher light levels – 
up to about 150 to 200 footcandles under peak solar conditions – can be provided by properly designed 
daylighting systems in most classrooms. (Computer labs and similar spaces are the exception – high 
daylight levels cause visual difficulties, so daylight, if introduced at all, should be done carefully and at 
very low light levels.) To take advantage of natural light, electric lighting systems should be dimmed or 
extinguished to fully harvest the energy and maintenance savings. 

Previously, many published school lighting design guides recommended much higher levels, but the 
combination of better visual materials and other media, such as video and computer, permit current 
light level standards. Designers taking advantage of the latest light level recommendations can specify 
lighting systems that use less energy and require less maintenance than designs performed to older 
standards. 

Note that lower lighting levels (15 to 30 footcandles) are suggested for computer classrooms. Moreover, 
providing a low ambient light level (5 to 10 footcandles) and task lighting is often preferred for computer 
spaces. 
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Table 2 – IESNA Recommended Illuminance Levels 

Category Description 
Recommended Illuminance 

(fc) 
Public spaces 3 fc 
Simple orientation for short visits 5 fc 

Orientation 
and Simple 
Visits 

Working spaces where simple visual tasks are performed 10 fc 
Performance of visual tasks of high contrast and large size 30 fc 
Performance of visual tasks of high contrast and small size, 
or visual tasks of low contrast and large size 

50 fc 

Performance of visual tasks of low contrast and small size 100 fc 

Common 
Visual Tasks 

Performance of visual tasks near threshold 300 – 1,000 fc 
Source: IESNA Lighting Handbook, 9th ed. (2000), p. 10-13  

Lighting Quality 
IESNA’s current lighting design procedure consists of a six-step process that emphasizes the relative 
importance of numerous design issues for specific applications. In addition to issues such as color 
appearance, daylighting integration and control, luminances of room surfaces, and many others, topics 
addressed include vertical illumination, glare control, uniformity, and color rendering. 

Vertical Illumination. Vertical illumination is one of the more critical design issues in school lighting. With 
the exception of desktop reading, many school visual tasks are “heads-up” type activities, requiring 
proper vertical illumination of chalkboards and other displays. In addition, the perception of what 
comprises lighting quality is strongly influenced by vertical illumination. For example, wall illumination is 
a critical factor in the sense of brightness and cheerfulness of a room. In nighttime environments, 
vertical illumination that promotes facial recognition is important in creating a sense of safety and 
security. Appealing vertical illumination promotes the important school activity of social communication.  

Glare Control. Light sources that are too bright create uncomfortable glare. In extreme cases, direct or 
reflected glare can also impair visual performance by reducing task visibility. In such a case, fatigue 
results from the eye having to work much harder to perform. All sources of light, including daylight, must 
be carefully controlled to avoid causing discomfort or disabling glare. Common glare problems in 
classrooms include uncomfortable overhead glare from direct distribution luminaires, reflected luminaire 
imaging on VDTs and whiteboards, and direct glare from uncontrolled windows or skylights. Very bright 
sources, such as T-5 straight, twin tube, and T-5HO straight lamps, should only be used in high spaces 
like gyms, or in cove lighting and indirect luminaires in ordinary classrooms and other spaces. Indirect 
and direct/indirect lighting systems tend to provide superior glare control as compared to more 
conventional, direct lighting systems. 

Uniformity. For the most part, building spaces should be as uniformly illuminated as possible, avoiding 
shadows or sharp patterns of light and dark. For classrooms, luminance contrast ratios between the 
visual task and its immediate surround should not exceed 3:1, and contrast between the brightest 
surfaces in the visual field and the visual task should not exceed 10:1. Higher ratios contribute to fatigue 
because the eye is constantly adapting to differing light levels. Recessed or surface-mounted parabolic 
fixtures should be avoided in most spaces, because they block light from reaching the upper portion of 
the wall and create a shadowy, cave-like environment. Exceptions might include lighting systems for 
theaters and social spaces in the school, where a downlighting system might be used to create a 
dramatic atmosphere. 
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Maximize overall lighting uniformity by following guidelines for maximum spacing of luminaires. The 
best method of maximizing uniformity is to make a concerted effort to light vertical surfaces, as well as 
the ceiling (using indirect or indirect/direct luminaires) whenever possible. Using light-colored, diffuse 
surface materials also optimizes lighting uniformity.  

Color Rendering. Light sources that render color well enhance the visual environment. Light sources 
should have a minimum color-rendering index (CRI) of 80 for most interior spaces. Ceramic metal 
halide lamps, the latest “second generation” T-8 lamps, T-5 lamps, and most compact fluorescent 
lamps have a CRI in the range of 82 to 86. 

Lighting Control Flexibility 
Lighting controls should be designed for flexibility to accommodate the varying nature of many school 
spaces. In addition to saving energy, bi-level or multiple-level switching enables different light levels to 
respond to changing requirements. Separate circuiting of luminaires in daylit zones also enhances 
space flexibility and energy savings. Control flexibility improves lighting energy performance by 
encouraging the use of lights that are only needed for the activity at hand. 

Control flexibility is especially important in classrooms, which typically must be responsive to varying 
illumination schemes due to a wide variety of conditions and activities that occur. It is critical that 
teachers have the ability to override any automatic dimming and/or occupancy sensor controls, so that 
they can switch the lights off manually when necessary. 

In multi-purpose spaces, several different lighting control schemes may need to be designed to account 
for all the different activities. In these cases, it may make sense to specify a preset dimming or 
switching system, allowing one-button scene changing. 

Lighting control systems must also be easy to understand and operate. Non-intuitive control interfaces 
are likely to be ignored at best, and disabled in more extreme cases. 

Integration with Daylight 
Properly controlled daylight promotes comfort and productivity. To achieve energy savings, electric 
lights must be turned off (either manually or automatically) when sufficient daylight is available. Many 
teachers and students are quite conscientious in manually turning off the lights when not needed, but 
automatic systems tend to result in greater energy savings over the long run.  

The first and most important step in integrating electric lighting with daylighting is to make sure that the 
electric lights are circuited so they can be logically switched off or dimmed in proportion to the presence 
of daylight in the room. This generally means that the electric lights should be circuited in lines parallel 
to the daylighting contours in the space. The areas of the room with the most daylight, the space 
adjacent to windows or skylights for example, should be turned off or dimmed first. A good rule of 
thumb for daylighting integration:  control electric lights with a minimum of three separate circuits in 
daylighted spaces.  

The electric lighting should be designed to provide balanced and sufficient illumination under nighttime 
conditions, but it should also be circuited to supplement partial daylight when needed on dark days. The 
electric lighting designer should thoroughly understand the patterns of daylight illumination expected 
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during different times of the day and year, so that the electric lighting design can supplement the 
daylight, filling in darker areas of the room or highlighting a wall when needed.  

The choices of switching versus dimming, and manual versus automatic photosensor controls, are 
partly cost issues, and partly operational issues. The pros and cons of each are discussed in Guideline 
EL4: Lighting Controls for Classrooms. Issues of daylighting design are discussed in the following 
chapter. 

Light Sources 

A wide variety of light sources are available for schools. Light source selection critically affects building 
space appearance, visual performance, and comfort. This section outlines the different types of sources 
available to the designer 

Incandescent and Halogen Lamps 
Incandescent lamps represent the oldest of electric lighting technologies. Advantages of incandescent 
technology include point source control, high color performance, instant starting, and easy and 
inexpensive dimming. Disadvantages range from low efficacy and short lamp life to high maintenance 
costs. 

Incandescent sources should not be used in new schools except in very limited and special accent 
lighting circumstances. Examples might include dimming applications where color performance, beam 
control, and/or dramatic effect is critical, such as teleconferencing rooms, theaters, and the highlighting 
of artwork. In most of these cases, halogen sources, which offer longer life, better point source control, 
and crisper color performance, are superior to standard incandescent lamps. The most efficient 
halogen technology is “infrared reflecting” or “IR,” which should be used whenever possible. T-5 or 
compact fluorescent lamps can also be considered for many accent lighting applications. 

Fluorescent Lamps 
Fluorescent lamps can and should be used to light nearly all types of school building spaces. They offer 
long life, high efficacy, good color performance, and low operating and maintenance costs. Fluorescent 
lamps are typically straight or bent tubes, which limit their use somewhat. Dimming fluorescent lamps 
require special electronic ballasts that cost more than standard high frequency ballasts.  

Several different types of fluorescent lamps are worth noting, as described in Table 3. 
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Table 3 – Summary of Fluorescent Lamp Technology 

Type of Lamp Advantages/Disadvantages Applications 
T-12 Antiquated technology. Relatively low efficacy. Supplanted by 

newer technologies such as T-8 and T-5. 
Should not be used in new school 
construction. 

Standard T-8 
(7xx and 8xx 
color) 

Smaller diameter standard lamps now in general use throughout 
the world.  Offer 10% to 20% higher energy efficiency than T-12 
lamps and other performance improvements when used with 
electronic ballasts.  Low-cost lamps and ballasts. 

Most general lighting applications in 
schools, including classrooms, offices, 
multipurpose rooms, and libraries. 

Premium and 
Super T-8  
(8xx color only) 

So-called “super” and other “premium” T-8 lamps offer higher color 
rendition, higher maintained lumens, and a 20% to 50% increase in 
lamp life over standard T-8s.  Energy efficiency can be 10% to 20% 
greater than standard T-8 lamps depending on brand and type. 

Same. 

T-5 Similar performance to “super” T-8 lamps, but a more compact 
lamp envelope (5/8 in. vs. 1 in. diameter). T-5 luminaires should be 
well-shielded to minimize glare.  More expensive than the T-8 lamp 
and ballast system. 

Smaller profile luminaires. Especially 
effective in indirect luminaires, cove 
lighting systems, and wall washers. 

T-5 High Output 
(T-5HO) 

Light generation per unit length is the highest. Very good energy 
efficiency, long lamp life, and high optical efficiency.  Currently 
more expensive than T-8 lamp and ballast system. 

Smaller profile suspended luminaires for 
offices and classrooms.  Also, for direct 
“high bay” applications such as gyms. 

For schools, the best choices are T-8 premium and super lamps, T-5, and T-5HO lamps. If taken into 
account during design, the added energy efficiency and longer life of these slightly more expensive 
lamps more than pay for the initial cost difference. 

Fluorescent Ballasts 
All fluorescent lamps require a ballast, which is an electric device that starts and regulates power to the 
lamp. Electronic high frequency ballasts are now standard equipment for most fluorescent sources. In 
addition to their efficiency advantages, electronic ballasts have minimal flicker and ambient noise, and 
are available in a variety of ballast factor configurations, allowing the designer to “tune” light levels 
based on the ballast specification.  

Consider the following recommendations for fluorescent ballasts.  

There are four different ballast types: 

 Instant start ballasts, which have high energy efficiency but may reduce lamp life. A standard T-8 
lamp operated for more than three hours per start on an instant-start ballast will last about 15,000 
hours. However, if the lamp is operated a short time each start (such as when controlled by a 
motion sensor), lamp life can drop to less than 5,000 hours. Choose instant-start ballasts for 
locations with constant light operation. 

 Rapid-start ballasts, which are increasingly rare because they are less energy efficient and offer no 
significant lamp life advantages. 

 Program start ballasts, which are both energy efficient and significantly reduce the effect of controls 
and operating cycle. A standard T-8 lamp operated on a program start ballast will last 24,000 hours 
at three hours per start, and premium or “super” lamps can last as long as 30,000 hours at three 
hours per start. Equally important, a “super” lamp operated on a motion sensor will still last over 
20,000 hours. Note that all T-5 ballasts are program start. Choose program start for all applications, 
especially those with short-cycle lamp operation. 

 Dimming ballasts will be discussed later. 

 The “ballast factor” of the ballast, which describes the percentage of rated lamp lumens generated 
and power used, is variable and can be used to tune lighting systems, especially T-8 lighting 
systems. 
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 The standard or “normal light output” (NLO) system produces 87% of the rated light output of the 
lamp. This is the most common ballast system and it is normally furnished unless otherwise 
requested. 

 In renovation projects, use reduced light output (RLO) electronic ballasts in building spaces lighted 
with fluorescent lamps where slightly lower light levels will suffice. RLO ballasts produce 
approximately 75% of rated light output and use 12% to 20% less power than standard NLO 
ballasts. Applicable spaces might include corridors, rest rooms, and storage areas. In new 
construction, simply specifying lower wattage fixtures or increasing fixture spacing would result in 
greater initial construction cost savings as well as energy savings. 

 Use high light output (HLO) electronic ballasts where a modest increase in light output is required. 
A typical HLO ballast produces 115% to 120% of the lamp’s rated light output for a 15% to 20% 
increase in power, but does not materially affect lamp life. Clever designs can sometimes employ 
two lamps and an HLO ballast rather than three lamps and an NLO or RLO ballast, permitting the 
use of a smaller luminaire or simply fewer lamps. 

Table 4 – Fluorescent Lamp/Ballast Power and Light Level (Based on Mean Lamp Lumens) Using Generic 
T-8 Lamp and Ballast as the Reference 
For the numbers in parentheses following the lamp name, the first digit represents the Color Rendering Index (CRI) and the final 
two digits indicate the color temperature. 
* Lamps rated 3000 initial lumens and high lumen maintenance 
 ** Lamps rated 3200 initial lumens and high lumen maintenance 

Lamps Type of Ballast Relative Light Relative Power 
Standard T-8 (735) NLO instant start 100% 100% 
Standard T-8 (735) RLO instant start 89% 87% 
Standard T-8 (735) HLO instant start 135% 134% 
Standard T-8 (835) NLO instant start 106% 100% 
Standard T-8 (835) RLO instant start 94% 87% 
Standard T-8 (835) HLO instant start 141% 134% 
Premium* T-8 (835) NLO instant start 111% 100% 
Premium* T-8 (835) RLO instant start 99% 87% 
Premium* T-8 (835) HL) instant start 149% 134% 
Super** T-8 (835) NLO instant start 119% 100% 
Super** T-8 (835) RLO instant start 106% 87% 
Super** T-8 (835) HLO instant start 158% 134% 
Super** T-8 (835) RLO program start 100% 80% 
T-5 (835) Program start 125% 100% 
T-5HO (835) Program start 214% 200% 

Dimming ballasts for fluorescent lamps require an additional investment, but increase lighting system 
performance by optimizing space appearance, occupant satisfaction, system flexibility, and energy 
efficiency. Dimming fluorescent ballasts should be considered in all cases requiring maximum energy 
performance and light level flexibility. They are particularly effective in daylit classrooms, computer 
classrooms, audio video rooms, and similar spaces. 
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Compact Fluorescent Lamps 
Compact fluorescent lamps (CFLs) can be used in 
nearly all applications that traditionally have 
employed incandescent sources. CFLs offer 
excellent color rendition, rapid starting, and 
dimmability. A large palette of different lamp 
configurations enhances design flexibility. 
Principal advantages of CFLs over incandescent 
sources include higher efficacy and longer lamp 
life. They can be dimmed, though dimming CFL 
ballasts are expensive. In colder outdoor 
environments, CFLs can be slow to start and to 
achieve full light output.  

Use CFL lamps extensively in task and accent 
lighting applications, including wall washing, 
supplementary lighting for visual tasks requiring additional task illumination above ambient levels, and 
portable task lighting in computer environments. They are also valuable for medium-to-low level general 
illumination in spaces such as lobbies, corridors, restrooms, storage rooms, and closets. In climates 
where the temperature does not often drop below 20°F, they are quite suitable for outdoor corridors, 
step lighting, and lighting over doorways. High wattage BIAX-type CFLs can be used for general space 
illumination in recessed lay-in troffers (see Luminaires section below), as well as in more decorative 
direct/indirect luminaires for office lobbies, libraries, and other spaces requiring a more “high-end” look.   

High Intensity Discharge (HID) Lamps 
HID lamps provide the highest light levels of any commercially available light source and come in a wide 
variety of lamp wattages and configurations. In addition, they offer medium-to-high efficacy and 
relatively long lamp life. The principal disadvantage to HID sources is that they start slowly and take 
time to warm up before coming to full brilliance, making them difficult to use in many automatic lighting 
control scenarios without expensive two-level switching systems. As a result, these lamps may not work 
well in daylit interior spaces where lights may be turned on and off. In some applications, such as 
warehouses and vehicle maintenance areas, this may be cost effective when evaluated from a life-cycle 
cost perspective, but be prepared for reduced color performance and lamp life if used with metal halide 
lamps. Dimming HID lamps are expensive and unreliable and are not recommended. 

Low Mercury Lamps 
Rising concern over mercury disposal has increased the importance of using low mercury content 
lamps. Low mercury versions of all fluorescent and compact fluorescent lamps, as well as some HID 
lamps, are available from most manufacturers and should be used. Initial lamp costs may be slightly 
higher, but when disposed of, these lamps will no longer be treated as hazardous waste with those 
associated high costs. See the section below on Mercury and Lamp Recycling. 

 
Compact fluorescent lamps can be used in nearly all 

applications.  NREL/PIX06244 
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Light Emitting Diodes (LEDs) 
LEDs are semiconductor devices that generate an intensely directional, monochromatic light. Research 
today is directed at producing a commercially viable white LED source. Because selection is mainly 
limited to red, blue, or green products at this time, using LED as a light source in schools is generally 
limited to exit and other signs. The principal advantage of LEDs over other sources is their extremely 
long life. In addition, a two-sided LED exit sign can usually be illuminated with less than 5W.  

LEDs are highly recommended for use in school exit signs. They offer high efficacy and very low 
maintenance costs when compared with either incandescent or fluorescent products, and are available 
in most of the popular exit sign configurations. 

Energy Efficient Choices 
Lamps convert electricity (Watts) to light energy (lumens), and most modern lamps require a ballast to 
regulate the power flow into the lamp. The efficacy of the conversion is measured in lumens of light 
output divided by Watts of electric power input. The input Watts includes both the lamp and the ballast. 
In general, it is best to use the system with the highest possible efficacy that is suited for the 
project. 

Some electric lamps emit less light as they age, called lumen depreciation. Significant improvements in 
certain lamps make lumen depreciation a very important consideration. Lamps are now rated in mean 
lumens per Watt (MLPW), which better represents the efficacy of the lamp over its life. 

Table 5 gives the MLPW for a variety of lamp/ballast systems and may be used to select light sources. 
Follow it closely to get the best efficacy. For instance, “premium” T-8 lamps are the best overall choice 
for most applications, and you can use 835 (neutral color), 830 (warm color) or 841 lamps (cool color) 
and get the same efficacy. But by substituting 735 color (which is cheaper), the MLPW drops to less 
than 80.    
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Table 5 – Lamp Application Guidelines 

MLPW* Lamp Type CRI Ballast Good Applications Limitations 
93 T-8 “super” lamps 

(F32T8/835) 
86 Electronic 

program 
start 

General lighting. The most energy-
efficient lighting and longest life 
system available for most uses. 

Not for general exterior 
lighting; not for very high 
spaces (20 feet or above). 

92 T-5 standard 4’ 
lamps (F28T5/835) 

86 Electronic 
program 
start 

Specialty lighting such as valences, 
undercabinet, coves, and wallwash.  

Not for troffers; produce a 
limited amount of light. 

90 T-8 premium 4’ 
lamps (F32T8/835) 

86 Electronic 
instant start 
(IS) 

General lighting. The lowest cost and 
most efficient system available. 
Dimmable. 

Not for general exterior 
lighting; not for very high 
spaces.  

87 T-8 premium 8’ 
lamps 
(F96T8/835) 

86 Electronic 
IS 

General commercial and institutional 
lighting. Dimmable. 

8’ long lamps generally best 
in large spaces only. 

81 T-5HO high output 
4’ lamps 
(F54T5/835) 

86 Electronic 
program 
start 

Indirect office lighting; high ceiling 
industrial lighting and specialty 
applications such as coves and 
wallwash. Gyms. Dimmable. 

Very bright lamps should not 
be used in open fixtures 
unless mounted very high. 

80 Metal halide lamps, 
pulse start, M141 
(1000 watt class) 

65 Magnetic 
CWA 

Very high bay spaces such as sports 
arenas, stadiums, and other 
locations above 30’. 

Very long warm up and 
restrike times prevent rapid 
switching and dimming. 

79 T-8 premium “U”-
bent lamps 
(F32T8/U/835) 

86 Electronic 
IS 

Recessed commercial lighting.  
Dimmable. 

More expensive than straight 
lamps. 

78 T-5 twin tube 
(“biax”) 40-50 watt 
(FT40T5/835) 

82 Electronic 
IS 

General commercial and institutional 
lighting; track mounted wallwash and 
display lighting. Dimmable. 

More expensive than straight 
lamps – can be too bright in 
open fixtures. 

78 Metal halide lamps, 
pulse start, 450 
watt class 

65 Magnetic 
CWA  

General high bay lighting for gyms, 
stores, and other applications to 
about 30’; parking lots. 

Very long warm up and 
restrike times prevent rapid 
switching and dimming. 

76 Standard T-8 
generic lamps 
(F32T8/735) 

75 Electronic 
IS 

General commercial lighting. 
Dimmable. 

Not for general exterior 
lighting; not for very high 
spaces. 

75 T-8 premium 2’ 
lamps 
(F17T8/835) 

86 Electronic 
IS 

General commercial lighting. 
Dimmable. 

Not for general exterior 
lighting; not for very high 
spaces. 

67 Metal halide lamps, 
pulse start, M137 
(175 watt class) 

65 Magnetic 
CWA 

Parking lots and site roadway 
lighting. 

Very long warm up and 
restrike times prevent rapid 
switching and dimming. 

64 Metal halide lamps, 
pulse start, M142 
(150 watt class) 
compact T-6 high 
CRI 

85 Electronic 
(CWA 
magnetic 
<60 MLPW) 

Track and recessed mounted display 
lighting. 

May not be suitable for 
general illumination due to 
lamp cost; very long warm up 
and restrike times prevent 
rapid switching and dimming. 

63 Metal halide lamps, 
pulse start, ED-17 
M140 (100 watt 
class) high CRI 

85 Electronic 
or magnetic 
HX or CWA 

Recessed and track mounted display 
lighting. 

May not be suitable for 
general illumination due to 
lamp cost; very long warm up 
and restrike times prevent 
rapid switching and dimming. 

62 Compact 
fluorescent 18-42 
watt triple 

82 Electronic Downlights, sconces, wallwashers, 
pendants and other compact lamp 
locations; can also be used outdoors 
in most climates.  Dimmable. 

Modest efficacy is still far 
better than incandescent. 

30 Halogen infrared 
reflecting lamps in 
PAR-30, PAR-38, 
MR16 and T-3 
shapes 

100 None 
required 

Localized accent lighting and where 
full range, color consistent dimming 
is absolutely required such as fine 
restaurants, hotels, high end retail, 
etc 

Cost effective technology 
must be used in limited 
amounts. 

*Mean lumens per watt vary depending on specific ballast. Values given are optimum lamp-ballast combinations, and other 
combinations may be lower. 
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Luminaires 

Luminaires (light fixtures) generally consist of lamps, 
lamp holders or sockets, ballasts or transformers 
(where applicable), reflectors to direct light into the 
task area, and/or shielding or diffusing media to 
reduce glare and distribute the light uniformly. An 
enormous variety of luminaire configurations exist. 
This section briefly outlines some of the more 
important types for school lighting design. 

Recessed Luminaires 
Recessed luminaires represent a large segment of 
the overall luminaire market. There are two basic 
variations, lay-in troffers and downlights. The primary 
use of lay-in troffers is as a direct general light 
source. Downlights are relatively compact luminaires 
used for wall washing, accent lighting, supplemental 
general or task illumination, as well as for lower 
levels of ambient illumination. 

A relatively new type of recessed luminaire is the 
indirect troffer. It is meant to soften the distribution pattern of a direct distribution luminaire without 
losing lighting uniformity. However, in many cases the surface brightness of the exposed reflector is 
actually higher than that of a standard troffer. Use them with caution, and do not use them in larger 
building spaces such as classrooms and open offices. 

Suspended Classroom Luminaires 
Suspended indirect or direct/indirect luminaires are the preferred luminaires for lighting classrooms. 
They are also appropriate for offices, administrative areas, library reading areas, and other spaces. 
Typically these luminaires employ T-8, T-5, or T-5HO lamps, and mount in continuous row 
configurations. See Guideline EL1: Pendant-Mounted Lighting. 

Suspended High Ceiling Luminaires 
Both fluorescent and HID suspended luminaires are useful for illuminating building spaces such as 
gymnasiums and other high-ceilinged spaces. HID luminaires can be classified as either high bay (>25 
ft mounting height) or low bay, depending on the configuration. Compact fluorescent, high bay 
luminaires are also available to light high ceiling spaces. They employ up to eight compact fluorescent 
lamps to approximate the light output of an HID luminaire, while allowing for additional control flexibility. 
See Guideline EL5: Gym Lighting for more information. Linear hooded industrial fluorescent luminaires 
can be extremely effective at lighting high ceiling spaces.  

 
Figure 1 – Recessed vs. Suspended 

Luminaires 
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Surface-Mounted Luminaires 
Surface-mounted fluorescent, compact 
fluorescent, and HID luminaires are valuable for 
wall and ceiling mounting situations, particularly 
when ceiling access is a problem.  

Specialty Luminaires 
Several specialty luminaires are available for 
specific school lighting applications, including 
specialty wall wash luminaires to illuminate 
blackboards, task lighting luminaires to 
supplement general illumination, wet location 
luminaires for exterior areas open to the elements, 
and high-abuse luminaires designed to withstand 
vandalism in school and other institutional 
environments. 

Exit Signs 
Numerous exit sign configurations are available for 
schools. LED exit signs offer the best alternatives 
for minimizing energy use and maintenance. Avoid 
self-luminous atomic exit signs because they are 
difficult to dispose of and may not provide 
adequate surface luminance.  

Lighting Controls 

Lighting controls are critical for minimizing lighting 
energy use and maximizing space functionality 
and user satisfaction. Control techniques ranges 
from simple to extremely sophisticated. Lighting 
control strategies are most successful when 
people can easily understand their operating 
characteristics. Another critical factor is the proper 
commissioning of lighting control systems so that 
they operate according to design intent. Finally, regularly scheduled maintenance of control equipment 
will improve the long-term success of the system. Poorly designed, commissioned, or maintained 
automatic lighting controls can actually increase lighting energy use and cause user dissatisfaction. 

This section provides a brief overview of lighting control hardware available for school applications.  

Switches 
Manual switches are the simplest form of user-accessible lighting control. Minimal compliance with 
most codes requires individual manual switching for each separate building  

 
Figure 2 – Low-bay HID Luminaire 

 
Figure 3 – Hooded Industrial Fluorescent 

Luminaire 

 
Compact fluorescent lighting fixture. NREL/PIX 09211 
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ASHRAE 90.1-2001 mandates that buildings larger than 5,000 ft2 have an automatic control device that 
can turn off lighting in all spaces without occupant intervention. This automatic control can be based on 
a time schedule or occupancy sensor. Manual switches are especially valuable in daylit building spaces 
because they allow people to turn off electric lights when daylight is adequate. Manual switches should 
also be installed in spaces with occupancy sensors to increase the energy savings by allowing people to 
turn off the lights when they are not needed. 

Occupancy Sensors 
Occupancy sensors employ motion detectors to 
shut lights off in unoccupied spaces. The primary 
detection technology can be either passive infrared 
(PIR) or ultrasonic. Some sensors employ both 
passive infrared and either ultrasonic or 
microphonic detection.  Mounting configurations 
include simple wall box sensors appropriate for 
small spaces such as private offices, and ceiling- or 
wall-mounted sensors that provide detection of 
areas up to 2,000 ft2. 

Occupancy sensors are most effective in spaces 
that are intermittently occupied, or where the lights are likely to be left on when unoccupied. The best 
school applications include classrooms, private offices, restrooms, and storage areas. Use occupancy 
sensors in combination with manual overrides whenever possible to maximize energy savings, space 
flexibility, and occupant satisfaction. Including manual off override to the control scheme allows the 
teacher to turn the lights off for video presentations or other situations requiring the lights to be off. See 
Guideline EL4: Lighting Controls for Classrooms.  

Timing and sensitivity for occupancy sensors should be carefully reviewed for the optimum compromise 
between energy savings and appropriate function. It has been found that if lights often automatically 
shut off when students and teachers sit still for several minutes during tests, the sensors will require re-
adjustment or simply be disconnected.  If staff is driven to disconnect occupancy sensors, the school 
incurs the increased initial construction costs but loses any energy savings. This type of dissatisfaction 
also makes it more difficult to include these energy saving features in the next project. 

Time Controls 
Time controls save energy by reducing lighting time of use through preprogrammed scheduling. Time 
control equipment ranges from simple devices designed to control a single electrical load to 
sophisticated systems that control several lighting zones.  

Time controls make sense in applications where the occupancy hours are predictable, and where 
occupancy sensor automatic control is either impractical or undesirable. Candidate building spaces 
include classrooms, offices, library stacks (local digital time switches), auditoriums, and exteriors. 

 
Figure 4 – Occupancy Sensor 
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Energy Management Systems (EMS) 
Typically an EMS controls lighting via a time clock. However, many building operators take advantage of 
the built-in EMS functions to monitor lighting usage on a space-by-space basis. EMS control of lighting 
systems may also allow building operators to dim or turn off lights to shed non-essential lighting loads 
during peak demand periods.  

Manual Dimmers 
Next to standard wall switches, manual dimmers are the simplest of lighting control devices. Manual 
dimmers serve two important functions. First, dimming lights reduces lighting demand and energy 
usage. With incandescent and halogen sources, there is the additional benefit of extended lamp life. 
However, more importantly, dimmers allow people to tune the lights to optimum levels for visual 
performance and comfort.  

Consider manual dimmers (combined with dimming ballasts, where applicable) for many school building 
spaces, including classrooms, computer classrooms, and office spaces. Audio/visual rooms require 
manual dimming to function properly. 

Photosensor controls 
Photosensor control systems are used to control electric illumination levels in daylit spaces. A 
photosensor detects the daylight illumination level and sends a signal to a logic controller to switch off 
or dim the electric lights in response. In open-loop systems, the sensor is placed so that it “sees” a 
representative daylight level, such as looking up into a skylight or out a window. In a closed-loop 
system, the sensor is placed so that it “sees” both the daylight and electric illumination level combined. 
Closed-loop systems tend to be more difficult to calibrate since they are partially responding to the light 
source that they are also controlling. Different photosensors are designed to be used as open- or 
closed-loop systems, and should be selected specifically by their intended use and location. 
Compatibility between photosensor, logic controller, and ballasts should also be carefully reviewed. 
Finally, calibration is important and should be done after the space is painted and furnished with 
carpets, blinds, and furniture, so that illumination levels are as the occupants will experience them.  

Occupant Education 
It is extremely helpful to educate the building occupants in how lighting controls work, so that they are 
less likely to be surprised or annoyed by their operation. A brief tutorial for teachers on occupancy, a 
one-page explanation taped to the light switch, or best yet, some type of permanent explanation affixed 
to the classroom wall will greatly aid in the acceptance and appropriate use of the controls. Even 
manual switches benefit from some education, as teachers often do not realize they have control of 
more than one light level in their rooms. 

Analysis and Design Tools 

Several high-quality analysis tools can help professionals design lighting systems. The simplest of these 
programs provide rudimentary zonal cavity calculations to predict average horizontal footcandles, while 
the most sophisticated tools can handle extensive calculations and produce realistic renderings.  
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Many of the major luminaire manufacturers offer standard computational software that can predict the 
performance of their (or other’s) luminaires in typical lighting designs. Typically, these programs can 
calculate horizontal and vertical illuminance for a number of points within the space. Some can produce 
rudimentary renderings as well. Most can export output to CAD software. 

Companies that specialize in lighting software offer the most sophisticated lighting software packages. 
These products are typically much more robust than the manufacturer-provided packages, and can 
handle more complex problems, such as surface luminances, daylight effects, irregularly shaped 
rooms, and high resolution rendering. 

However, minimally acceptable results may be obtained using the lumen or Watts/ft2 methods. 

Applicable Codes 

Several codes or standards affect the design and installation of lighting equipment. Some of the 
relevant considerations are outlined below.  

ASHRAE/IESNA Standard 90.1-2001 
Many states and local governments have adopted energy efficiency standards that apply to the design 
of new schools and major renovations. While these are quite varied, many are based on 
ASHRAE/IESNA Standard 90.1-2001, a consensus standard approved by the IESNA. Standard 90.1 
has requirements on minimum lighting controls and maximum lighting power in spaces.  

Americans with Disabilities Act (ADA) 
The ADA affects the selection and installation of lighting equipment. For the most part, ADA only affects 
wall-mounted luminaires, which cannot protrude more than 4 in. when mounted less than 80 in. above 
the finished floor. 

Egress and Emergency Lighting 
Emergency egress and exit lighting requirements are mandated in the Universal Building Code (UBC), 
National Electric Code (NEC), and National Fire Prevention Association (NFPA) codes. Lighting design 
must address the minimum lighting levels for egress, as well as include the necessary exit signage. 
Most counties and municipalities require at least minimal compliance with NEC, and some may require 
additional measures.  

UL Listing 
According to the NEC, all luminaires used in construction must be listed by an approved testing agency, 
such as Underwriters Laboratory (UL). The designer must be sure that all luminaires specified are 
properly listed by a testing agency recognized by the local electrical inspector. In addition, there are 
distinctions that must be made for special applications, such as damp, wet, and hazardous locations. 

Resource Efficiency 

The overall value of energy-efficient lighting systems is reduced energy use and cost, less air pollution, 
lower maintenance costs, and reduced material requirements. Properly designed lighting systems 
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minimize lighting demand and energy use. In addition, effective use of lighting controls can extend the 
service life of lighting equipment, reducing maintenance costs and replacement equipment inventories.  

Although lighting’s environmental impacts primarily relate to energy performance and enhanced indoor 
environmental quality, other environmental considerations include materials efficiency and pollution 
prevention during manufacturing: 

 Materials efficiency: Metal components of lighting fixtures can be recycled, and whole fixtures can 
be salvaged during building deconstruction. These fixtures can be refurbished and reused. The 
metal components of fixtures may include recycled content, although data is not readily available as 
to the amount. 

 Pollution prevention: Powder finishes on luminaires may pose a problem during manufacture, but 
information about these finishes is not readily available. 

Mercury and Lamp Recycling 

Mercury in fluorescent lamps is a serious issue that has been documented and is being addressed by 
the lighting industry. Mercury is a toxic element and there are significant concerns about mercury being 
emitted into the atmosphere or released into groundwater when fluorescent lamps are discarded.   

Fluorescent lamps use electricity to excite mercury gas so that it emits ultraviolet light, which in turn 
causes the phosphor coating to fluoresce and emit light. According to a 1999 National Electrical 
Manufacturers Association (NEMA) study, the average new fluorescent lamp contained approximately 
12 milligrams (mg) of mercury per 4-ft lamp in 1999. Recent developments in lamp coating technology 
have resulted in lower mercury lamps that contain between 3 and 9 mg of mercury per 4-ft lamp.  
Three-mg lamps are available with up to 90% efficiency over the life of the lamp, while 9- to10-mg 
lamps can be specified with up to 94% efficiency.Environmental concerns are complicated by the fact 
that mercury is also sent into the atmosphere during the combustion of coal, oil, or gas burning at power 
plants in the production of electricity.  Because of the high percentage of mercury from power 
production, less mercury may actually be produced from using the 9-mg mercury lamps with 94% 
efficiency than using the 3- to 4-mg lamps with lower efficiencies because of the former’s reduced 
energy consumption. Lamps with less than 3.8 mg mercury pass California’s TTLC test. Lamps with 
less than 9 mg mercury pass the TCLP test by using additives. Another way to reduce mercury use is to 
specify lamps with higher-rated life hours. Lamps with 30,000 average rated life hours will last 50% 
longer than standard lamps and will therefore reduce mercury in the environment. The U.S. 
Environmental Protection Agency (EPA) has declared that lamps containing mercury are hazardous 
materials requiring special handling. This mandate applies to most fluorescent lamps, and in some 
cases may also be defined to include HID lamps. Spent lamps may be disposed of in special landfills; 
however, it is much more ecologically responsible to recycle them. Most lamps used in schools can be 
completely recycled by a number of different recycling companies. Current costs for recycling lamps 
average about $0.06/lin ft. When preparing a maintenance plan for a lighting system, include a lamp 
recycling procedure. 

School districts should be good environmental stewards and engage in recycling programs for 
fluorescent lamps. For demolition and renovation projects, recycling lamps should be required where 
local recycling options are available. 
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Maintenance 

Maintaining lighting systems is critical to the performance, lighting quality, and energy efficiency of 
lighting systems. Establishing proper maintenance procedures is as much a responsibility of the 
designer as it is of the custodian who changes lamps. A good lighting maintenance plan should be 
included within the building specifications. 

Luminaire Cleaning and Troubleshooting 
Luminaires need to be cleaned at regular intervals. Consistent maintenance ensures that the lighting 
system will continue to perform as designed, thereby maximizing lighting quality and space appearance. 
When cleaning luminaires, maintenance personnel should also check for and replace any broken or 
malfunctioning equipment, such as lenses, louvers, and ballasts.  

Group Relamping 
Lighting systems perform best when they are maintained at regular intervals. Group relamping is a 
maintenance strategy aimed at maximizing lighting system performance and maintenance economy by 
changing out all lamps at regular intervals, as opposed to relamping only when lamps have burned out. 
In the long run, group relamping reduces the cost of maintaining lighting systems through simple 
economy of scale. Furthermore, relamping luminaires at regular intervals maintains light levels and 
lighting quality according to design intent and establishes good lighting maintenance procedures. For 
cost effectiveness, group relamping should be combined with luminaire cleaning and troubleshooting. 
Lamps using with dimming ballasts should be properly seasoned prior to being dimmed. See discussion 
under Commissioning below. 

Specifications 
Designers of school lighting systems have several specification tools available to promote proper 
maintenance and reduce maintenance costs. For example: 

 Specify premium or super T-8 lamps whenever possible to extend lamp life by 20% (lamps rated 
24,000 hours) or up to 30,000 hours with specific program start ballasts. 

 Try to limit the number of different lamp types specified, which will simplify maintenance and allow 
for reduced lamp backup stocks. 

 Include specification language that requires the contractor to supply the school district with manuals 
for occupancy sensors and other automatic control hardware.  

 Include a maintenance manual in the lighting specification (see below). 

Maintenance Manual 
Include a detailed maintenance package with the building specifications. At a minimum, the package 
should contain the following: 

 As-built plans showing the installed lighting systems 

 Luminaire schedule that includes detailed lamp and ballast information 

 Luminaire cut sheets 

 Lamp inventory list, including recommended stocking quantities 

 Manufacturer data for all lighting controls, including operating documentation and tuning procedures 
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 Procedures for maintaining lighting controls 

 Luminaire cleaning and troubleshooting procedures 

 Group relamping procedure 

 Lamp recycling plan and contacts. 

Commissioning 

All automatic lighting control systems must be tuned after installation to ensure optimal performance 
and energy efficiency. Malfunctioning automatic control systems waste energy and will disturb students, 
teachers, and staff. Building specifications should include a commissioning plan that identifies the 
commissioning agent and details the required procedures. The commissioning plan should include the 
following items: 

Dimmed Fluorescent Lamps. Manufacturers recommend that fluorescent lamps be fully seasoned prior 
to being dimmed. Dimming the lamps without this “burn-in” period can result in unstable light output 
and/or shorter lamp life. Recommendations vary from 10 to 100 hours, depending on the manufacturer. 
Eventually this requirement may become unnecessary by the use of “smart” ballasts that can sense a 
lamp’s status. Until such ballasts are available, both new and replacement lamps should be seasoned 
before dimming. 

Occupancy Sensor Sensitivity/Time Delay. Motion sensors must be adjusted to ensure that they only 
sense motion in the controlled space. Motion in adjoining spaces can cause false triggering or cause 
the lights to remain on needlessly, thereby wasting energy. Similarly, sensor sensitivity should be set to 
a high level so that the sensors do not turn lights off when spaces are occupied but students or 
teachers are not moving much. An additional adjustment to the sensors can control the time delay 
period between last detection and lights off. In most cases, this period can be set to 10 minutes for 
good results. 

Photosensors. Photosensors designed for use in open-loop daylighting control systems must be 
mounted so that they cannot detect the lights they control. This may require some tweaking or 
relocation of the unit after installation. Consult the manufacturer’s recommendations for proper 
commissioning procedures for photosensor devices. 

Dimming Controllers: Dimming controllers for lighting systems should be tuned so that illuminance at 
the high dimming range will not exceed design parameters. Only a simple adjustment is required on 
most dimming boards. Similarly, the commissioning agent can also set the minimum light level.  

Stepped or Relay Controllers. If a stepped lighting control system is employed for daylight harvesting, it 
is important to adjust the deadband between the on and off switching thresholds so that the system 
does not cycle on cloudy days. Continuous on-off cycling is annoying to building occupants and reduces 
lamp life. 
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GUIDELINE EL1: PENDANT-MOUNTED LIGHTING 
Recommendation 
Classrooms should have ceilings at least 10 ft above 
the finished floor, which permits the use of either:  

 Luminaires with a semi-indirect or indirect 
distribution and at least 85% luminaire 
efficiency, using T-5HO, T-5 or T-8 premium 
lamps, and electronic ballasts; or 

 Luminaires with direct/indirect distribution and 
at least 75% luminaire efficiency, using T-8 
premium lamps and electronic ballasts.  

In either case, the design should usually operate at 
between 0.9 W/ft2 and 1.1 W/ft2, and it will generate 
40 to 50 footcandles, maintained throughout the 
student desk area. 

Description 
There are two primary, appropriate types of 
suspended fluorescent luminaires, which are classified 
according to the fraction of uplight and downlight.  

 Direct/indirect luminaires designed for general 
classroom use. Ceiling, walls, and floor are all 
illuminated relatively evenly.  

 Indirect and semi-indirect luminaires originally 
designed for office lighting. The ceiling and 
upper walls are brightest, reflecting light 
downward onto tasks. 

Most direct/indirect luminaires are rated according to 
the percentages of uplight and downlight. In a 
direct/indirect luminaire, the amount of uplight and 
downlight is roughly the same. The type of luminaire 
shown here is 60% uplight and 40% downlight. While 
a light colored ceiling is preferred to take advantage of 
the uplight, a direct/indirect lighting system can be 
used with light colored wood or other materials. Darker 
colored ceilings reduce the efficiency of the lighting 
system. The suspension length of direct/indirect lighting is less critical than for indirect lighting. 

In an indirect luminaire, the amount of uplight is at least 90%. If there is any downlight from the luminaire, 
it is only intended to create a sense of brilliance. Most of the illumination in the room is caused by reflected 
light from the ceiling. Indirect lighting requires a white ceiling and a minimum suspension length of 18 in., 
with 21 in. or greater strongly preferred. A semi-indirect luminaire has between 10% and 40% downlight, 
and suspension length is less critical. 

In all cases, affordable luminaires are made of steel bodies, and steel or plastic louvers. More 
sophisticated luminaires employ extruded aluminum housings, but this generally incurs significant cost 
increases. 

 
Applicable Climates 

 
Applicable Spaces  When to Consider  

Classrooms  Programming
Library  Schematic

Multi-Purpose  Design Dev.
Gym  Contract Docs.

Corridors  Construction
Administration  Commissioning

Toilets  Operation
Other  
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Applicability 
Pendant mounted lighting is appropriate for all classrooms, libraries, multi-purpose spaces, and 
administration spaces.  

Integrated Design Implications 
Suspended lighting systems can work well with almost all ceiling systems that are at least 9 ft-6 in. high. 
However, ceilings with dark stained wood or dark colored paint must be avoided. For direct/indirect 
luminaires, ceilings should be light colored; for indirect fixtures, ceilings must be white or off-white, as 
should upper walls. A direct/indirect luminaire with a greater percentage of downlight (50% or more) 
should be used for rooms with extremely high ceilings, such as above 14 ft. Note that for maximum 
efficiency with indirect and semi-indirect lighting systems, it is best to employ ceiling systems with very 
high reflectivity. Modern white paints and certain ceiling tiles with reflectance of 90% or greater can 
dramatically increase system performance. 

Pendant indirect or direct/indirect lighting systems are particularly well suited for integration with daylight 
systems, since both approaches require higher ceilings and the use of secondary reflective surfaces. In 
daylit rooms, pendant systems should be run parallel to the primary windows or daylight source, so that 
they can be switched or dimmed in response to daylight gradients. In a classroom, three rows of pendants 
will allow a more gradual response to daylight than just two rows. Daylight controls can then switch or dim 
each row separately. 

Cost Effectiveness 
Suspended lighting systems costs are shown in Table 6. Suspended lighting systems 
provide a high degree of cost effectiveness in most applications. Non-dimming, indirect 
steel luminaires are the lowest cost, but optimum solutions are generally steel luminaires 
with steel or plastic louvers providing 35% to 50% downlight. 

Table 6 – Indirect/Direct Lighting Costs 

Lighting System Type Cost per Lineal Foot, Installed* 
Steel Indirect Luminaires, 90%+ Uplight, T-8 Lamps, Non-dimming $35  
Steel Direct/Indirect Luminaires, Plastic Louvers, 65% Uplight, T-8 Lamps, Non-dimming $40 
Steel Direct/Indirect Luminaires, Steel Louvers, 50% Uplight, T-8 Lamps, Non-dimming $45 
Extruded Aluminum Luminaires, Parabolic Louvers, 75% Uplight, T-8 Lamps, Non-dimming $50 
Add for Dimming Ballasts Using Standard 0-10 volt type $12-15 
*Approximate cost to owner, including labor, materials, overhead, profit, and costs of construction for lighting, including luminaires, 
lamps, and suspension hardware. Includes connecting luminaire to branch circuit. Controls and branch circuit costs not included. 
Based on July 2000 prices. Costs can vary depending on market conditions. 

Benefits 
Direct/indirect lighting systems generally offer an optimum combination of efficiency and visual comfort, 
and make excellent use of the low-cost, widely used T-8 lamp system. Systems operating at about 0.9 
W/ft² to 1.0 W/ft² will generate between 40 and 50 footcandles on average, with excellent uniformity. 
Indirect lighting systems are generally less efficient, requiring 1.0 W/ft² to 1.1 W/ft² to achieve 40 to 50 
footcandles.  

Design Tools 
See this chapter’s Overview.  

Design Details 
This type of lighting provides good, general lighting throughout the room and is suitable for most types of 
classroom work. Some types of direct/indirect lighting are optimized for computer CRT work, although 
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they tend to be expensive. It may be necessary to provide separate chalkboard illumination, especially if 
the suspended lighting system is manually dimmed. Be certain to employ premium T-8 lamps with 835 or 
841 color, rated 24,000 hours. For non-dimming applications, luminaire light and power can be varied 
through choice of ballast factor. Use Table 4 and specify ballasts accordingly. 

A typical classroom is shown in the figure below with three rows of two lamp suspended luminaires. Not 
including daylight contribution, most of the room is between 40 and 60 footcandles at 0.9 W/ft². A slight 
increase in power will result in a proportional increase in light level; at 1.1 W/ft2, the light levels will range 
between 49 and 73 footcandles. 

 
Figure 5 – Classroom Pendant-Mounted Lighting Design 

This classroom design uses three rows of suspended fluorescent luminaires.  
An optional blackboard light can be mounted at the teaching wall.  

Operation and Maintenance Issues 
These lighting systems rarely need maintenance. As with all fluorescent systems, lamps should be 
replaced at approximately 12,000 to 16,000 hours of operation, which, with normal school use, could be 
as seldom as every six years. (Using certain lamps and ballasts can extend this period to 20,000 to 
22,000 hours). Luminaires should be cleaned annually. Open louvered luminaires, especially those using 
plastic louvers, require less cleaning and are the most tolerant of poor maintenance and abuse. Indirect 
fixtures require more regular cleaning and dusting. 

Commissioning  
No commissioning is needed, other than pre-seasoning of lamps in dimming applications. 

References/Additional Information 
See this chapter’s Overview.  
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GUIDELINE EL2: TROFFER LIGHTING 
Recommendation 
This recommendation is only for spaces having no 
ceiling or a low ceiling (less than 9 ft-6 in.) where 
pendant mounted lighting is inappropriate. In these 
cases, use surface or recessed fluorescent troffers 
having at least 78% luminaire efficiency, T-8 premium 
lamps and electronic ballasts, and a connected lighting 
power of 0.9 W/ft2 to 1.1 W/ft2.  

Description 
Fluorescent troffers are designed to replace an 
acoustical tile in grid tee-bar ceiling systems. The most 
common and cost effective size is 2 ft x 4 ft; less 
common sizes include 2 ft x 2 ft and 1 ft x 4 ft. Two (or 
more) T-8 lamps are inside. 

The three common troffer types are: 

 Lens troffers, in which the down-facing side of the 
luminaire is covered with a plastic lens. 

 Parabolic troffers, in which the down-facing side of 
the luminaire is enclosed by a metal louver having 
aluminum blades. 

 Basket troffers, in which the down-facing side of the 
luminaire is partially covered by a perforated basket 
to hide the lamps. 

While parabolic troffers and basket troffers may be 
used in schools, lens troffers generally should be 
chosen because of their specific light distribution and 
economy. Parabolics tend to create a cave-like 
appearance that may be suitable for some types of 
spaces, but typically should be avoided for general use 
in schools. They do decrease glare, which is important 
in low-ceiling work areas and office spaces. Basket 
luminaires are relatively expensive and have poor light 
distribution qualities for classrooms, although they 
might be used in other spaces, especially corridors. 

In a modern lens troffer, the interior reflector should be 
either high-reflectance white paint or highly-polished 
(“specular”) silvered coating or aluminum. Silvered 
coating increases the cost considerably but also 
increases efficiency to over 85%. The lens should be an industry standard “Pattern 12” prismatic acrylic 
lens, with a minimum lens thickness of 0.125 in. for durability and appearance.  

The luminaires can be laid out in rows or in a grid pattern, although many architects prefer a doughnut 
configuration for classrooms. See the examples, below. 

 
Modern lens recessed troffer (above); surface troffer (below) 

 
Applicable Climates 

 
Applicable Spaces   When to Consider  

Classrooms   Programming
Library   Schematic

Multi-Purpose   Design Dev.
Gym   Contract Docs.

Corridors   Construction
Administration   Commissioning

Toilets   Operation
Other   
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Applicability 
Lens troffers have a distinctly inexpensive and institutional appearance. Also, the light quality is marginal. 
Nonetheless, under correct circumstances, troffer lighting is appropriate for classrooms, libraries, 
multipurpose spaces, administration spaces, and corridors.  

Integrated Design Implications 
This type of lighting should only be used in flat acoustic tile ceilings, and then only when ceiling height 
and/or budget prevents consideration of other options.  

In daylit classrooms, three circuits for switching or dimming are recommended. The troffers should be 
circuited into zones that respond to the daylight gradients in the space, such as defining an outer zone 
along a window wall, a central zone, and an inner wall zone. 

Cost Effectiveness 
Recessed lighting systems cost about $120 per luminaire1 for basic, white interior 
luminaires with 0.125 in. lens, two premium T-8 lamps, and electronic ballast. A dimming 
ballast will add about $40 to $50 to each luminaire. Although lens troffer lighting systems 
are extremely low cost, their inexpensive appearance can be a drawback.  

Benefits 
Troffer lighting systems generally offer excellent efficiency, but with some loss of visual comfort. They 
make excellent use of the low-cost, widely used T-8 lamp system. Systems operating at about 1 W/ft2 will 
generate between 50 and 60 footcandles maintained average, with very good uniformity. 

Design Tools 
See Overview section of this chapter. 

Design Details 
There are a number of troffer variations. These include: 

 Quality or price class. A “specification grade” troffer is generally deeper, heavier gauge metal and 
costs more. A basic troffer works just as well, but is flimsier. 

 Door type. A flat steel door with butt joints costs the least; a regressed aluminum door with mitered 
corners costs quite a bit more, but looks better. 

 Lens. In addition to the industry standard “Pattern 12” lens, there are other lens designs that can 
provide increased efficiency and other benefits, but at greater cost. 

 Air Handling. “Static” troffers are enclosed boxes that do not interface with HVAC equipment. “Heat 
extraction” troffers serve as a return path for HVAC systems using the ceiling plenum for return, and 
they cool lamps in the process (not necessary with two-lamp systems). “Air handling” troffers are 
connected to special HVAC supply or return devices. The cost of HVAC attachments is high, and they 
do not fully eliminate the need for conventional HVAC diffusers and grilles.  

While this type of lighting is suitable for most types of classroom work, lens troffers are not recommended 
for computer workspaces. Separate chalkboard illumination is usually not required. It is best to employ 
premium or super T-8 lamps with 835 or 841 color. For non-dimming applications, luminaire light and 
power can be varied through choice of ballast factor. Use Table 4 and specify ballasts accordingly. 

                                                      
1  Approximate cost to owner, including labor, materials, overhead, profit, and costs of construction for lighting, including 

luminaires, lamps, and suspension hardware. Includes connecting luminaire to branch circuit. Controls and branch circuit costs 
not included. Based on July 2000 prices. Costs can vary depending on market conditions. 
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Luminaires need to be restrained in case of an earthquake or other natural disaster. In general, this 
means that each luminaire must be hung from the structure with hanger wires independent of the ceiling 
system. 

There are two common designs: 

 A typical classroom with a “modified doughnut” pattern of two lamp troffers (see Figure 6 below). By 
orienting luminaires parallel to all walls, superior upper wall lighting occurs, although this pattern may 
cause slightly more glare than by simply using a grid layout. 

 A conventional layout of troffers in a simple grid. Upper wall illumination of the end walls is not as 
good, but the lighting system will produce less glare.  

 
Figure 6 – “Modified Doughnut” Classroom Recessed Lighting Design 

Operation and Maintenance Issues 
These lighting systems rarely need maintenance. As with all fluorescent systems, lamps should be 
replaced at approximately 12,000 to 16,000 hours of operation, which, with normal school use, could be 
as seldom as every six years (consider premium lamps and specific lamp/ballast systems for even longer 
life and less maintenance). Luminaires should be cleaned annually. Lensed luminaires require periodic 
cleaning and are occasionally abused. Lens replacement is relatively inexpensive. 

Commissioning  
No commissioning is needed, other than pre-seasoning of lamps in dimming applications. 

References/Additional Information 
See this chapter’s Overview.  
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GUIDELINE EL3: INDUSTRIAL-STYLE CLASSROOMS 
Recommendation 
This recommendation applies to rooms without a 
finished ceiling and to classroom and office spaces 
designed to have an industrial, exposed construction 
style.   

Use direct or semi-direct fluorescent industrial 
luminaries that have T-5HO or T-8 premium lamps and 
electronic ballasts and have at least 70% efficiency. 
Lighting power should be approximately 1 W/ft2 to 
1.4 W/ft2.  

Description 
In rooms without finished ceilings, some creativity may 
be needed to implement a lighting solution that is both 
attractive and performs as well as those designed for 
more finished spaces. This system may also be 
appropriate in shop areas where tops of uplights would 
slowly get caked with sawdust. Depending on budget 
and architectural requirements, designs may employ 
strip lights with reflectors, true industrial-style 
fluorescent luminaires, or styled industrial-like 
luminaires.  

In general, the following strategies should be employed: 

 Use either direct lighting systems (up to 10% 
uplight), or semi-direct lighting systems (up to 40% 
uplight). The majority of the light needs to be 
directed downward since the ceiling of the space, 
often a metal deck or other unfinished surface, can 
not be relied on to efficiently reflect light. 

 Include some form of glare shielding for the downlight component, although this can often be ignored 
if the lighting systems are mounted relatively high in the space. 

 Have an uplight component to produce balancing luminance and comfortable light, but without being 
wasteful. The uplight component may be omitted in dusty environments. 

 Use simple ideas to make the luminaires visually appealing. 

Applicability 
This type of lighting should only be used in very specific applications, such as high-bay industrial spaces 
like industrial arts rooms and art studios. Rooms with unusual architecture, especially if the school is 
within an existing building or structure, may also benefit from this type of lighting system. This type of 
lighting system has gained wider acceptance recently as architects explore more “industrial” and 
constructed forms of design. However, it is best reserved for spaces where it truly suits the aesthetic.  

Integrated Design Implications 
Designing spaces with unfinished ceilings should be carefully contemplated, since light colored and 
reflective ceilings tend to improve the efficiency of light utilization. 

 

Industrial fluorescent with uplight 

 

Applicable Climates 

 
Applicable Spaces   When to Consider

Classrooms   Programming
Library   Schematic

Multi-Purpose   Design Dev.
Gym   Contract Docs.

Corridors   Construction
Administration   Commissioning

Toilets   Operation
Other   
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Cost Effectiveness2 
An industrial lighting system can be very cost effective, even in unusually high open 
spaces. Industrial-style lighting systems will cost about $35/ft to $75/ft of luminaire 
depending on the quality and style aspects of the chosen product. To minimize costs, 
consider using HLO ballasts or T-5HO lamps to increase the power of each luminaire and 
reduce the number of lights required. If the space is sufficiently high, mounting luminaires 
in continuous rows reduces mounting and wiring costs.    

Benefits 
Industrial lighting systems generally offer excellent efficiency, but with varying degrees of visual comfort. 
For instance, the strip light, the most basic industrial lighting system, is very efficient but also produces 
glare. Industrial luminaires make excellent use of the low-cost, widely used 4-ft T-8 lamp system, as well 
as the less common but equally efficient 8-ft lamp system. For most situations, installations operating at 
less than 1.5 W/ft2 will generate appropriate lighting with very good uniformity. 

Power use will be affected by the system’s mounting height. The efficiency of a luminaire decreases as 
the mounting height increases. Many spaces without finished ceilings may have a roof structure 20 ft or 
more in the air, but the luminaires may be suspended as low as 12 ft above floor. In general, power use 
will range from 1 W/ft2 to 1.2 W/ft2 with luminaires at 12 ft, and between 1.2 W/ft2 to 1.4 W/ft2 at 16 ft. 

Design Tools 
See this chapter’s Overview. 

Design Details 
 A reflector directing the light downward is necessary, which means strip lights without reflectors are 

probably not an acceptable choice. Determining the amount of uplight needed is a balance between 
comfort (more uplight) and efficiency (less uplight). The reflectivity of the ceiling cavity affects this 
decision a little; the more reflective (such as white painted roof deck), the more benefit will be gained 
from uplighting. 

 Contemplate shielding. Most ordinary industrial lighting systems are open, exposing the lamps to view.  
However, shielding with louvers or lenses decreases overall efficiency. As a rule of thumb, the need 
for shielding tends to decrease with ceiling height. 

 Choose luminaires with an appropriate distribution of light. As the luminaire is mounted higher, the 
distribution pattern should become narrower and the spacing to mounting height (S/MH) of the 
luminaire should become smaller. At lower mounting heights, luminaires rated 1.2 S/MH or more are 
generally acceptable, but at 15 ft or more, a fluorescent luminaire with S/MH of 1 or less may be the 
best choice. Avoid wide throw luminaires such as wraparounds. 

 Evaluate lamp and ballast options. If the lighting system can be mounted above 12 ft, the use of high 
light output ballasts on T-8 lamps (up to 1,025 initial lumens per lamp-foot), or even T-5HO lamps (up 
to 1,250 initial lumens per lamp-foot), can reduce the number of lamps – and luminaires – needed to 
light the space, which saves costs and complexity. Use Table 4 in this chapter’s Overview and specify 
ballasts accordingly. 

 Fluorescent luminaires are strongly encouraged over HID sources due to superior color rendering, 
energy efficiency, immediate starting and restarting, long lamp life, low flicker, and other qualities. 
Fluorescent luminaires designed specifically for high-bay spaces like gyms can also be used in high-
bay industrial spaces, such as industrial arts and shops. In some extreme situations, metal halide 

                                                      
2  Approximate cost to owner, including labor, materials, overhead, profit, and costs of construction for lighting including 

luminaires, lamps, and suspension hardware. Includes connecting luminaire to branch circuit. Controls and branch circuit costs 
not included. Based on July 2000 prices. Costs can vary depending on market conditions. 
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high-bay or low-bay luminaires may be used, although fluorescent solutions should always be 
considered first. 

 Some spaces, such as precision industrial arts and art studios, may benefit from higher light levels.  
Provide up to 1.6 W/ft2 in these spaces. 

 Consider using 8 ft lamps if enough space exists to warrant the introduction of this less-common lamp 
type. 

 If luminaires are mounted sufficiently high in the space, they may be best installed in rows (see Figure 
7 below), which in turn permits luminaires to be wired end-to-end, minimizing electrical construction 
and reducing the number of points where structural support or seismic bracing are required. 
Luminaires may be suspended on aircraft cables, chains, rigid stems, or may be attached to the 
surface of the roof or structure above. The lighting system should be mounted to maintain clearances 
for equipment, overhead doors, etc. 

 See Guidelines EL1 and EL2 for examples on using indirect, semi-indirect, and direct luminaires in 
classrooms with ceilings.  These lighting systems can often be applied to spaces with relatively high 
ceilings as well. 

 
Figure 7 – Industrial Classroom Suspended Lighting Design 

Operations and Maintenance 
These lighting systems rarely need maintenance. As with all fluorescent systems, lamps should be 
replaced at approximately 12,000 to 16,000 hours of operation (longer with certain lamps and lamp ballast 
systems), which with normal school use could be as seldom as every six years. Luminaires should be 
cleaned annually. Lensed luminaires require periodic cleaning and are occasionally abused. Open 
luminaires tend to require less maintenance. 

Commissioning  
No commissioning is needed. 

References/Additional Information 
See this chapter’s Overview. 
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GUIDELINE EL4: LIGHTING CONTROLS FOR CLASSROOMS 
Recommendation 
All lighting systems in spaces with daylight should be 
circuited so that lighting can be turned off to respond 
to daylighting availability. Depending on daylight 
availability and the audio/visual needs of the 
classroom (including extensive computer work), the 
following recommendations should be followed: 

Daylit classroom: To meet the classroom’s 
audio/visual needs, the lighting system should include 
dimming ballasts, automatic daylight sensing, manual 
dimming, and manual override. If the classroom has 
no special audio/visual needs, dimming ballasts and 
automatic daylight sensing should still be included, as 
well as motion sensing with manual override. 

Classroom with minimum daylighting: If the 
classroom has audio/visual needs, the lighting system 
should include dimming ballasts, automatic daylight 
sensing, manual dimming, and manual override. If the 
room has no special audio/visual requirements, a 
motion sensing system with manual override should 
be used. 

Description 
Lighting controls can dramatically affect both the 
energy use of a lighting system and the usability of 
the lighting when the classroom is being used for 
audio/visual or computer education.  

As a minimum, all classrooms should employ motion 
sensors, preferably in conjunction with a switch that 
can turn lights off regardless of sensor “state.” Most sensors are passive infrared and respond to the 
movement of warm bodies. Upper wall and corner sensors are the best choice, and dual mode sensors 
employing ultrasonic, microphonic, or another form of backup sensing are strongly recommended. These 
types of sensors generally require a power pack (transformer-relay) that actually switches the circuit.  

Wallbox sensors that replace wall switches are not a good choice for classrooms. For maximum flexibility, 
manual switches should be wired in series with the motion sensor relay so that lights can be turned off 
manually, regardless of whether there is motion in the room. 

The falling cost of dimming ballasts for T-8 lamps makes dimming possible for many projects. Dimming 
ballasts permit both manual dimming, allowing the teacher to adjust lighting levels, and automatic 
dimming, especially to respond to daylight. Ballasts should be specified in conjunction with an overall 
dimming system to ensure compatibility. 

Spaces with audio/visual needs that require manual dimming should use a wall-mounted dimmer 
controller.  

 
Light sensors, like the one being tested here, can 
dramatically affect both energy use and usability.   

NREL/PIX 05171 

Applicable Climates 
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Applicability 
These lighting control strategies are appropriate for classrooms and some areas in administration spaces 
and libraries.  

Integrated Design Implications 
Controls are essential in achieving the overall goal of reduced energy consumption. The mechanical 
engineer should be informed of expected changes in the lighting system’s pattern of operation due to 
automatic controls. Reduction in the operating hours or the power of the lighting system will lower the 
internal heat gain in the space, changing the needs for supplemental heating, cooling, and ventilation. 

For spaces with daylight, automatic daylight sensors are recommended for lights near the window wall or 
underneath skylights. Lighting control circuits should be designed to parallel daylight contours. Two 
switches should be located close to the room entrance, one enabling the lighting fixtures near the window 
and the other controlling the lighting fixtures away from the window. The lighting circuit next to the window 
should also be controlled by an “open loop” photosensor. “Open loop” sensors that are not affected by 
room light are strongly recommended since they are more reliable and easier to calibrate. A third “energy 
management” switch is recommended to toggle the central row of fixtures so that they can be grouped 
either on the photosensor circuit or the non-daylighted circuit, depending on the season of the year and 
other factors that affect daylight availability. See Figure 8 below.  

 
Figure 8 – Simple Windowed Classroom Control 

Cost Effectiveness 
For motion sensing, cost effectiveness varies depending on the overall energy 
management skills of teachers and staff. People who are personally careful with energy 
outperform motion sensors, but for less well managed spaces, motion sensors are 
worthwhile. 

Daylight sensors and dimming ballasts are worthwhile if the daylighting is designed 
correctly. Systems employing manual dimming, daylighting, and motion sensing are presently only cost 
effective if audio/visual or computer requirements of the building use need to be met. 
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Controls are an evolving area of lighting technology for buildings. While cost effectiveness is good at 
present, costs remain relatively high.  

A pair of motion sensors and one power pack adds about $200 per classroom. Dimming ballasts add 
approximately $40 to $50 per ballast, or up to $1,200 per classroom. Automatic daylighting control without 
manual dimming adds about $200 per classroom, in addition to the costs of ballasts.  

A control system that permits manual dimming in conjunction with motion sensing and daylighting will cost 
about $1,000 per classroom,3 in addition to the costs of the dimming ballasts.  

Benefits 
Each added control element saves energy. Depending on the school’s operating months, the quality of 
daylight, the climatic zone, whether the building is air conditioned or not, and other factors, energy cost 
savings can vary from good to dramatic. 

Design Tools 
Very few useful design tools exist for this evolving field. The best information is usually obtained from 
controls manufacturers and their representatives.  

Design Details 
 Use two dual-technology motion sensors, set in the corners of the classroom opposite the door. Wire 

the power for the lights in series with the sensors’ transformer-relay and wall switches. Use one switch 
if automatic daylight controls are being used, and two switches if not. Multiple circuit switching allows 
teachers flexibility in providing lower light levels for various activities such as nap times or watching a 
video.   

 Use 0-10 volt dimming ballasts unless employing a complete manufacturer-integrated system of 
control. 0-10 volt controls are the most universal at present and there is more competition in the 
market. 

 Use “open loop” daylight sensors located within 5 ft of the window. 

Operation and Maintenance Issues 
In operation, a properly commissioned system needs only periodic maintenance to ensure optimum 
performance. Refer to the manufacturer’s recommended recalibration and cleaning cycle for sensors. 

Commissioning  
Commissioning of motion sensor systems and daylighting controls is critical to their success. Systems that 
work properly will be left alone; systems that have false tripping and other unwanted behavior will be 
disconnected or bypassed by occupants.  

Good rules of thumb: 

 The sensitivity of motion sensors should be set according to the manufacturer’s instructions. A proper 
setting will minimize false tripping and unwanted cycling. Because sensors are both physically and 
electronically adjustable, care should be taken to ensure the sensors are working as intended.  

 The time-out setting of motion sensors is also critical. A setting too short may cause false tripping; a 
setting too long fails to save energy as well. A preliminary time-out setting of 10 to 15 minutes is 
usually the right balance. 

                                                      
3  Approximate cost to owner, including labor, materials, overhead, profit, and costs of construction for lighting including 

luminaires, lamps, and suspension hardware. Includes connecting luminaire to branch circuit. Controls and branch circuit costs 
not included. Based on July 2000 prices. Costs can vary depending on market conditions. 
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 Daylight sensor settings should be made and checked several times. Use a good light meter (Minolta 
TL-1 or better).  

References/Additional Information 
See this chapter’s Overview, and: 

Controls: Patterns for Design. Electric Power Research Institute. http://www.epri.com/. 
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GUIDELINE EL5: GYM LIGHTING 
Recommendation 
Over basketball courts, volleyball areas, gymnastics 
areas, and other portions of the gymnasium with a 
high ceiling and structure, three choices for lighting 
exist: 

1. T-5HO High-Bay Fluorescent. Use industrial 
high-bay luminaires with T-5HO or T-8 lamps. 
Each luminaire should have symmetric reflectors 
for downlight distribution, and a wire cage or lens 
should be used to protect the lamps from flying 
balls. Four-ft luminaires with four or six lamps and 
two-lamp ballasts produce similar results as a like 
number of metal halide luminaires, but with fewer 
watts and greater versatility.  

2. Compact Fluorescents. Employ industrial-style 
luminaires having multiple compact fluorescent 
lamps in a single housing. Each luminaire should 
use eight 32-W or 42-W compact fluorescent 
triple-tube lamps, with electronic ballasts. The 
fixture should not have a lens, but consider adding 
a wire cage to open luminaires that may be 
exposed to flying balls or other damage. 

3. Metal Halide. Use metal halide industrial-style 
“high bay” luminaires. The metal halide luminaires 
should employ 320-W to 450-W “pulse-start” 
lamps and 277-volt reactor ballasts, if possible. 
They will provide at least 50 footcandles of 
general lighting. Use a protected lamp suitable for 
open luminaries, not a lensed or enclosed lamp. 
Slightly higher light levels may be provided for the 
main basketball court in middle schools and high 
schools. Consider adding a wire cage to open 
luminaires that may be exposed to flying balls or other damage. 

Whichever system is used, it will probably be necessary to design at about 1 W/ft2 to meet modern 
expectations for gym lighting. Gyms where significant television broadcasts occur may also employ a 
separate television lighting system. 

It will also be necessary to provide an emergency lighting system. In addition to self-illuminated exit signs, 
provide either: 

 Some luminaires powered by batteries or a generator in a high-bay fluorescent system or compact 
fluorescent system. 

 Use quartz auxiliary lamps powered from batteries or an emergency generator in a metal halide 
system. 

Also consider providing a separate halogen downlight system for “house” lighting during dramatic and 
social uses of the gym. This system may also be powered in full or in part from an emergency generator 
or battery backup power source. As a basic design, use suspended cylinder downlights with halogen IR 

 
Metal halide luminaires are one option for general lighting in 

gymnasiums.  NREL/PIX 11437 

Applicable Climates 

 
Applicable Spaces  When to Consider  
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Library  Schematic

Multi-Purpose  Design Dev.
Gym  Contract Docs.
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Administration  Commissioning
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Other  
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PAR-38 flood lamps. Design the system to provide at least two footcandles of illumination with normal 
power and one footcandle from an emergency source. This system provides both egress lighting and 
serves other uses (see below). It must be controlled to prevent concurrent operation with the general 
lighting system. 

Description 
The height of the gym space’s ceiling plays a major role in choosing gym lighting systems. This can be 
partly assessed by examining the coefficient of utilization (CU) at Room Cavity Ratio (RCR) = 2.5 of 
candidate systems. It is also useful to examine their spacing to mounting height (S/MH) as well.   

Fluorescent systems using multiple T-5HO or T-8 lamps are preferred for ordinary gyms and other high 
ceiling spaces. Superior color, elimination of flicker, and the ability to turn lights on and off as needed are 
major advantages over HID systems. The added cost of the fluorescent system is offset by much lower 
energy use, estimated to be as much as 50% less if the multiple light level capability of a fluorescent 
system is utilized. Systems using multiple compact fluorescent lamps also provide these benefits, 
although without the high efficacy of the linear fluorescent lamps. 

In general, metal halide high-bay lighting systems tend to be more appropriate when ceilings are 
especially tall, such as in a field house. Long lamp life and a minimum number of luminaires keep costs 
down. The color of metal halide is suitable for television as well as everyday use. The long warm-up and 
restrike periods of metal halide lighting are a drawback since switching lights off regularly is not 
recommended for these systems. Be certain to use pulse-start lamps. These systems are, however, 
compatible with daylit gyms if they have switched lighting levels. 

Multiple compact fluorescent “high bay” lights are a distant third choice. These systems are less energy 
efficient and require more costly and frequent maintenance than the other choices. 

A separate downlight system using halogen lamps is highly recommended for two reasons: 

 It is an instant-on, instant-off system that can be dimmed inexpensively. This feature is especially 
important if metal halide lights are accidentally extinguished, as they will require a five to 10 minute 
cool-off and restrike delay. 

 A dimmable tungsten downlighting system can make the gym more appealing for social events, and 
can also serve as a “house” lighting system for many of the gym’s performance and entertainment 
uses.  

Lighting quality is a crucial issue in gym spaces. Avoiding direct view of an extra bright light source, such 
as a metal halide lamp, high output lamp, or skylight, can be especially critical in a gymnasium where 
athletes must scan for the ball and react quickly. Even though a luminaire may normally be out of the line 
of sight, it can still create a devastating glare source to a volleyball or basketball player. 

Applicability 
This guideline can be used in most schools, including colleges and universities, public K-12, private, and 
parochial schools, and similar facilities such as churches, sports clubs, and private institutions. 

Integrated Design Implications 
High bay luminaires are easily attached to most structures. It is recommended that the luminaires be 
suspended within the “truss space” or, in other words, with the bottom of the luminaire not lower than the 
lowest beam or truss member. In the rare instance where the gym has a finished ceiling, recessed lighting 
should be considered. 

Daylighting design is especially well suited to the high ceilings and large open space of gymnasiums. 
Gentle diffuse systems, which avoid creating excessive bright spots within the athletes’ critical viewing 
directions, are especially appropriate. For example, side lighting should be placed perpendicular to the 
primary basketball walls. Wall wash top lighting or high sidelighting with light shelves or louvers can be 
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effective techniques for gyms, since both involve secondary reflections on room surfaces that prevent 
direct view of the window or skylight. Direct sun penetration into gyms should be prevented at all times. 

Cost Effectiveness4 
Each metal halide luminaire costs about $325, or about 79 mean lumens/dollar. A multiple 
compact fluorescent luminaire costs about $425, or about 52 mean lumens/ dollar. A T-
5HO 6-lamp luminaire costs about $375, or about 76 mean lumens/dollar. Each PAR38 
downlight costs about $150. Dimming, switching, and emergency power costs vary and are 
in addition to the luminaire costs. 

Benefits 
The best solution for a particular gym depends on hours of use and other variables. 

 A metal halide lighting system has the lowest first cost. There is no less expensive way to provide the 
necessary quantity of light from this mounting height. The use of high Watt metal halide lamps 
minimizes the number of luminaires (first costs) and the number of lamps (maintenance costs).  

 A system employing multiple T-5HO or T-8 lamps offers the least energy use and longest life lamps 
(lowest maintenance costs). Multiple light level capability saves additional energy and extends 
maintenance periods. 

 A system using multiple compact fluorescent lamps combines the flexibility of fluorescent systems 
with the appearance of HID. While most costly to build and to operate, this approach results in a 
flexible design that can be energy effective if multiple light levels are used, and the system looks like a 
metal halide system.   

Design Tools 
See this chapter’s Overview. 

Design Details 
 Fluorescent high-bay lighting is a relatively new solution. Consider both T-8 and T-5HO systems. This 

choice requires specific considerations for reflector shape, photometry, and lamp protection. Products 
are available from some major fluorescent manufacturers and several specialty fluorescent makers. 
Careful study to ensure proper lighting levels is recommended. 

 Any fluorescent choice permits the use of multiple level switching, including automatic daylight control. 
Take advantage of this feature in gyms with skylights and clerestories. 

 Metal halide “high bay” luminaires are commonly available in a number of reflector types including 
aluminum, ribbed acrylic, and ribbed glass. Among these, ribbed acrylic offers the best combination of 
efficiency and uplight, and is sufficiently durable for the application. 

 It is critical to specify the 320-W to 450-W, pulse-start, 277-volt reactor ballast system. If 277-volt 
(three-phase) power is not available, then use a 120-volt CWA ballast, although it is less energy 
efficient. Do not use the standard (probe-start) 400-W metal halide system, as it produces less 
maintained light than the 320 pulse-start system. 

 In gyms with skylights (highly recommended), using a two-level controller for the metal halide lamps 
should be considered. A photoelectric switch, sensing when adequate daylight is present to turn lights 
down to the low setting, should control the action. 

                                                      
4  Approximate cost to owner, including labor, materials, overhead, profit, and costs of construction for lighting including 

luminaires, lamps, and suspension hardware.  Includes connecting luminaire to branch circuit.  Controls and branch circuit costs 
not included.  Based on July 2000 prices.  Costs can vary depending on market conditions. 
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 Switches for metal halide lamps should NOT be readily accessible. They should be in a controlled 
location such as an electric room, press box, teacher/coach’s office, or other location where 
inadvertent operation of the lights will not occur. This adds support to the concept of a separate 
halogen system in which the switch is quite accessible. It would be a good idea to interlock the two 
systems so that the halogen system cannot operate once the metal halides are at, or near, full light. 

Operations and Maintenance 
This design should be easy to operate and manage. Dimming on the halogen system (if used) will extend 
lamp life, and a metal halide system will require relamping every 12,000 to 14,000 hours (depending on 
hours of operation, this could be three to five years). System cleaning should be simple. Linear fluorescent 
systems require relamping every 15,000 to 20,000 hours, but compact fluorescent systems require 
relamping every 8,000 to 10,000 hours. However, if both fluorescent lamp systems rotate lamp operation 
at reduced light levels, relamping cycles can be very long. 

The control system should be designed for easy use. Automatic time-of-day control with manual override 
is an acceptable means to control the metal halide lamps, but make certain that the controller is easily 
programmed for days on and off, holiday schedules, etc.  

Commissioning  
These systems are relatively easy to commission. Perhaps the most critical step is ensuring that 
automatic lighting controls, such as a photoelectric controller for a high-low system or an automatic time-
of-day controller, are properly set up. 

References/Additional Information 
See this chapter’s Overview. 
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GUIDELINE EL6: CORRIDOR LIGHTING 
Recommendation 
There are two principal choices for illuminating 
corridors in schools: 

 Use recessed fluorescent luminaires that have a 
means to both protect the lamp and create 
relatively high angle light perpendicular to the 
corridor axis.  

 Use surface-mounted corridor “wrap-around” 
fluorescent luminaires designed for rough service 
applications.  

 In either case, luminaires should use T-5 or T-8 
lamps and electronic ballasts. Caution should be 
employed to ensure that the luminaires are not 
overly “institutional” in appearance. Align 
luminaires parallel to corridor walls to provide 
good quality of light and to make light useful for 
lockers. 

Outdoor corridors and corridors with plentiful daylight 
should employ automatic daylight switching or 
dimming to reduce electric lighting by day. 

It will be necessary to provide emergency lighting with 
this lighting system. Some of these luminaires must be 
powered from an emergency generator or battery 
backup power source. 

Description 
It is important to minimize downlighting so that the 
walls of the corridor will be better illuminated. Lights 
that emit very well to the sides should be chosen. 
Choose from among the following types of products: 

 Interior corridors may employ “recessed indirect” 
luminaires. Luminaires should be oriented with the 
lamp’s long axis along the corridor long axis. This 
design is suited for all ceiling types. 

 As an alternative, especially for schools where 
vandalism is a concern, use surface ceiling wrap-
around luminaires, preferably vandal-resistant or 
high abuse types. 

 Exterior corridors should employ surface-mounted 
wrap-arounds or ceiling-mounted, high abuse 
luminaires. In some cases, wall-mounted, high 
abuse luminaires may be acceptable. 

 
Corridor lighting that emits light to the sides allows for more 

illumination of the walls and minimizes downlighting.  
NREL/PIX 11438 

Applicable Climates 

 
Applicable Spaces  When to Consider  

Classrooms  Programming
Library  Schematic

Multi-Purpose /  Design Dev.
Gym  Contract Docs.

Corridors  Construction
Administration  Commissioning

Toilets  Operation
Other  
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Applicability 
This guideline can be used in most schools, including colleges and universities, public K-12, private, and 
parochial schools, and similar facilities such as churches, sports clubs and private institutions. 

Integrated Design Implications 
Given the luminaire choices that are available, it should be possible to find an attractive solution that is 
suitable for any type of corridor ceiling construction, including indoor and outdoor corridors, acoustical tile 
or wallboard ceilings, etc. 

Corridors are generally excellent spaces for daylighting. Furthermore, daylight in corridors provides an 
important safety feature of guaranteed lighting during any daytime emergencies.  For single story or top 
floor corridors, linear toplighting is especially appropriate.  For corridors not directly under a roof or 
adjacent to an exterior wall, pools of light from intermittent sidelighting or toplighting borrowed from the 
floor above can create important social spaces, with higher levels of illumination than that provided by the 
electric lighting system. Daylight introduced at the end of a long corridor can have a glaring effect, making 
the corridor feel more like a tunnel. Daylight introduced from the side or above is generally more effective 
with less glare. As with electric lighting, illuminating the corridor walls should be the primary objective. 

Corridor daylighting may be less costly than classroom daylighting because glare control is not as critical 
as in a learning environment. For this reason, glare-control sun shades or overhangs may be value-
engineered out of the corridor portion of a project without creating significant learning rate issues. 
However, corridor daylighting may also not enhance the accelerated learning rates provided by daylighting 
in teaching spaces. 

Cost Effectiveness 
The corridor lighting systems recommended here are very cost effective. Each corridor 
luminaire costs about $200.5 Dimming, switching, and emergency power costs vary and 
are in addition to the luminaire costs. 

Benefits 
Fluorescent corridor lighting systems provide solid results for a modest investment. Long product life will 
result from carefully choosing a rough service grade luminaire.  

Design Tools 
See this chapter’s Overview. 

Design Details 
The following are typical lighting layouts for corridors: 

                                                      
5  Approximate cost to owner, including labor, materials, overhead, profit, and costs of construction for lighting including 

luminaires, lamps, and suspension hardware. Includes connecting luminaire to branch circuit. Controls and branch circuit costs 
not included. Based on July 2000 prices. Costs can vary depending on market conditions. 
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Figure 9 – Corridor Lighting Designs 

 If required by the application, choose one of many modern “rough-service” luminaires that are 
attractive as well as durable. 

 In general, recessed downlights generally have insufficient vertical illumination to provide good service 
in corridors. However, recessed downlights using compact fluorescent lamps may be preferred for 
lobbies and similar applications where a dressier appearance is desired. 

 Switching of the lighting system should NOT be readily accessible. In general, switching should utilize 
an automatic time of day control system with motion sensor override during normally “off” hours.  

 In addition, provide automatic daylighting controls, including dimming or switching off lights in corridors 
having windows, skylights, or other forms of natural lighting. 

Operation and Maintenance Issues 
This design should be easy to operate and manage. As with most fluorescent lighting systems, relamping 
every 12,000 to 14,000 hours is recommended. Ballast life extends 10 years or more. System cleaning 
should be simple. 

The control system should be designed for easy management. Automatic time-of-day control with override 
is an acceptable means to control corridor lights, but make certain that the controller is easily programmed 
for days on and off, holiday schedules, etc.  

Commissioning  
These systems are relatively easy to commission. Perhaps the most critical step is ensuring that 
automatic lighting controls, such as a photoelectric controller for a high-low system or an automatic time-
of-day controller, are properly set up. 

References/Additional Information 
See this chapter’s Overview. 
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GUIDELINE EL7: LIGHTING FOR A MULTI-PURPOSE ROOM 
Recommendation 
As a minimum, a multi-purpose room should have at 
least two independent lighting systems: 

 A general lighting system providing 20 to 30 
footcandles of uniform illumination using standard 
T-8 lamps or other high efficiency lighting; and 

 A dimmable “house lighting” system supporting 
audio/visual and social uses of the room, 
producing no more than 5 footcandles. 

In addition, theatrical lighting may be added to 
illuminate specific stage or performance locations.  

Description 
The general lighting system should probably be one of 
the types previously suggested for classroom lighting 
in Guidelines EL1 through EL3. If suspended 
luminaires are chosen, be careful to locate luminaries 
so as not to interfere with audio/visual and other uses 
of the room. If the room’s uses include any sports or 
games, all lighting systems should be recessed or 
otherwise protected from damage similar to Guideline 
EL5: Gym Lighting.  

The house lighting system should probably employ 
recessed or surface downlights. Narrow beam 
downlights should be chosen, and halogen lighting is 
recommended due to its superior color, inexpensive 
dimming, and good light control. Luminaires should 
use standard IR halogen PAR lamps. Black baffles or 
black alzak cone trims are recommended for 
audio/visual applications. The house lighting system 
should be laid-out to prevent light from striking walls or 
screens. Note that some general lighting systems might also serve as the house lighting system if properly 
laid out and equipped with electronic dimming ballasts, but most general lighting systems generate too 
much diffuse light, even when dimmed, for audio/visual use.  

As with corridors and other common spaces, a control system that activates the general lighting system 
according to a calendar program and employs motion sensing for “off” hours should be used. Rooms with 
plentiful daylight should employ automatic daylight switching or dimming to reduce electric lighting by day. 
A manual override switch should be provided. Manual dimming of the house lighting system should be 
provided along with an interlock switch preventing simultaneous operation of both general and house 
lighting. 

It will be necessary to provide emergency lighting with this lighting system. Some of these luminaires must 
be powered from an emergency generator or battery backup power source. 

 
A multi-purpose room should have at least two independent 

lighting systems for flexibility of use.  NREL/PIX 11436 

Applicable Climates 

 
Applicable Spaces  When to Consider  

Classrooms  Programming
Library  Schematic

Multi-Purpose  Design Dev.
Gym  Contract Docs.

Corridors  Construction
Administration  Commissioning

Toilets  Operation
Other  
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Applicability 
This guideline can be used in most schools, including colleges and universities, public K-12, private and 
parochial schools, and similar facilities such as churches, sports clubs, and private institutions. 

Integrated Design Implications 
Because multi-purpose rooms often serve as a cafeteria, study hall, social gathering spot, special event 
space, community meeting hall, and audio/visual facility, it is extremely important to ensure that the 
lighting and controls provide proper operation for every intended use of the room. Moreover, this room 
may benefit from greater architectural design than other spaces, and lighting designers should be 
prepared to creatively provide the functions of the lighting described here, but use other types of 
equipment better suited to the specific architecture. 

Multipurpose rooms can be successfully daylit, either from high clerestories or toplighting approaches. 
However, near-blackout capability for the daylight system is probably most important in this type of space, 
so operable louvers or blinds are highly recommended. If the daylight system can be reduced to a 
minimum of one to three footcandles, most reduced light functions, including stage performances, can 
operate effectively. A small amount of sunlight can be a cheerful presence in multipurpose rooms used as 
a cafeteria, as long as it can be blocked when needed. 

Cost Effectiveness6 
In general, two separate lighting systems, with one being a dimmed halogen system, is the 
most cost effective. A single fluorescent lighting system with dimming system is usually 
more costly and less flexible. 

Each downlight costs about $175 (see the other guidelines in this chapter for general 
lighting costs). Dimming, switching, and emergency power costs vary and are in addition to 
the luminaire costs. 

Benefits 
This “two component” lighting design approach, when combined with effective controls, permits a wide 
range of uses of the multipurpose room, exactly what these rooms are designed for. 

Design Tools 
See this chapter’s Overview. 

Design Details 
The figure below shows a typical multipurpose room with two lighting schemes. The left side uses 
pendant-mounted luminaires, and the right side shows recessed troffers. 

                                                      
6  Approximate cost to owner, including labor, materials, overhead, profit, and costs of construction for lighting including 

luminaires, lamps, and suspension hardware. Includes connecting luminaire to branch circuit. Controls and branch circuit costs 
not included. Based on July 2000 prices. Costs can vary depending on market conditions. 
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Figure 10 – Multipurpose Lighting Designs 

This figure shows two approaches to lighting multipurpose rooms. Both schemes have a separate system of downlights to serve as 
“house” lights for social and A/V use.  

 In this room, self-contained emergency ballast/battery units should be avoided unless specially 
designed to employ an external voltage sense connection. Leaving any general lighting luminaire 
operating in the dimmed mode is usually not acceptable. 

 Consider placing the lighting in zones that have individual manual override switches to permit de-
activating a zone when not occupied. 

 Switching and dimming of the lighting system should NOT be readily accessible. Locate controls in a 
supervised location. 

 Consider a modern preset dimming or control system, especially if touch-screen control and other 
modern audio/video interfaces are planned. 

Operation and Maintenance Issues 
This design should be easy to operate and manage. As with most fluorescent lighting systems, the 
general lighting system should be relamped every 12,000 to14,000 hours. Ballast life should cover 10 
years or more. Spot relamping is recommended for the house lighting system. Cleaning of both systems 
should be simple. 

The control system should be designed for easy management. Automatic time of day control with override 
is an acceptable means to control corridor lights, but make certain that the controller is easily programmed 
for days on and off, holiday schedules, etc.  

Commissioning  
These systems are relatively easy to commission. Perhaps the most critical step is ensuring that 
automatic lighting controls, such as a photoelectric controller for a high-low system or an automatic time-
of-day controller, are properly set up. Also, if fluorescent dimming is used, make sure that lamps are pre-
seasoned, i.e., operated at full light for 100 hours prior to dimming them. 

References/Additional Information 
See this chapter’s Overview. 
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GUIDELINE EL8: LIGHTING FOR A LIBRARY OR MEDIA CENTER 
Recommendation 
Provide lighting for a library as follows: 

 A lighting system providing 20 to 50 footcandles 
of general illumination in casual reading, 
circulation, and seating areas using standard T-8 
lamps. 

 Overhead task lighting at locations such as 
conventional card files, circulation desks, etc. 

 Task lighting at carrels and other obvious task 
locations, using compact fluorescent or T-8 
lamps. 

 Stack lights using T-8 or T-5 lamps in areas 
where stack locations are fixed, and general 
overhead lighting in areas employing high density 
stack systems. 

 Special lighting for media rooms, as required. 

Description 
The general lighting system may be one of the types 
previously suggested for classroom lighting 
(Guidelines EL 1-3 and EL9). As long as adequate 
ceiling height is present, suspended lighting systems 
are preferable. Overhead lighting systems for task 
locations should also be selected from among 
choices suitable for classrooms or offices. 

Task lighting at carrels and other spots should be 
selected according to architecture and finish details. 
Two common options include: 

 Under-shelf task lights using T-8 or modern T-5 
lamps (e.g., F14T5/8xx, F21T5/8xx, or 
F28T5/8xx). 

 Table or floor lamp equipped with a compact fluorescent lamp up to 40 W. 

Stack lighting should utilize luminaires specifically designed for lighting stacks. A number of choices exist, 
but generally, a single continuous T-8 or T-5 lamp system will provide adequate illumination. 

Media rooms, such as video monitoring and editing, sound monitoring and editing, distance learning, and 
video teleconferencing all have special requirements. It is important that lighting be designed to meet 
those specific needs and that lighting controls be provided to enable room use. No specific 
recommendations for those spaces are made here, but depending on the room, professional lighting 
design services may be needed to assist the standard design team.  

A control system that activates the general lighting system according to a calendar program and employs 
motion sensing for “off” hours should be used. In areas with plentiful daylight, employ automatic daylight 
switching or dimming to reduce electric lighting by day. In addition, in areas of the library that are less 
frequently used, such as reference stacks, consider providing individual motion sensors or digital time 
switches for stack aisles that are connected to dimming ballasts, producing low light levels (but not 
completely off) until the aisle is occupied. Individual reading and study rooms should employ motion 

 
This library uses a combination of daylighting for ambient 

light and task lighting above desks and card files.  
NREL/PIX 11439 

Applicable Climates 

 
Applicable Spaces When to Consider  

Classrooms Programming
Library Schematic

Multi-Purpose Design Dev.
Gym Contract Docs.

Corridors Construction
Administration Commissioning

Toilets Operation
Other
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sensors, with “personal” motion sensors and plug strips used at study carrels, especially those with fixed 
computers. 

It will be necessary to provide emergency lighting with this system. Some of the general lighting luminaires 
must be powered from an emergency generator or backup battery power source. 

Applicability 
This guideline can be used in most schools, including colleges and universities, public K-12, private and 
parochial schools, and similar facilities containing libraries, such as churches and private institutions. 

Integrated Design Implications 
Libraries are often more highly designed than other spaces. In some designs, other lighting systems that 
integrate better with the architecture should be considered.  

Daylight is an excellent choice for providing basic ambient light in a library. Reading areas and storytelling 
niches especially benefit from the presence of gentle daylight and view windows. With thoughtful daylight 
design, only the task lighting at checkout desks or stack areas needs to be on during the day. And these 
can be connected to occupancy sensors to reduce their hours of operation. 

If the library has computers for research or card catalog searches, special care should be taken to avoid 
glare sources on the computer monitors from light fixtures or windows. 

Cost Effectiveness 
Library spaces will tend to be among the most expensive to light. These recommendations 
provide a good balance between cost, energy efficiency, and good lighting practice. 

A 4-ft-long stack light is approximately $200. A 3-ft-long undercabinet task light costs about 
$175. A high-quality compact fluorescent desk lamp falls in the $300 price range. 
Dimming, switching, and emergency power costs vary and are in addition to the luminaire 
costs. 

Benefits 
These recommendations provide proper light for a library and media center. Task light levels are provided 
only at task locations, while ambient and general light levels are lower to ensure energy efficient operation. 

Design Tools 
See this chapter’s Overview. 

Design Details 
Below is a lighting design for a typical library: 
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Figure 11 – Library Lighting Design 

This design illustrates general lighting using troffers, table lights for study desks, task lights at kiosks, and stack lights. Using high 
ballast factor 2-lamp troffers, this design works at an overall power density of 1.27 W/ft2. Increasing stack lights to high ballast 

factor increases overall connected power to 1.38 W/ft2. Note that the stacks to the right on the plan are half height. 

 The general lighting system can be designed to become more “dense” in task areas such as 
circulation desks, thus minimizing the number of different lighting types. 

 Undercabinet task lights should be specified carefully. Avoid traditional “inch light” systems with 
magnetic ballasts that use twin tube compact fluorescent lamps and old-style linear lamps like the 
F6T5 (9 in.), F8T5 (12 in.), and F13T5 (21in.). Use tasks lights employing modern F14T5 (22 in.), 
F21T5 (34 in.), F28T5 (46 in.), F17T8, F25T8, or F32T8 lamps. Always use electronic ballasts, and 
consider dimming for all task lights. 

 Desk lamps and table lamps with compact fluorescent hardwired lamps should be used. Relatively 
few products exist. Medium-based screw-in compact fluorescent lamps are not a good choice for new 
projects. 

 Switching and dimming of the lighting system should NOT be readily accessible. Locate controls in a 
supervised location. 

 In media rooms, consider a modern preset dimming or control system, especially if touch-screen 
control and other modern audio/video interfaces are planned.  

Operation and Maintenance Issues 
This design should be easy to operate and manage. As with most fluorescent lighting systems, the 
general lighting system should be relamped every 12,000 to 14,000 hours. Ballast life lasts 10 years or 
more. Spot relamping is recommended for the house lighting system. Cleaning of both systems should be 
simple.  

Commissioning  
These systems are relatively easy to commission. Perhaps the most critical step is ensuring that 
automatic lighting controls, such as a photoelectric controller for a high-low system or an automatic time-
of-day controller, are properly set up. Also, if fluorescent dimming is used, make sure that lamps are pre-
seasoned (i.e., operated at full light for 100 hours prior to dimming them). 

References/Additional Information 
See this chapter’s Overview. 
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GUIDELINE EL9: LIGHTING FOR OFFICES AND TEACHER SUPPORT 
ROOMS 

Recommendation 
This recommendation is for offices and teacher 
support rooms having a ceiling no more than 12 ft high 
and a flat suspended acoustical tile ceiling. There are 
three choices: 

1. Use recessed fluorescent lens troffers having at 
least 78% luminaire efficiency, using T-8 premium 
lamps and electronic ballasts. The connected 
lighting power should be 0.9 W/ft2 to 1.1 W/ft2. 

2. Use recessed fluorescent troffers with parabolic 
reflectors in low ceiling offices where glare or 
institutional feel of lensed troffers are 
unacceptable.  

3. Use suspended indirect lighting to produce an 
ambient level of 15 to 20 footcandles (about 0.6 
W/ft2) and task lighting where required.  

Description 
See Guidelines EL1 and 2.  

Applicability 
This guideline can be used in most schools, including 
colleges and universities, public K-12, private and 
parochial schools, and similar facilities such as 
churches, sports clubs, and private institutions. 

Integrated Design Implications 
This type of lighting should only be used in flat 
acoustic tile ceilings and then only when ceiling height 
and/or budget prevents consideration of other options.  

Cost Effectiveness 
Lens troffer lighting systems are low in cost, but their inexpensive appearance can be a 
drawback. Suspended lighting systems provide a high degree of cost effectiveness and 
improved appearance in most applications.  

Benefits 
Troffer lighting systems generally offer excellent efficiency, but with some loss of visual comfort. Troffers 
with parabolic reflectors provide improved visual comfort but have poorer cut off angles so the walls tend 
to be darker near the ceiling than with lensed fixtures. They make excellent use of the low-cost, widely 
used T-8 lamp system. Systems operating at about 1 W/ft2 will generate between 50 and 60 footcandles 
maintained average, with very good uniformity. Separate task and ambient systems may create a more 
comfortable atmosphere. 

 
Recessed fluorescent lens troffer. 

Applicable Climates 

 
Applicable Spaces  When to Consider

Classrooms  Programming
Library  Schematic

Multi-Purpose  Design Dev.
Gym  Contract Docs.

Corridors  Construction
Administration  Commissioning

Toilets  Operation
Other  
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Design Tools 
See this chapter’s Overview. 

Design Details 
See Guidelines EL1 and 2. 

For non-dimming applications, luminaire light and power can be varied through choice of ballast factor. 
Use Table 4 in this chapter’s Overview and specify ballasts accordingly. 

Operation and Maintenance Issues 
These lighting systems rarely need maintenance. As with all fluorescent systems, lamps should be 
replaced at approximately 12,000 to16,000 hours of operation, which with normal school use could be as 
seldom as every six years. Luminaires should be cleaned annually. Lensed luminaires require periodic 
cleaning and are occasionally abused. Lens replacement is relatively inexpensive. 

Commissioning  
No commissioning is needed, other than pre-seasoning of lamps in dimming applications. 

References/Additional Information 
See this chapter’s Overview. 
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GUIDELINE EL10: LIGHTING FOR LOCKER AND TOILET ROOMS 
Recommendation 
Over mirrors and vanities, employ rough-service-
grade fluorescent wall-mounted lights. Over stalls and 
locker areas, use recessed or surface-mounted, 
rough-service-area fluorescent lights. In showers, 
employ ceiling-mounted, watertight, rough-service-
grade fluorescent lights. 

In general, choose luminaires that are attractively 
styled to prevent an overly institutional appearance. 

Description 
This guideline generally recommends fluorescent 
luminaires using standard T-8 or compact fluorescent 
lamps. These luminaires are part of a relatively new 
generation of “vandal-resistant” or “rough-service” 
lights that are considerably more attractive than 
previous products. These luminaires should be 
specified with UV-stabilized, prismatic polycarbonate 
lenses for maximum efficiency and resistance to 
abuse. The use of tamper-resistant hardware is also 
recommended. 

Wall-mounted rough-service lights include: 

 Linear lights using T-8 lamps and electronic 
ballasts. 

 Rectangular, oval, and round lights that can be 
equipped with compact fluorescent lamps (low 
Watt HID lamps can also be used in these 
luminaries, but are not recommended). 

Recessed ceiling lights are generally troffers (see 
Guideline EL2) that employ the polycarbonate lens 
and tamper-resistant hardware, as well as more 
robust components. These luminaires are available in 
1 ft x 4 ft, 2 ft x 2 ft, and 2 ft x 4 ft versions with 
standard T-8 lamps and electronic ballasts. 

For showers, employ either surface or recessed 
luminaires designed for compact fluorescent lights. Due to the long warm-up and restrike times, HID 
lamps should not be used. In either case, luminaires should be listed for wet applications. 

Applicability 
This guideline can be used in most schools, including colleges and universities, public K-12, private and 
parochial schools, and similar facilities such as churches, sports clubs, and private institutions. 

Integrated Design Implications 
These types of spaces are historically the most abused interior portions of school buildings. Durable 
lighting is unfortunately less attractive and less integrated than other lighting types.  

 
Rough service grade fluorescent lights, like the ones over 
these mirrors, last long, continue to look good, and do not 

suffer from cracks and other signs of abuse.   

NREL/PIX 11471 

Applicable Climates 

 
Applicable Spaces  When to Consider

Classrooms  Programming
Library  Schematic

Multi-Purpose  Design Dev.
Gym  Contract Docs.

Corridors  Construction
Administration  Commissioning
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Other  
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Daylight is a welcome addition to any locker or toilet room. The high light levels from daylight promote 
good maintenance and sunlight can actually help sanitize the spaces by killing bacteria. For privacy and 
security reasons, daylight is often best provided in these spaces via diffusing skylights. Often these 
spaces can be designed to need no additional electric light during the day. 

Cost Effectiveness 
The investment in rough-service equipment is paid back over time. In high schools and 
colleges, the payback can be rapid, especially if the students are particularly rough or 
abusive. 

Rough-service lighting systems will cost about $200 to $300 per luminaire for the types 
listed above, with compact fluorescent or T-8 lamps and an electronic ballast.  

Benefits 
Rough-service lighting will last longer in these applications while continuing to look good and not suffer 
from cracks and other signs of abuse. 

Design Tools 
See this chapter’s Overview. 

Design Details 
Be certain to employ premium T-8 lamps with 835 or 841 color, rated at 24,000 hours. For non-dimming 
applications, luminaire light and power can be varied through choice of ballast factor. Use Table 4 in this 
chapter’s Overview and specify ballasts accordingly. 

Controls should perform in one of the following ways: 

 Continuously on during normal school hours, with a night/emergency light on all the time; or 

 Continuously on during normal school hours, with both a night/emergency light on at all times and a 
motion sensor override for full lighting during “off” hours. 

Operation and Maintenance Issues 
These lighting systems rarely need maintenance. As with all fluorescent systems, lamps should be 
replaced at approximately 12,000 to 16,000 hours of operation, which with normal school use could be as 
seldom as every six years. Luminaires should be cleaned annually. Lensed luminaires require periodic 
cleaning and are occasionally abused. Lens replacement is relatively cheap. 

Commissioning  
No commissioning is needed, other than pre-seasoning of lamps in dimming applications. 

References/Additional Information 
See this chapter’s Overview. 
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GUIDELINE EL11: OUTDOOR LIGHTING 
Recommendation 
As a minimum, provide the following exterior lighting 
systems:  

 At every door, place canopy or wall-mounted 
lights to illuminate the general area. 

 For parking lots, use pole-mounted, full cut-off 
lights to illuminate the lot as well as surrounding 
walks and other areas. 

 For driveways intended for night use, have pole-
mounted, full cut-off lights for the drive and 
associated sidewalks. 

 For walkways intended for night use, use suitable 
walkway lighting systems, such as pedestrian 
light poles or bollards. 

 Other lighting as called for by the site or local 
requirements. 

Description 
Lights under canopies or mounted to walls should be 
attractive, rough-service, semi-recessed, or surface 
luminaires with lens. The lens should be a UV-
stabilized polycarbonate prismatic lens. If mounted to 
walls, use designs that direct light downward and 
minimize light trespass and light pollution. 

Parking lots and driveways should be illuminated 
using pole-mounted full-cutoff luminaires. Luminaires 
should be at least 17 ft above grade; actual pole 
height depends on the type of pole and base. Direct 
burial, color-impregnated composition or fiberglass 
poles are recommended if soil and other site 
conditions are acceptable; if used in the center of a 
large parking area, however, consider steel or 
aluminum poles that are anchor-bolt mounted to 
foundations. Typically, luminaires will employ 150-W 
or 175-W pulse start metal halide lamps, and in parking lots, two luminaires may be mounted to a single 
pole. 

Lower level lights may be used for walkways, especially if located away from buildings and parking lots. 
Choose between short poles (8 ft to 12 ft) using compact fluorescent or low Watt HID lamps, or bollards 
using compact fluorescent lamps.  

A control system that activates the exterior lighting system according to an astronomic clock, instead of a 
photocell, should be used. The system should permit activation at sunset and deactivation at a 
programmable time, allowing the school to be “dark” and save energy as much of the night as possible. 
Separate “off” times programmed for parking lot, driveway, and building lighting are highly desirable. This 
system should be located where accessible to administration personnel; it must be easy to set and permit 
manual override. 

 
Applicable Climates 

 
Applicable Spaces When to Consider  

Classrooms Programming
Library Schematic

Multi-Purpose Design Dev.
Gym Contract Docs.

Corridors Construction
Administration Commissioning
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Other
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In many suburban or rural locations, a “dark” school after hours is highly desirable. Carefully located 
motion sensors can be used to activate low-cost compact fluorescent or quartz lights that serve as both 
safety lighting and as a deterrent against vandalism. 

It may be necessary to provide emergency lighting with this system. Some of these luminaires must be 
powered from an emergency generator or battery backup power source. 

All lights should be chosen with consideration of the weather conditions under which they will operate. In 
most cases, the primary consideration is lamp-starting temperature, which is a function of both lamp and 
ballast. 

Photovoltaic-powered lights should be considered for locations where grid power is not easily available. 

Applicability 
This guideline can be used in most schools, including colleges and universities, public K-12, private and 
parochial schools, and similar facilities such as churches, sports clubs, and private institutions. 

Integrated Design Implications 
Exterior lights should be chosen with the architectural impact to the building’s exterior in mind. Select the 
proper color, shape, and style to reinforce architectural themes of the building. 

Cost Effectiveness 
The cost of exterior lighting tends to be relatively high. However, compromising on costs, 
such as using lower quality products, will result in needing to replace the lighting system 
sooner, thus making it a poor choice when considering life-cycle cost. 

 A typical pole luminaire, 17 ft high, 175 W, type III distribution, with steel pole and 
anchor base, costs approximately $1,500. 

 A bollard, contemporary, with 42-W compact fluorescent and concrete anchor base costs $600. 

 A canopy-mounted, rough-service luminaire, with two 32-W compact fluorescent, contemporary style 
costs $300. 

 A high quality motion sensor floodlight, 350-W quartz, costs $250. 

Switching and emergency power costs vary and are in addition to the luminaire costs. 

Benefits 
Properly designed exterior lighting systems permit the extended use of the facility, promoting increased 
personal safety and security and reduced vandalism.  

Design Tools 
See this chapter’s Overview. 

Design Details 
 Pole lights should use a variation of the classic “shoebox” full cutoff lights. Avoid traditional lights or 

contemporary lights that do not produce full shielding to help prevent light trespass and light pollution.  

 Many choices in wall lights exist, and this is one situation where aesthetics may be critical. Be certain 
to choose die-cast aluminum bodies, rough-service polycarbonate lenses or diffusers, and/or other 
heavy-duty construction. Several look-alike products made of lightweight and inferior materials are on 
the market, so be especially wary of imitations and substitutes. 

 If choosing a “dark” school approach to security, use of motion sensors and quartz floodlights may be 
warranted. Either separate or integrated units may be used. Quality is especially important in choosing 
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exterior motion sensors because a faulty sensor will give false indications and activate lights (and 
concerned neighbors) needlessly. 

 Lighting layouts for parking lots and the direct pedestrian access should be performed using an 
outdoor lighting analysis computer program. Design criteria should be at least 0.5 footcandle in 
parking lots, with an average light level of 2.0 footcandles and average minimum uniformity of 4:1 or 
better. 

 Consider zoning exterior lighting so that the parking lot zone nearest the building can be activated 
separately from the majority of the lot. 

 Manual override switching of the lighting system should NOT be readily accessible. Locate controls in 
a supervised location. Use a digital controller, not a mechanical “time clock.” 

Operation and Maintenance Issues 
This design should be easy to operate and manage. As with most HID and compact fluorescent lighting 
systems, the lighting system should be group relamped every 8,000 hours, or about every two years. 
Ballast life should cover 10 years or more. Spot relamping is recommended to ensure security and safety. 
The design should make system cleaning simple. 

Commissioning  
These systems are relatively easy to commission. Perhaps the most critical step is ensuring that the 
lighting controls are properly set.  

References/Additional Information 
See this chapter’s Overview. 
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MECHANICAL AND VENTILATION 

SYSTEMS 


This chapter presents guidelines for mechanical ventilation, heating, and cooling systems. This chapter 
also presents strategies that can enhance the effectiveness of natural ventilation when the outdoor 
temperature and humidity is suitable to provide improved thermal comfort during the spring and fall. 
Presented together in one chapter, the organization emphasizes the interrelationship between these 
systems. Guidelines are provided for the following technologies and design strategies: 

Cross Ventilation (Guideline MV1) Water-Loop Heat Pumps (Guideline MV15) 

Stack Ventilation (Guideline MV2)	 Evaporatively Precooled Condenser 
(Guideline MV16) 

Ceiling Fans (Guideline MV3) Dedicated Outside Air System (Guideline MV17) 

Gas/Electric Split System (Guideline MV4) Economizers (Guideline MV18) 

Packaged Rooftop System (Guideline MV5)	 Air Distribution Design Guidelines (Guideline 
MV19) 

Displacement Ventilation System Duct Sealing and Insulation (Guideline MV20)
(Guideline MV6) 

Hydronic Ceiling Panel System Hydronic Distribution (Guideline MV21)
(Guideline MV7) 

Unit Ventilator System (Guideline MV8) Chilled Water Plants (Guideline MV22) 

Ductless Split System (Guideline MV9) Boilers (Guideline MV23) 

Evaporative Cooling System (Guideline MV10) Adjustable Thermostats (Guideline MV24) 

VAV Reheat System (Guideline MV11) EMS/DDC (Guideline MV25) 

Radiant Slab System (Guideline MV12) Demand Controlled Ventilation (Guideline MV26) 

Baseboard Heating System (Guideline MV13)	 CO Sensors for Garage Exhaust Fans 
(Guideline MV27) 

Gas-Fired Radiant Heating System Timers for Recirculating Hot Water Systems 
(Guideline MV14) (Guideline MV28) 

OVERVIEW


The main purposes of HVAC systems are to provide thermal comfort and to maintain good IAQ. These 
conditions are essential for a quality, high performance learning environment. HVAC systems are also one 
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of the largest energy consumers in schools, and relatively small improvements in design or equipment 
selection can mean large long-term savings in energy expenditures over the life cycle of the system. 

The choice and design of HVAC systems can affect many other high performance goals as well. Water-
cooled air conditioning equipment is generally more efficient than air-cooled equipment, but increases 
water consumption and maintenance. HVAC systems are the major source of outside air ventilation in 
schools, making their operation and maintenance mission critical for IAQ. The acoustic environment of 
classrooms, libraries, and other school spaces can be adversely affected by noise created by the 
movement of air through ducts and air diffusers and from the operation of HVAC equipment. Properly 
designed, installed, and operated HVAC systems and controls minimize these issues as well as provide a 
key component of the “buildings that teach” theme. 

Integrated Design 

To achieve a high performance design, it is very important to integrate the HVAC systems with the building 
envelope and lighting system. Integrated design creates opportunities for greater comfort, lower first costs, 
easier equipment maintenance, and lower operating costs. Some of the ways in which high performance 
can be achieved through integrated design are: 

 	Careful attention to shading, the locations of windows and glazing types, roof colors, building thermal 
mass, and enhanced natural ventilation may reduce, or even eliminate, the need for cooling in many 
locations, and can reduce cooling loads in all climates. 

 	Natural ventilation can eliminate the need for ductwork in some climates, allowing higher ceilings and 
more opportunities for daylighting savings. 

 	Under-floor air distribution allows access for future power and communication needs. The system can 
also be designed to work in harmony with natural ventilation. 

 	Attention to the radiant temperature of surfaces through careful envelope design reduces heating and 
cooling energy requirements. This is especially true of windows. 

 	Using a central heating and chilled water plant can allow for future installation of a thermal solar or 
geo-exchange source for heating or cooling energy, or for the use of a thermal energy storage system 
or other peak electric demand-reducing measures. 

 	 Integrating HVAC, multiple light switches, and lighting occupancy sensor controls can reduce 
operating costs for both systems. 

Thermal Comfort 

Thermal comfort is affected by air temperature, humidity, air velocity, and mean radiant temperature 
(MRT).1 Non-environmental factors such as clothing, gender,2 age,3 and metabolic activity also affect 
thermal comfort. 

 	Air temperature is measured with a normal thermometer, and most people are comfortable between 
about 70ºF and 76ºF. However, an individual’s preferred temperature is higher in the summer and 
lower in the winter, mostly because of differences between summer and winter wardrobes. 

1	 MRT is the temperature of an imaginary enclosure where the radiant heat transfer from a human body equals the radiant heat 
transfer to the actual non-uniform temperature surfaces of an enclosure. 

2 Women generally prefer temperatures about 1° warmer. 
3 Persons over 40 generally prefer temperatures about 1° warmer. 
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 	The relative humidity range for human comfort is between about 20% in the winter and 60% in the 
summer. The moisture content of air can also be expressed as the wetbulb temperature, humidity 
ratio, or dew point temperature. 

 	Ceiling fans, circulation fans, or operable windows can provide air movement, and such air movement 
increases the upper temperature limit of comfort by about two degrees. 

 	The temperature of the surfaces surrounding a person (walls, ceiling, floor, and especially windows) 
affects the mean radiant temperature (MRT) especially during hot and cold days. Caves have a low 
MRT, which makes them comfortable even when the air temperature is high. Likewise, rooms with 
heated floors are comfortable, although the air temperature may be cooler. 

The most accepted definition of thermal comfort is ASHRAE Standard 55, but recent research is resulting 
in a reevaluation of this definition. Standard 55 currently defines comfort in terms of operative temperature 
and humidity, and represents the range of thermal conditions when 80% of sedentary, or slightly active, 
people find the environment thermally acceptable (see Figure 1). Operative temperature is the average of 
the mean radiant and ambient air temperatures, weighted by their respective heat transfer coefficients. 
The Standard 55 definition of comfort does not consider air movement or velocity. Most occupants do not 
feel comfortable when it is drafty and cold. 

Figure 1 – ASHRAE Standard 55 Comfort Envelope 
Source: 2001 ASHRAE Handbook – Fundamentals. This figure shows the temperature and humidity ranges within which about 80% of 

the population will be comfortable while wearing typical summer and winter clothing and being in a sedentary or slightly active state. 
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Much of the research on thermal comfort is based on asking people if they are hot or cold, and correlating 
their response to measurements of air temperature, humidity, air velocity, and MRT. The ASHRAE thermal 
sensation scale is commonly used for such surveys (see Table 1). Some of this research has been 
conducted in test environments where temperature and humidity can be tightly controlled. Other research 
has been conducted in workplaces. 

Table 1 – ASHRAE Thermal Sensation Scale 

Cold Cool Slightly cool Neutral Slightly warm Warm Hot 
-3 -2 -1 0 +1 +2 +3 

Since thermal comfort is not an absolute condition but varies with each individual, statistical measures of 
thermal comfort are sometimes used. One statistical measure is the Predicted Mean Vote (PMV). PMV 
predicts the mean response of a large population on the ASHRAE thermal sensation scale (see Table 1). 
A PMV of +1 means that, on average, people are slightly warm. PMV can be calculated if information is 
known about the metabolic rate, typical clothing, and environmental conditions such as temperature and 
humidity. Once PMV is known, it can be translated to another statistical factor called percent of population 
dissatisfied (PPD). 

Air movement also affects comfort. Operable windows, ceiling fans or circulation fans create or enable air 
movement. Too much air movement is uncomfortable, especially when it is cold. When it is hot, air 
velocities up to about 200 ft/minute are pleasant and enable most occupants to be equally comfortable at 
2ºF higher temperatures. Air speeds higher than about 200 ft/minute should be avoided because they can 
create drafts and be annoying (see Table 2). 

Table 2 – Effect of Air Movement on Occupants 
Source: Victor Olgyay, Design with Climate, Princeton University Press, 1963 

Air Velocity Probable Impact 
Up to 50 ft/minute Unnoticed 
50 to 100 ft/minute Pleasant 
100 to 200 ft/minute 	 Generally pleasant, but causes a constant awareness of air 

movement 
200 to 300 ft/minute From slightly drafty to annoyingly drafty 
Above 300 ft/minute 	 Requires corrective measures if work and health are to be kept in 

high efficiency 

Research by Gail Brager and others at the University of California, Berkeley, shows that students and 
teachers in naturally ventilated schools are comfortable in a wider range of thermal conditions than in 
schools that have continuous mechanical cooling. Occupants of air-conditioned schools develop high 
expectations for even and cool temperatures and are quickly critical if thermal conditions drift from these 
expectations. Occupants in naturally ventilated schools adapt to seasonal changes in mean outdoor 
temperature and are comfortable in a wider range of conditions. They even prefer a broader range of 
thermal conditions. The comfort range for naturally ventilated buildings is considerably larger than the 
common definition of comfort published in ASHRAE Standard 55-1992. 

Research shows that part of the difference in comfort expectations is due to behavioral adaptations: 
occupants in naturally ventilated schools wear appropriate clothing and open windows to adjust air 
speeds. However, some of the difference is due to physiological factors. The human body’s thermal 
expectations actually change through the course of a year, possibly because of a combination of higher 
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levels of perceived control (occupants can open and close windows) and a greater diversity of thermal 
experiences in the building. 

Using an adaptive model of thermal comfort, instead of ASHRAE Standard 55, allows schools to be 
designed and operated to both optimize thermal comfort and reduce energy use. In many climates, 
maintaining a narrowly defined, constant temperature range is unnecessary and expensive. Brager’s 
research is the foundation of changes currently being considered to ASHRAE Standard 55. 

Potential for Natural Ventilation 

Natural ventilation is an effective and energy-efficient way to provide outside air for ventilation and to 
provide cooling in many climates during certain times of the spring and fall. In the winter, the challenge is 
to temper the cold ventilation air as it is brought into the classroom. Humidity is the challenge in the warm 
portions of the season. Schools that are operated throughout the year should have some means of 
dehumidification or air conditioning. Historically, schools have not been air conditioned and natural 
ventilation (cooling with outside air) has been the only means of cooling. Prior to the widespread 
availability of mechanical cooling, the classic classroom had high, large operable windows to provide both 
natural ventilation and daylighting. 

In most climates, natural ventilation is a useful strategy only during the spring and fall. When any 
significant number of operable windows are utilized, the building as a system must be carefully designed 
to minimize glare and heat gain from the sun shining in through the glass, and to maintain a safe and 
secure facility while still allowing air to enter and escape. Use of ventilation in the off-hours must be 
approached very carefully as the humidity load from damp nighttime air can lead to moisture problems in 
some climates. This is especially important if some areas of the facility are mechanically cooled or have 
any cold surfaces that might be below the dew point of the damp nighttime air. 

Figure 2 through Figure 8 contain weather data and analysis of the seven national climates. The figures 
include data from a typical school year: Monday through Friday, from 7 am to 3 pm, September through 
June. These figures show drybulb temperature on the vertical axis and relative humidity on the horizontal 
axis. The figures in the cells are the number of hours during the year when a particular combination of 
relative humidity and drybulb temperatures exist. The preferred humidity and temperature ranges (30% to 
55% and 68°F to 77°F) are shaded gray. The overlapping area indicates when outdoor temperature and 
humidity are within the ASHRAE 55 Comfort Zone. 

Natural ventilation is an effective and energy-efficient way to provide outside air for ventilation and to 
provide cooling in many climates. However, in climates with extreme cold and/or humid weather, the 
challenge is to temper the cold ventilation air as it is brought into the classroom during the winter months. 
Humidity is the challenge in the warm portions of the season. Historically, schools have not been air 
conditioned and natural ventilation has been the only means of cooling. The classic classroom has high 
windows to provide both natural ventilation and daylighting. 
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Seattle, WA 
September - June 

7 am - 3 pm, weekdays 
Total 

98-102 1 1 
93-97 2 2 
88-92 1 2 3 
83-87 7 2 9 
78-82 1 1 3 1 8 
73-77 2 1 3 28 
68-72 1 5 5 11 15 12 11 6 2 68 
63-67 2 4 6 14 6 19 7 0 2 8 2 120 
58-62 4 2 2 12 28 30 28 31 38 24 21 10 19 1 250 
53-57 2 5 5 10 20 35 19 15 16 37 56 30 23 2 3 278 
48-52 4 1 3 5 4 11 5 3 2 7 7 29 1 9 6 3 260 
43-47 1 2 7 10 8 13 5 7 1 1 6 19 2 2 8 3 365 
38-42 2 3 1 5 8 6 12 10 14 23 3 52 79 34 7 12 271 
33-37 1 3 5 2 8 6 7 21 10 18 7 88 
28-32 3 1 9 4 4 26 
23-27 3 1 3 7 
Total 6 19 21 47 77 84 128 141 158 151 156 207 214 146 149 45 35 1784 
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Figure 2 – Climate Analysis, Temperate and Mixed (Seattle) 

Denver, CO 
September - June 

7 am - 3 pm, weekdays 
Total 

88-92 22 1 23 
83-87 22 9 3 1 35 
78-82 49 16 5 4 74 
73-77 58 21 12 11 7 5 1 115 
68-72 34 14 22 12 15 19 4 129 
63-67 21 30 12 8 10 8 9 14 5 128 
58-62 37 28 12 18 17 6 13 10 5 1 167 
53-57 46 34 18 14 21 14 6 10 6 1 196 
48-52 25 27 18 20 23 12 8 10 8 176 
43-47 21 13 23 10 12 16 10 7 12 2 2 155 
38-42 5 7 9 17 18 15 12 9 10 9 7 10 1 5 6 2 142 
33-37 4 7 11 6 14 11 18 17 10 5 13 8 7 144 
28-32 2 16 17 14 16 3 113 
23-27 1 16 1 11 2 15 4 4 19 2 3 86 
18-22 1 1 1 6 4 8 8 14 1 2 2 48 
13-17 6 5 5 16 
<13 1 2 4 13 1 37 
Total 346 210 156 123 151 129 81 89 78 78 80 72 44 54 23 43 10 5 12 1784 
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Figure 3 – Climate Analysis, Cool and Dry (Denver) 
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Phoenix, AZ 
September - June 

7 am - 3 pm, weekdays 
Total 

108-113 10 10 
103-107 28 15 2 45 
98-102 37 13 14 2 66 
93-97 36 20 12 7 7 2 1 85 
88-92 66 40 18 11 12 8 3 2 160 
83-87 65 45 39 19 11 5 7 203 
78-82 44 47 23 27 13 7 2 2 3 7 175 
73-77 25 28 49 24 25 14 7 6 2 2 2 184 
68-72 15 28 35 29 15 22 9 1 2 169 
63-67 6 12 4 4 33 2 1 2 5 5 2 2 2 1 151 
58-62 4 8 17 22 15 38 19 11 11 2 3 4 2 2 3 161 
53-57 3 10 8 6 12 14 18 21 12 8 6 5 142 
48-52 1 2 6 6 13 7 7 8 10 9 16 11 4 2 2 2 6 112 
43-47 4 5 3 6 4 70 
38-42 2 3 2 3 37 
33-37 1 1 1 2 11 
28-32 1 1 2 
23-27 1 1 
Total 340 272 254 185 163 135 90 73 66 37 44 35 26 21 12 16 14 1 1784 
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Figure 4 – Climate Analysis, Hot and Dry (Phoenix) 
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Minneapolis, MN 
September - June 

7 am - 3 pm, weekdays 
Total 

93-97 1 1 
88-92 3 14 
83-87 2 1 24 
78-82 3 10 9 62 
73-77 3 19 11 10 6 85 
68-72 1 12 7 17 7 7 12 5 92 
63-67 3 5 6 13 16 11 8 12 21 11 16 15 2 139 
58-62 2 9 12 11 14 14 19 9 8 5 12 5 14 2 136 
53-57 4 10 8 14 13 27 3 117 
48-52 10 9 15 15 7 16 17 13 6 11 138 
43-47 3 10 15 7 15 8 2 88 
38-42 1 17 17 8 19 4 14 15 18 1 1 123 
33-37 1 8 15 10 14 10 26 30 18 10 15 157 
28-32 1 6 18 28 36 18 6 2 115 
23-27 3 7 3 23 32 15 18 3 5 109 
18-22 2 8 11 10 22 29 21 13 3 3 122 
13-17 5 8 4 29 19 24 1 3 93 
<13 1 1 7 10 23 21 21 16 24 18 18 6 3 169 
Total 9 30 46 78 109 150 173 201 162 182 173 130 123 95 59 32 32 1784 
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Figure 5 – Climate Analysis, Cold and Humid (Minneapolis) 
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Boston, MA 
September - June 

7 am - 3 pm, weekdays 
Total 

88-92 4 2 1 7 
83-87 2 2 6 4 28 
78-82 1 1 12 5 3 7 3 1 55 
73-77 1 3 4 4 3 10 4 2 8 5 1 80 
68-72 1 4 6 14 12 10 8 11 6 8 15 7 15 2 1 120 
63-67 3 10 10 15 17 14 6 11 21 13 6 8 8 1 143 
58-62 1 6 2 5 3 10 10 12 15 21 10 1 1 147 
53-57 1 2 8 13 7 13 2 1 8 11 5 4 1 10 3 4 143 
48-52 2 2 7 11 11 14 11 11 13 10 12 1 5 29 26 3 2 170 
43-47 3 12 10 11 19 19 22 18 14 2 10 28 4 16 23 3 5 219 
38-42 2 13 12 14 11 20 12 4 10 1 12 18 7 4 140 
33-37 8 16 20 19 15 18 15 10 10 18 26 20 3 5 203 
28-32 1 3 16 6 7 3 4 28 23 14 6 3 1 165 
23-27 2 1 5 3 4 1 11 11 3 6 2 80 
18-22 5 5 13 11 7 9 50 
13-17 3 4 6 3 4 2 22 
<13 1 1 3 1 12 
Total 3 11 54 119 150 168 183 168 172 103 96 95 107 92 108 120 14 21 1784 
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Figure 6 – Climate Analysis, Cool and Humid (Boston) 
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Atlanta, GA 
September - June 

7 am - 3 pm, weekdays 
Total 

93-97 1 1 
88-92 2 9 3 14 
83-87 1 4 6 8 14 23 10 4 70 
78-82 2 4 9 5 10 16 15 26 25 20 6 6 144 
73-77 3 1 8 10 13 16 17 15 8 28 32 13 6 5 2 177 
68-72 3 1 1 3 5 11 12 24 10 14 12 8 13 20 14 24 13 14 1 203 
63-67 7 5 10 11 16 9 19 11 13 9 9 20 14 20 32 25 1 231 
58-62 1 3 6 6 7 14 9 16 17 9 6 12 5 9 15 19 31 2 7 194 
53-57 1 7 8 9 14 10 7 8 11 12 8 7 13 10 16 19 6 2 168 
48-52 5 6 9 10 7 8 4 8 13 11 10 8 9 8 16 3 2 137 
43-47 3 2 3 5 5 9 3 8 7 11 3 17 7 4 18 21 9 7 142 
38-42 1 10 8 6 12 7 3 5 8 6 7 101 
33-37 3 1 4 5 9 9 10 7 3 4 4 15 7 11 13 4 109 
28-32 1 1 3 7 3 2 12 3 48 
23-27 1 1 1 1 1 1 27 
18-22 1 2 2 1 2 1 1 1 11 
13-17 1 2 2 1 6 
<13 1 1 
Total 4 21 40 59 91 114 115 157 138 130 115 116 129 98 88 136 146 57 30 1784 
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Figure 7 – Climate Analysis, Temperate and Humid (Atlanta) 

Orlando, FL 
September - June 

7 am - 3 pm, weekdays 
Total 

93-97 2 3 1 4 10 
88-92 1 7 6 23 14 26 25 2 104 
83-87 2 7 6 4 7 4 66 8 28 3 1 326 
78-82 5 2 9 21 34 37 22 39 51 30 67 30 2 1 350 
73-77 2 7 6 13 13 27 31 34 22 31 31 25 26 31 15 4 318 
68-72 2 13 3 0 2 5 8 1 26 0 15 9 7 20 15 16 232 
63-67 1 1 3 7 5 6 12 17 10 10 9 13 12 22 13 18 4 4 167 
58-62 2 4 1 4 4 5 6 8 6 12 12 20 20 15 13 1 1 134 
53-57 4 1 4 3 5 4 2 5 11 7 1 1 67 
48-52 1 1 1 1 5 8 2 1 5 42 
43-47 1 1 1 4 1 4 20 
38-42 1 4 2 1 12 
33-37 1 1 2 
Total 1 11 35 33 59 113 165 216 182 184 171 137 159 113 99 74 26 6 1784 
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Figure 8 – Climate Analysis, Hot and Humid (Orlando) 
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Outside Air Ventilation 

Classrooms and other school spaces must be ventilated to remove carbon dioxide and other pollutants 
from breathing, odors, and other pollutants. The national consensus standard for outside air ventilation is 
ASHRAE Standard 62. 

If outside air is provided through natural ventilation, then all spaces within the room must be within 20 ft of 
a window, door, or other ventilation opening, and the total area of ventilation openings must be greater 
than 5% of the floor area. For a typical 960-ft² (30 ft x 32 ft) classroom, the minimum free ventilation area 
must be at least 48 ft². The 20-ft rule would also require that ventilation openings be provided on two sides 
of the room; otherwise some portions of the classroom would be further than 20 ft from a window. 

If outside air is provided through a mechanical system, then at least 15 cubic feet per minute (cfm) of 
outside air must be provided for each occupant. A typical classroom with 30 people requires a minimum of 
15 x 30 or 450 cfm per occupant. Other spaces in schools require differing levels of outside air ventilation, 
based on the expected occupant density of the space and the recommended ventilation rate of 15 
cfm/occupant. 

The number of occupants is highly variable in some school spaces such as gyms, auditoriums, and multi-
purpose rooms. Many codes require systems to vary the quantity of outside air ventilation in these spaces 
based on the number of occupants. One technique for addressing this issue is to install carbon dioxide 
(CO2) sensors that measure concentrations and vary the volume of outside air accordingly. If an 
auditorium fills up for a school assembly, CO2 concentrations will increase, the HVAC system will be 
signaled, and outside air volumes will be increased accordingly. This type of control can both save energy 
and significantly improve IAQ. 

Systems must also be designed to provide at least three air changes per hour, or the required ventilation 
rate indicated above for the hour prior to normal occupancy of the building. This requirement ensures 
building-related contaminants that may have built up overnight while the system was shut down are 
flushed out. 

The location of ventilation air intakes and exhausts is a critical aspect of integrated building design and 
sometimes difficult to coordinate or optimize. Outside air intake dampers must be carefully located to avoid 
pollution from sources such as parking lots, loading docks, adjacent roadways, sewer vents, or boiler 
exhaust fumes. Patterns of air movement around buildings can be quite complex and dynamic. Designers 
are advised to consult ASHRAE Fundamentals Chapter 15 airflow analysis models for exhaust stack 
reentrainment modeling. If major sources of industrial pollution exist nearby, more sophisticated models 
are often used for predicting downwind concentrations of pollutants. In the extreme case of urban settings 
with multiple building heights, designers should consider building scale models for testing in wind tunnels. 

IAQ is also affected by the selection of interior finishes and materials. These issues are discussed in the 
Resource-Efficient Building Products chapter. The design of air distribution ducts and fan systems can 
also have a significant effect on IAQ. Exposed fiberglass and other porous or flaking materials should 
never be used on the interior of ducts, unless they are encapsulated with a surface finish that is robust, will 
not break down from atmospheric ozone exposure (smog), and can be cleaned with a mechanical brush 
without releasing particles. 
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Load Calculations 

Properly sizing HVAC systems in schools is critical to both energy efficiency and cost effectiveness. The 
compressors in oversized packaged air conditioners or heat pumps cycle frequently and overall efficiency 
drops with each cycle. Frequent cycling also reduces the efficiency of boilers, furnaces, and many other 
types of equipment. Properly sized equipment, with multiple firing rates and stages of cooling, reduces 
cycling and helps maintain efficient operation, but smaller, properly sized equipment that is matched to the 
building load is also often less expensive and can reduce initial construction costs. 

Many computer programs and calculation methodologies can be used for load calculations. The 
assumptions used about infiltration rates, lighting levels, equipment, and occupant loads are often more 
important than the actual software that is used in the calculations. Engineers should take care to make 
assumptions that are consistent with the energy-efficient recommendations made in other chapters of the 
Best Practices Manual. An efficient building shell and lighting system should result in significant HVAC 
equipment size reductions and reduce cost. 

Environmental Considerations 

In terms of environmental performance, the HVAC system primarily affects energy usage, acoustic 
comfort, the life of building materials, and indoor environmental quality. Other environmental 
considerations are relevant, such as using materials efficiently, employing energy recovery devices for 
heating or cooling, conserving water, using materials that can be readily recycled, and avoiding ozone-
depleting refrigerants. The following specific measures can be used to reduce the environmental impact of 
HVAC systems. 

 	A well-designed building with integrated building systems will significantly reduce the requirements for 
heat and cooled air distribution. In addition to energy savings, significantly less equipment, or smaller 
equipment, is needed. 

 	A well-designed HVAC system always provides easy access for cleaning and repair, enhancing long-
term ability to provide good IAQ and thermal comfort. 

 Selection of equipment and materials play a part as well. Strategies and considerations include: 

o 	 Specifying low-toxic (water-based) mastic to seal ducts, or in cases where round ducts are 
used, specify internal gasketed duct joint systems so that duct sealants are not needed. 

o 	 Selecting durable long-life equipment with hinged access doors that allow for equipment 
service and that can be easily refurbished. 

o Limiting the use of equipment that uses CFC or HCFC refrigerants. 

o Consider alternatives to cooling towers, which use significant amounts of water. 

o 	 Metal components of HVAC systems can be recycled. Suggest recycling equipment at the 
end of its life cycle. In addition, metal components of HVAC equipment typically include 
recycled content, although data is not readily available as to the amount. 

o 	 Energy recovery equipment should always be considered for the ventilation system since 
heating and cooling the ventilation air accounts for the majority of the load that is placed on 
the systems in a well-designed facility. Payback periods for energy recovery are often 10 
years; however the school systems are designed to last 30 to 50 years. 

o 	 Consideration needs to be given to renewable energy heating and cooling sources such as 
geothermal standing column wells. 
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Commissioning 

Commissioning is the process of ensuring that the intent of the project program is properly reflected in the 
design and that the design intent is properly executed during construction and operation. Commissioning 
tasks start at the very beginning and continue throughout the project, even into the occupancy period. 
Experience has shown that most energy-efficient designs do not achieve intended savings without the 
oversight and testing provided by a commissioning process. 

For larger facilities, the project manager should consider including an independent commissioning agent in 
the early planning process. A commissioning plan should be developed during schematic design and 
updated at each project phase. Typical elements of a commissioning process include: 

 Commissioning plan development 

 Documentation of design intent 

 Design review 

 Submittals review 

 Inspections and system functional testing 

 	Enhanced operating and maintenance documentation, including hands-on training of the staff 
operating and maintaining the equipment 

 Post-occupancy testing and operation evaluation. 

For small schools with relatively simple mechanical systems, a detailed commissioning process may not 
be feasible. However, some form of a testing of the equipment and controls is essential to ensure systems 
are operating properly and at peak efficiency before, or soon after, occupancy. 

Specific commissioning issues are discussed in each of the guidelines below. A number of sample 
commissioning plans and guidelines are also available. A good source is the Portland Energy 
Conservation Inc. at http://www.peci.org/. Other resources include the U.S. Department of Energy at 
http://www.energy.gov/, the American Society of Heating, Refrigerating and Air-Conditioning Engineers at 
http://www.ashrae.org/, and the Sheet Metal and Air Conditioning Contractors’ National Association at 
http://www.smacna.org/. 

Design Tools 

In addition to general energy simulation programs, many useful tools for optimizing mechanical design 
exist. Heating and cooling load calculation programs that are widely available from equipment 
manufacturers and commercial vendors are most commonly used. Other programs integrate with CAD 
software and aid the design of piping and duct systems. Many of these tools also have cost estimating 
capabilities, which are very helpful in design optimization and budget review. 

Computational fluid dynamics (CFD) software can help in studies of natural and mechanical ventilation and 
is very useful in creatively integrating mechanical and architectural design. Historically, this type of 
analysis is expensive. Many manufacturers of air distribution equipment can now provide CFD graphic 
representation of the air distribution delivered by their products. 
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Controls 

HVAC, lighting, water heating, signal/communication wiring, and other systems need to be operated and 
controlled efficiently and effectively. With integrated design, the effective control of one system may 
depend on how another system is being operated. Building management systems offer integrated control 
of HVAC, lighting, outside air ventilation, natural ventilation, building security, and water heating systems. 
Energy can be saved through efficient control that turns off or slows down systems when they are not 
needed. In general, slowing down most fans by 25% cuts the electric energy the fan uses by 50%. Building 
management systems can also provide information for students and faculty to understand how the building 
is working and how much energy it is using. Building management systems should always be equipped 
with easy-to-use graphic interfaces to facilitate their proper use. 

System Selection 

Figure 9 illustrates a few important questions that help narrow the choice of HVAC system for each space. 
This decision tree leads to one of several categories of system types. There are three main questions: 

1. 	 Can natural ventilation meet all reasonable cooling needs? For many locations this is possible, 
especially with careful attention to architectural design. If cooling is unnecessary, then several heating-
only options exist. 

2. 	 Can outdoor air ventilation be provided naturally or is mechanical ventilation required? This affects the 
system choice regardless of whether it is heating only, or heating and cooling. If fans are not required 
for ventilation, the design should allow them to be off for much of the year, saving fan energy. 

3. 	 If cooling is required, can an efficient evaporative cooling system be used? If not, compressor cooling, 
either with a direct expansion or chilled water system is required. 

There are, of course, many other considerations in system selection. This chapter provides guidelines for

most of the common HVAC system types used in schools. Table 3 provides an overview of what systems


are most applicable to each climate zone.The choice of optimal system type for a specific school is a 

complex decision based on many factors. Many tradeoffs are involved, especially price versus


performance. Other important considerations are: 


 Noise and vibration 


 IAQ ventilation performance 


 Thermal comfort performance 


 Operating costs and energy efficiency


 Maintenance access, costs, and needs


 HVAC equipment space requirements (in the classroom, on the roof, in mechanical rooms)


 Durability and longevity


 The ability to provide individual control for classrooms and other spaces


 The type of refrigerant used and its currently understood ozone-depleting potential. 


Table 4 compares system types using these criteria and others. More information regarding the 

applicability of each system type is discussed in the individual guidelines. 
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Phasing of construction projects also influences the decision between central systems and distributed 
systems. If a large facility is to be constructed in several phases, then it may be difficult to afford the 
upfront investment in the central plant option. 

Can natural ventilation meet 
outdoor air ventilation 

requirement? 

Heating only hydronic systems 

Heating only air systems 

Radiant floor 
Baseboard 

or 

Gas furnace 
Unit ventilator 

Heating only air systems 

Heating only hydronic + 
separate air ventilation system 

Gas furnace 
Unit ventilator 

or 

Radiant floor 
Baseboard 

Can evaporative cooling 
meet cooling requirements? 

Is natural ventilation 
accessible and beneficial 
for a significant portion of 

the school year? 

Evaporative cooling system 
Indirect 
Direct 
Indirect/Direct 

Mixed mode HVAC system 
(allow simple occupant control 
of HVAC and operable openings) 
- Packaged rooftop 
- Gas/electric split 
- Ductless split 
- Ceiling panel 
- Unit ventilator (2-pipe or 4-pipe) 
- Air or water cooled chiller (if appl.) 

Cooling and heating system 
(Ensure efficient duct and fan design) 
- VAV reheat 
- Packaged rooftop 
- Gas/electric split 
- Unit ventilator (2-pipe or 4-pipe) 
- Air or water cooled chiller (if appl.) 

YesNo 

No 

No 

No 

Yes 

Yes 

Yes 

HEATING ONLY 

HEATING AND COOLING 

Can natural ventilation meet all cooling needs? 

Figure 9 – HVAC System Selection Decision Tree 
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Table 3 – Climate Zone Applicability for HVAC Guidelines 
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MV1: Cross Ventilation        
MV2: Stack Ventilation        
MV3: Ceiling Fans        
MV4: Gas/Electric Split System        
MV5: Packaged Rooftop System        
MV6: Displacement Ventilation System        
MV7: Hydronic Ceiling Panel System        
MV8: Unit Ventilator System        
MV9: Ductless Split System        

MV10: Evaporative Cooling System        
MV11: VAV Reheat System        

MV12: Radiant Slab System        
MV13: Baseboard Heating System        
MV14: Gas-Fired Radiant Heating System        
MV15: Water-Loop Heat Pumps        
MV16: Evaporatively Precooled Condenser        
MV17: Dedicated Outside Air Systems        
MV18: Economizers        
MV19: Air Distribution Design Guidelines        
MV20: Duct Sealing and Insulation        

MV21: Hydronic Distribution        
MV22: Chilled Water Plants        
MV23: Boilers        
MV24: Adjustable Thermostats        
MV25: EMS/DDC        

MV26: Demand Controlled Ventilation        
MV27: CO Sensors for Garage Exhaust Fans        
MV28: Timers for Recirculating Hot Water Systems        

Legend:  Best Applicability  Mid-Range Applicability  Worst Applicability 
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Table 4 – HVAC Selection Criteria 
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First Cost        

Maintenance Cost       

Cooling Effectiveness    N/A N/A N/A  
Heating Effectiveness        N/A     N/A N/A 

Durability               

Noise (Acoustic Environment)               

Roof Space Required             N/A N/A 

Water Consumption               

Energy Operating Cost       

Life-Cycle Cost        

Classroom Control     N/A N/A 

Multi-Zone Capability     N/A N/A 

Ozone Depletion       

Outside Air Ventilation       N/A N/A 

Thermal Comfort     N/A N/A 

Natural Compatibility      N/A N/A 
Ventilation (poor/fair/good) 
(Mixed Change-Over     N/A N/A

Mode (yes/no)

Method)


Concurrent (yes/no)     N/A N/A 

Indoor Air Quality     N/A N/A 

Legend:  Better than average (better performance or lower cost)  Average  Worse than average (lower performance or 
higher cost) 
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Spaces Classrooms    
Applicability 
(black, gray or Library  
clear) 

Multi-purpose  
Gym  
Corridors  
Admin    
Toilets  
Other  

Possible DX   N/A N/A N/A 
Cooling 
Sources CHW     N/A N/A N/A 

Possible HP   
Heating 
Sources HW       

Furnace    
Optional Air Economizer     
Energy 
Efficient Evaporative    
Features Precooler 

Variable Speed Fan   
High Efficiency  
Motors 

Legend:  Better than average (better performance or lower cost)  Average  Worse than average (lower performance or higher 
cost) 
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GUIDELINE MV1: CROSS VENTILATION 
Recommendation 
Provide equal area of operable openings on the 
windward and leeward side. Ensure that the windward 
side is well shaded to provide cool air intake. Locate 
the openings on the windward side at the occupied 
level. 

Description 
Wind-driven ventilation is one of two methods of 
providing natural ventilation. All natural ventilation 
strategies rely on the movement of air through space 
to equalize pressure. When wind blows against a 
barrier, it is deflected around and above the barrier (in 
this case, a building). The air pressure on the 
windward side rises above atmospheric pressure 
(called the pressure zone). The pressure on the 
leeward side drops (suction zone), creating pressure 
stratification across the building. To equalize 
pressure, outdoor air will enter through available 
openings on the windward side and eventually be 
exhausted through the leeward side.  

Pressure is not uniformly distributed over the entire 
windward face, but diminishes outwards from the 
pressure zone. The pressure difference between any 
two points on the building envelope will determine the 
potential for ventilation if openings were provided at 
these two points. The airflow is directly proportional to 
the effective area of inlet openings, wind speed, and 
wind direction. 

Applicability 
Cross ventilation is a very effective strategy for 
removing heat and providing airflow in mild climates. 
In coastal climates, the need for a cooling system may 
be eliminated by a carefully designed natural 
ventilation system. In most other climates, it can alter 
interior conditions only modestly. Hybrid systems work 
best in such situations. In humid climates, natural 
ventilation cannot replace the moisture-removing 
capabilities of air conditioning (although desiccant 
systems that remove moisture from the space can be 
used for more effective natural ventilation). 
Introducing humid air (even if it is relatively cool) into 
a space will add a substantial load on the cooling 
system in hybrid systems. However, even extreme 
climates experience moderate conditions during 
spring and fall, and natural ventilation should be 
designed to take full advantage of these conditions. 

High pressure 
zone

Low pressure 
zone

 

Low pressure 
zone

 High 
 pressure 

 zone

 
Applicable Climates 

 
Applicable Spaces When to Consider

Classrooms   Programming
Library   Schematic

Multi-Purpose   Design Dev.
Gym   Contract Docs.

Corridors   Construction
Administration   Commissioning

Toilets   Operation
Other   

 



This strategy relies heavily on two parameters that may change continuously: wind availability and wind 
direction. Consequently, it is a somewhat unreliable source for thermal comfort. Spaces, like computer 
rooms and laboratories, that need strict maintenance of indoor temperature and humidity should definitely 
use hybrid systems for both cooling and ventilation. Introducing natural ventilation in a building may cause 
increased levels of dirt, dust, and noise, which could also be a serious limitation for certain types of 
spaces. 

Cross ventilation has to be an integral part of the design schematic and design development phases. An 
effective natural ventilation design starts with limiting space sizes to facilitate inward flow of air from one 
face and outward flow from the other — architectural elements can be used to harness prevailing winds. 
This may alter building aesthetics and needs to be addressed early in the design phase. 

Integrated Design Implications 
 	Design Phase. Cross ventilation can (or should) very strongly influence building aesthetics and site 

planning. Natural ventilation codes will dictate space widths and minimum opening sizes. To 
maximize the effectiveness of openings, the long façade of a building should be perpendicular to the 
prevailing wind direction. Narrow and woven plans with more surfaces exposed to the outside will 
work better than bulky plans with concentrated volumes. Singly loaded corridors will provide better air 
flow than doubly loaded ones. An open building plan with plenty of surface area exposed to the 
outside will work well for cross ventilation. Architectural elements like fins, wing walls, parapets, and 
balconies will enhance wind speeds and should be an integral part of cross ventilation design. 

 	Thermal Mass. Cross ventilation should be combined with thermal mass to take advantage of large 
diurnal temperature swings. Mass walls can act as heat reservoirs, absorbing heat through the day 
and dissipating it at night. At night, natural ventilation can be used to increase the quantum of 
dissipated heat as well as to accelerate the process of dissipation (see section on Energy-Efficient 
Building Shell for details). This will reduce the load on the cooling system by pre-cooling the building. 
A large diurnal temperature swing (as in desert areas) will ensure that the building is more effectively 
“flushed.” 

 	 Integration with Daylighting and View Windows. The apertures for cross ventilation will also serve 
as view windows and luminaires for side lighting. All architectural elements intended to enhance one 
strategy should also work for the other. Orientation that works for ventilation (openings on the 
windward side) may not be the ideal direction for bringing in daylight. West orientation for windows 
will increase heat gain and cause glare, but may be the best orientation for bringing in outside air in 
the coastal areas. Prioritize the needs of the space based on function and climate. For instance, 
benefits of daylighting in a cold climate outweigh those of cross ventilation, therefore orient the 
building based on daylighting considerations. 

 	 Integration with HVAC. Natural ventilation may be intended to replace air conditioning entirely or, as 
is more often the case, to coexist with mechanical systems in a “hybrid mode.” Also, natural 
ventilation may occur in “change-over” (windows are shut when mechanical system is on) or 
“concurrent” modes. Fewer systems are compatible with the concurrent mode. These factors need to 
be carefully considered before selecting a system (for more information on system selection see this 
chapter’s Overview). 

Cost Effectiveness L 
MLow to moderate. Buildings that use natural ventilation may have higher initial costs, due 
Hto the higher cost of operable windows. Operable windows typically cost 5% to 10% more 

L M  Hthan fixed glazing. Based on average installed cost for metal frame, double-glazed, fixed 
Benefitswindows of $20/ft2 to $30/ft2, the operable window should cost $48 to $72 more per 

classroom for buildings that meet their ventilation needs through natural ventilation only (based on code-
prescribed minimum area of operable glazing per classroom). For “hybrid” buildings, the cost will be more 
modest because the operable window area can be less than the code prescribed minimum (5% of floor 
area). In buildings where natural ventilation is designed to occur concurrently, the initial costs may be 
higher due to limitations in system selection. 

C
os

ts
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Benefits 
Moderate to high. This varies significantly depending on climatic conditions and natural ventilation design. 

 	 In a moderate climate, wind-driven ventilation can meet the cooling loads most of the time. In such 
climates, the simple payback period will vary between 8 to 12 years. At times, a good natural 
ventilation design may completely eliminate the need for a cooling system. This design will result in 
huge savings that offsets the cost of installing operable windows and lowers the simple payback 
period to one to four years. 

 	Buildings located in harsher climates will use “mixed-mode” systems. In such climates, natural 
ventilation may have limited application resulting in higher payback periods of 12 to 15 years. 

 Cross ventilation alleviates odors and quickly exhausts contaminants from a space. 

 Increased airflow in a space results in higher thermal comfort levels and increased productivity. 

 	Operable openings at the occupied level instill the occupants with a sense of individual control over 
the indoor environment. 

 	An intangible benefit of natural ventilation is the establishment of a connection with the outdoors (both 
visual and tactile), weather patterns, and seasonal changes. This results in higher tolerances for 
variations in temperature and humidity levels. 

 Natural ventilation systems are simple to install and require little maintenance. 

Design Tools 
Opening areas may be derived using spreadsheet-based calculations. These estimates use 
approximation techniques but are good numbers to start with. The following algorithm shows the rate of 
wind-induced airflow through inlet openings: 

Q = C4Cv AV 

where, 


Q = airflow rate, cfm

Cv = effectiveness of openings (Cv is assumed to be 0.5-0.6 for perpendicular winds and 0.25 to 0.35


for diagonal winds)

A = free area of inlet openings


V = wind speed, mph 

C4 = unit conversion factor= 88.0


The following algorithm calculates the required airflow rate for removal of a given amount of heat from a 
space (see section on Load Calculations for estimating the amount of heat to be removed): 

Q = 
60q Q = 

Btu/h 

cpρ(t 
i 

− to ) 1.08∆T 

where, 

Q = airflow rate required to remove heat, cfm 
q = rate of heat removal, Btu/h 

Cp = specific heat of air Btu/lb°F (about 0.24) 
ρ = air density, lbm/cf (about 0.075) 

ti-to = indoor-outdoor temperature difference, °F 

Many computer programs are available for predicting ventilation patterns. Some that use the “zonal” 
method may be used to predict ventilation rate (mechanical and natural), magnitude and direction of air 
flow through openings, air infiltration rates as a function of climate and building air leakage, pattern of air 
flow between zones, internal room pressures, pollutant concentration, and back drafting and cross-
contamination risks. These models take the form of a flow network in which zones or rooms of differing 
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pressure are interconnected by a set of flow paths. This network is approximated by a series of equations 
representing the flow characteristics of each opening and the forces driving the air flow process. Widely 
available codes include BREEZE and COMIS. 

A computational fluid dynamics (CFD) program is a more accurate and complex tool for modeling airflow 
through a space based on pressure and temperature differentials. These programs can simulate and 
predict room airflow, airflow in large enclosures (atria, shopping malls, airports, exhibitions centers, etc.), 
air change efficiency, pollutant removal effectiveness, temperature distribution, air velocity distribution, 
turbulence distribution, pressure distribution, and airflow around buildings. FLUENT is a sophisticated 
analysis technique that can, among other things, model and/or predict fluid flow behavior, transfer of heat, 
and behavior of mass. This software is particularly geared towards ventilation calculations including 
natural and forced convection currents. It also accurately calculates air density as a function of 
temperature and predicts the resulting buoyancy forces that can give rise to important thermal 
stratification effects. Important outputs from FLOVENT are user variables, such as the comfort indices of 
predicted mean vote, percentage of people dissatisfied, mean radiant temperature, dry resultant 
temperature, and percentage saturation, including a visualization of their variation through space. A 
summary of minimum, maximum, mean, and standard deviation for all calculated variables is also 
available. 

Design Details 
 Orient the building to maximize surface exposure to prevailing winds. 

 	Provide the inlets on the windward side (pressure zone) and the outlets on the leeward side (suction 
zone). Use architectural features like wing walls and parapets to create positive and negative 
pressure areas to induce cross ventilation. Air speed inside a space varies significantly depending on 
the location of openings (see table below). As far as possible, provide openings on opposite walls. 
Using singly loaded corridors will facilitate provision of openings on opposite walls. Limit room widths 
to 15 ft to 20 ft if openings cannot be provided on two walls. Windows placed on adjacent walls also 
perform very well due to the wall-jet phenomenon wherein the inflowing air moves along the nearest 
wall surfaces. This positioning should be limited to smaller spaces (less than 15 ft x 15 ft). 

 	Air inlet and outlets should be designed to minimize noise transfer from the exterior to the interior and 
to adjacent occupied spaces. 

Table 5 — Average Indoor Air Velocity as a Percentage of the Exterior Wind Velocity for Wind Direction 
Perpendicular to and 45° to the Opening 

Window Height as a Fraction of Wall Height 1/3 1/3 1/3 
Window Width as a Fraction of Wall Height 1/3 2/3 3/3 
Single Opening 12%-14% 13%-17% 16%-23% 
Two Openings on Same Wall - 22% 23% 
Two Openings in Adjacent Walls 37%-45% - -
Two Openings on Opposite Walls 35%-42% 37%-51% 46%-65% 

Source: Givoni, Baruch; Man, Climate, and Architecture, London: Applied Science, 1976. 

 	A free ventilation area of 1.5% to 2% (of the floor area), which is the recommended minimum area for 
operable windows only, will meet the ventilation requirements. Daylighting considerations will require 
a larger window area. Also, if the space is solely dependent on natural ventilation then code 
requirements will set the minimum operable window area to 5% of the floor area. Although this area 
will meet the ventilation requirements of a space during mild climatic conditions, larger window areas 
should be provided for occupant cooling through increased air movement. For cooling purposes 
provide 5% to 8% of the floor area as free ventilation area. Equal inlet and outlet areas maximize 
airflow, whereas outlets that are 2% to 5% larger than inlets produce higher air velocities.The inlet 
location affects airflow patterns far more significantly than outlet location. Inlet location should be a 
higher priority (if faced with a choice), as a high inlet will direct air towards the ceiling and will almost 
bypass the occupied level. Locate inlets at a low or medium height.For natural ventilation to function 
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properly, solar gains should be minimized. Direct sunlight penetrating into the space during periods of 
natural ventilation may make it difficult or impossible to achieve comfortable conditions with natural 
ventilation alone. Use shading devices such as overhangs, awnings, and fins to control solar gains. 

 	The incoming air may be cooled through good site planning, landscaping, and planting strategies. If a 
water body is planned for the site, place it on the windward side to pre-cool the incoming air through 
evaporative cooling. Planting tall deciduous trees on the windward side will lower the temperature of 
the inflow and shade the openings. 

 	Provide windows with shutters that can be opened or shut in increments. This allows the occupants to 
vary the inlet and outlet areas according to seasonal variations. 

 	Use features like overhangs, awning windows, eaves, and porches to protect the openings from rain 
and to minimize excess heat gain from direct sunlight. Awning windows work very well for cross 
ventilation because they provide more airflow than double-hung windows (for the same glazed area) 
and also provide protection from rain. Casement windows provide maximum airflow in both 
perpendicular and oblique wind conditions. 

 	Ensure that vents and windows are accessible and easy to use. Avoid blocking windows with exterior 
objects such as shrubs and fences, but do not eliminate shading. 

 	Provide inlets for cross ventilation openings at the occupied level. Stagger the outlet openings both 
vertically and horizontally by a few feet to achieve longer air paths. Concentrate ventilation openings 
in spaces most likely to require cooling. 

 	Use overhangs, porches, and eaves to protect windows and vents from rain to extend the amount of 
time that natural ventilation can be used. 

 	Ensure that openings can be tightly sealed in winter or when using air conditioning or 
dehumidification systems. 

 	HVAC systems should be designed to work in harmony with natural ventilation. The objective of a 
concurrent natural ventilation system is to meet the outside air requirement using the least possible 
opening area. The objective of a change-over natural ventilation system is to meet the outside air 
requirement as well as provide cooling. The HVAC and natural ventilation system are mutually 
dependent. See the Overview for a detailed discussion. 

Operation and Maintenance Issues 
This strategy is largely dependent on manual operation for its success. Automated operation may make 
sense for very large commercial buildings, but not for schools. 

 Encourage students and teachers to open/close openings regularly. 

 The mechanisms for operable inlets and outlets should be well maintained and clean. 

 	Periodically clean windowsills, panes, fins, screens, and louvers to ensure healthy air intake for the 
space. 

 	Assign responsibility of ensuring that openings are shut during cold weather and the hours of 
operation of the mechanical system. Also ensure adequate opening area is available for nighttime 
ventilation in hot dry climates. 

Commissioning 
None. 

References/Additional Information 
Cook, Jeffrey, Ed. Passive Cooling. Cambridge: MIT Press, 1989. 
Brown, G.Z. Sun, Wind, and Light. New York: John Wiley & Sons, 1986. 
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GUIDELINE MV2: STACK VENTILATION


Recommendation 
Use inlets and outlets of equal area and 
maximize the vertical distance between these two 
sets of apertures. Place inlets close to the floor or 
at the occupied level. Locate the outlets closer to 
the ceiling on the opposite wall. To facilitate 
varying summer and winter strategies, provide 
incrementally operable shutters. 

Description 
Stack ventilation is one of two methods of 
providing natural ventilation. Stack ventilation 
utilizes the difference in air densities to provide 
air movement across a space. At least two 
ventilation apertures need to be provided; one 
closer to the floor and the other high in the space. 
Warmed by internal loads (people, lights, 
equipment), the indoor air rises. This creates a 
vertical pressure gradient within the enclosed 
space. If an aperture is available near the ceiling, 
the warmer air at the upper levels will escape as 
the lower aperture draws in the cool outside air. 
Higher indoor temperatures are essential for 
causing a pressure difference such that the upper 
openings act as the outlet and cool air intake is 
induced at the lower opening. 

The airflow induced by thermal force is directly 
proportional to the inlet-outlet height differential, 

Applicable Climates 

Applicable Spaces When to Consider 
Classrooms  Programming 

Library  Schematic 
Multi-Purpose  Design Dev. 

Gym  Contract Docs. 
Corridors  Construction 

Administration  Commissioning 
Toilets  Operation 
Other 

the effective area of the aperture, and the inside-outside temperature differential. 

Applicability 
Pressure-differential-driven natural ventilation is an effective strategy for meeting minimum airflow 
requirements, especially during winter, when the inside-outside temperature differential is at a maximum. 
It is also appropriate for providing cooling during mild weather conditions when direct outside air is still 
sufficiently cool to meet interior space cooling requirements. 

Integrated Design Implications 
 	Design Phase. Using the stack effect for ventilation requires an integrated design approach. Stack 

ventilation will affect building mass and aesthetics. Vertical airshafts for providing stack ventilation 
also need to be considered early in the design phase. 

 	Thermal Mass. Nighttime ventilation coupled with thermal mass is a very effective strategy for heat 
removal in hot, dry climates. 

 	 Integration with Daylighting and View Windows. Apertures for stack ventilation need to be located 
close to the floor and ceiling for best results. The high apertures can couple as clerestories or side-
lighting luminaires. Benefits of daylighting and natural ventilation need to be considered in conjunction 
with each other to arrive at the ideal location and size for openings. 

 	 Integration with HVAC. Stack ventilation will be used for meeting the outside air requirement in most 
climates other than Hot and Dry (where stack ventilation will also be used for nighttime cooling). 
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Carefully integrating this strategy with HVAC system selection and operation will maximize its 
benefits. For details, see the Overview section. 

Cost Effectiveness 
Low to moderate. 

L 
Stack ventilation may not add to overall costs significantly if integrated with view windows, M 
high side lighting, and other daylighting strategies. However, an additional cost of $2/ft2 H 
may be associated with ensuring that all openings are operable. Adjustable frame intake L M  H 
louvers may cost up to $25/ft2 (this includes installation costs). Additional cost of installing Benefits 
windows high in the space will range from $15/ft2 to $30/ft2. 

Benefits 
Low to moderate. 

The benefits depend largely on weather conditions (indoor-outdoor temperature differential) and the 
design of openings. 

 	 In a moderate climate, a combination of wind-driven and stack ventilation strategies can meet the 
cooling loads most of the time. In more extreme climates (with a large diurnal range of temperature), 
stack ventilation can operate in “mixed-mode” systems and reduce the peak demand through 
nighttime flushing, resulting in lower utility bills and first costs. In such climates, the simple payback 
period will be 8 to 12 years. For most other climates, the simple payback period will be 10 to 14 
years. 

 Stack ventilation apertures can also double as side and high side lighting strategies. 

 Stack ventilation effectively removes contaminants and pollutants from space. 

Design Tools 
The airflow (cfm) required can be reasonably estimated using spreadsheet-based calculations. The 
following algorithm defines the airflow as it varies with the area of openings, indoor temperature, outdoor 
temperature, and location of the inlet and outlet: 

Q = 60CDA i o i NPL T/ ) TT(Hg2 − ∆

Q = airflow rate, cfm


CD = discharge coefficient for opening 


∆HNPL = height from mid-point of lower opening to Neutral Pressure Level (NPL) ft


Ti = indoor temperature, °F 


To = outdoor temperature, °F 


Use this algorithm to estimate the aperture area for a particular hour of a day (with Q equal to 15 cfm). 

Several computer tools are available for simulating pressure driven airflow. Refer to Guideline MV1: 
Cross Ventilation for details. 

Design Details 
 	Provide equal inlet and outlet areas to maximize airflow. Airflow will be dictated by the smaller of the 

inlet and outlet areas. 

 	The width to height ratio of openings should be more than one as far as possible (i.e., orient openings 
horizontally). 

 	The free ventilation area of the inlet and outlet should be at least 1% of the total floor area of the room 
(4.8 ft2 each per classroom, based on 32 ft x 30 ft x 9 ft-6 in. classrooms). This is adequate to meet 
outdoor air requirements with perpendicular wind speeds as low as 2 mph and low temperature 
differentials that occur during summer months. Lowering the air intake of these openings during 
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winter or completely shutting some of these openings may avoid uncomfortable winter conditions. For 
extreme climates, all the available operable openings may remain open only for limited periods. 

 	Allow for at least a 5-ft center-to-center height difference between the inlet and the outlet. Increasing 
the height differential further will produce better airflow. 

 	Use stairwells or other continuous vertical elements as stack wells by providing adequate apertures. 
Such spaces may be used to ventilate adjacent spaces because of their ability to displace large 
volumes of air (because of greater stack height). 

 Carefully control and minimize solar gains. For details see Guideline MV1: Cross Ventilation. 

 	Combine stack ventilation with cross ventilation elements. Set the inlet openings for cross ventilation 
lower in the wall so that they can double as inlets for stack ventilation. 

 	Use louvers on inlets to channel air intake. Use architectural features like wind towers and wind 
channels to effectively exhaust the hot indoor air. 

 	HVAC systems should be designed to work in harmony with stack ventilation (see the Overview 
section for a discussion). 

 	Air inlet and outlets should be located or designed to minimize noise transfer from the exterior to the 
interior and to adjacent occupied spaces. 

 Large openings may require installing security grills to limit potential points of entry. 

Operation and Maintenance Issues 
This strategy is largely dependent on manual operation for its success: 

 Openings should be appropriately operated according to indoor-outdoor temperature differentials. 

 The mechanisms for operable inlets and outlets should be well maintained and clean. 

 	Windowsills, fins, screens, and louvers should be periodically cleaned to ensure healthy air intake for 
the space. 

 	Assign responsibility of ensuring that openings remain shut during the mechanical system’s hours of 
operation unless the ventilation is designed to work concurrently. 

 Ensure that adequate opening area is available for nighttime ventilation in hot, dry climates. 

Commissioning 
None. 

References/Additional Information 
Cook, Jeffrey. Passive Cooling. Cambridge: MIT Press, 1989. 
Brown, G.Z. Sun, Wind, and Light. New York: John Wiley & Sons, 1986. 
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GUIDELINE MV3: CEILING FANS


Recommendation 
Use ceiling fans in classrooms to provide 
enhanced thermal comfort for occupants through 
higher air velocity. Use the ceiling fans instead of 
air conditioners in mild coastal climates. In more 
extreme climates, use ceiling fans as a 
supplement to cooling systems. 

Description 
A ceiling fan is a device for creating interior air 
motion. It is a permanent fixture operated by a 
switch or a pull string. Acceptable comfort levels 
can be maintained above the customary comfort 
zone for air speeds exceeding 50 fpm by using a 
ceiling fan. Generally, for speeds above 30 fpm, 
most people will perceive a 15 fpm increase in air 
to be equal to 1°F decrease in temperature. This 
phenomenon is commonly called “chill factor.” 
Outside air can be introduced into a space 
through openings using a fan when outside air 
cannot enter the space on its own, because it is 
either too humid or too hot. A fan can also re-
circulate air within a space. Fans also cool by 
increasing evaporation of moisture from the skin 
(skin moisture vaporizes using body heat to 
change phase). 

Applicable Climates 

Applicable Spaces When to Consider 
Classrooms  Programming 

Library  Schematic 
Multi-Purpose Design Dev. 

C f  i Gym  Contract Docs. 
Corridors Construction 

Administration  Commissioning 
Toilets Operation 
Other 

In a high ceiling space, ceiling fans can help “destratify” the warm air layer, which collects near the 
ceiling, and distribute it to the lower part of the space for thermal comfort. As a result, heating thermostats 
need not be set as high. 

The interior air motion caused by ceiling fans varies as a function of fan position, power, blade speed 
(measured in rpm), blade size, and the number of fans within the space. Moreover, air speeds within a 
space vary significantly at different distances from the fan. 

The normal current draw will range from approximately 15 W at low speed to 115 W at high speed. 

Applicability 
Ceiling fans are appropriate for classrooms and administration areas. They may not be suitable for gyms 
because of the potential for rapid skin cooling (more skin moisture is secreted during intense physical 
activities). Nor are they appropriate for toilets as the space may be too small for a ceiling hung fan. Noise 
produced by ceiling fans may be an issue in auditoriums or classrooms if fans turn at too high a velocity. 

Ceiling fans are suitable for most climates that require cooling. Combined with other passive strategies 
they may eliminate the need for air conditioning in the Temperate and Mixed region. They are not very 
useful in humid climates. 

Ceiling fans should be considered in the design development stage due to electrical wiring and ceiling 
height issues, although adding fans to existing spaces is feasible too. 
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Integrated Design Implications 
Using ceiling fans does not significantly impact other design decisions, except when a displacement 
airflow design is being considered. 

 A minimum ceiling height of 9 ft must be provided to accommodate a fan such that its blades are at a 
distance of 8 ft from the floor and 1 ft from the ceiling. 

 Ceiling fans should be combined with natural ventilation strategies for best results. 

Cost Effectiveness 
Ceiling fans cost between $75 and $200. The typical cost of a professionally installed fan L 
is about $250. Fans with features such as light fixtures, reverse or multiple speed settings, M 
and extended warranties may cost more. Some ceiling fans are very economical to H 
operate as they consume very little energy. Others have very inefficient motors and add L M  H 
considerable heat to the room. Careful selection should be made. Benefits 

Benefits 
 Moving air extends the comfort range and allows occupants to feel comfortable at higher 

temperatures. It also helps occupants feel dry. Wind speed is one of the six factors that affect thermal 
comfort indices like the predicted mean vote (PMV). Increasing air speeds results in PMVs that fall in 
the comfort zone (for detailed discussion, see this chapter’s Overview section). 

 Temperature settings for mechanical cooling equipment can be higher and an energy savings greater 
than the energy consumption of the fans can be realized. According to the Texas Energy Extension 
Service, for a three-ton cooling system costing $550 per season, raising the thermostat from 75°F to 
80°F can reduce the operating cost by $151. Operating a ceiling fan 10 or more hours a day may cost 
less than $3/month. For example, a typical fan operating at high speed uses approximately 100 W of 
power. Assuming that the fan is operated five hours/day with an energy cost of $0.08/kWh, the cost of 
operation will be $0.04/day. At lower speeds this operating cost will be even less. This low operating 
cost and the potential reduction in cooling and heating cost make the ceiling fan one of the better 
energy-saving devices on the market. As a rule of thumb — each degree rise in a thermostat setting 
(beyond 78°F) results in a 3% to 5% saving on cooling energy. If the ceiling fan is supplementing air 
conditioning, the thermostat of the air conditioning unit may be raised a full 4°F above the standard 
78°F setting while still maintaining comfortable space conditions. 

 In the heating season, ceiling fans can help bring the warmer air that stratifies near the ceiling down 
to where the occupants are located. A low speed that does not create a significant breeze is best for 
this heating season application. Again, the thermostat set point may be lowered by nearly 2°F. 

Design Tools 
Use the following charts to size ceiling fans according to largest room dimension and room area: 

Table 6 — Fan Diameter Selection Based on Space Dimensions 

Largest Dimension Minimum 
of Room Fan Diameter 
12 ft or less 36 in. 
12 - 16 ft 48 in. 
16 - 17.5 ft 52 in. 
17.5 - 18.5 ft 56 in. 
18.5 ft or more 2 fans needed 
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Table 7 — Fan Diameter Selection Based on Space Area 

Room Area Minimum Fan Diameter 
100 ft2 36 in. 
150 ft2 42 in. 
225 ft2 48 in. 
375 ft2 52 in. 
400+ ft2 2 fans needed 

Sources: Consumer Guide to Home Energy Saving (1995) by the American Council for an Energy Efficient Economy. 

Design Details 
 Use ceiling fans in frequently occupied spaces. 

 Use “Quiet Type” energy-efficient fan and motor assemblies. 

 A larger fan provides a greater range of airflow settings and ventilates a larger area at lower 
velocities, with less noise, and only slightly more power than similar smaller units. Use two 48-in. fans 
in classrooms (based on 30 ft x 32 ft classrooms). These will move air most effectively in a 4 ft to 6 ft 
radius, and somewhat less effectively for another 3 ft to 4 ft radius. At the level of seated occupants, 
this will achieve air speeds ranging from 50 fpm to 200 fpm. Beyond 30 fpm, every additional 15 fpm 
results in a perceived 1°F drop in temperature. The more blade surface, the more air it will catch. 

 Ceiling fans work best when the blades are 8 ft to 9 ft above the floor and 10 in. to 12 in. below the 
ceiling. Placing fans so the blades are closer than 8 in. to the ceiling can decrease the efficiency by 
40%. Fans also require at least 18 in. of clearance between the blade tips and walls. Two types of 
mountings are available for ceiling fans — rod and hugger. In rod fans, the motor housing is 
suspended from the mounting bracket by a rod. With hugger fans, the motor housing is mounted 
directly to the ceiling box. Hugger fans are not as efficient as rod fans in the down motion, especially 
at higher speeds. The blades will starve themselves for air when they are too close to the ceiling. 

 Use ceiling fans to supplement air movement in natural ventilation strategies. 

 Select a fan with at least a two-speed control for better regulation of air movement. Variable-speed 
fans are preferable so that the lowest speed can be used in the heating season to accomplish 
destratification without causing excessive draft. If using a reversible fan, ensure that the fan has a 
setting low enough to circulate the air without creating too much of a breeze. These fans are best for 
rooms that tend to build up heat. 

 Fans should be on only when the space is occupied; otherwise the movement of the motor is also 
introducing some heat in the room without any cooling benefits. Remember that ceiling fans cool 
people, not spaces. Consider using an occupancy sensor. 

Operation and Maintenance Issues 
 Ceiling fans should be operated only when the rooms are occupied. A motion sensor or a clear policy 

of operating ceiling fans only when using the room is needed. In the destratification mode, starting the 
fans several hours before occupancy would be beneficial for getting ceiling accumulated heat down. 

 Ensure that all blades are screwed firmly into the blade holder and that all blade holders are tightly 
secured at the fan. This should be checked at least once a year. 

 It is important to periodically clean the fan, as the blades tend to accumulate dust on the upper side. 
An anti-static agent can be used for cleaning, but do not use any cleaning agents that can damage 
the finish. Never saturate a cloth with water to clean the ceiling fan. 

 For a fan to perform efficiently, it is very important that the blade be aerodynamically shaped to 
increase its efficiency, similar to an airplane propeller. "Balanced" blades; that is, blades that are 
electronically matched at the factory; are sold as balanced four- or five-blade sets, depending on the 
design of the fan. For this reason, never interchange blades between fans. 
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Commissioning 
 Use durable fans with longer warranties. Use fans with metal motor housings — these may require 

annual lubrication while plastic motor housings will not. 

References/Additional Information 
AIRBASE (database of over 7,000 abstracts of international papers on infiltration and ventilation), Air 

Infiltration and Ventilation Centre, Sovereign Court, University of Warwick Science Park, Sir William 
Lyons Road, Coventry, CV4 7EZ, U.K. Tel: 44-203-692050, Fax: 44-203-416306. 

American Society of Heating, Refrigerating and Air Conditioning Engineers. ASHRAE 62-Ventilation for 
Acceptable Indoor Air Quality.  1791 Tullie Circle NE, Atlanta, GA, 30329-2305. Tel:(404) 636-
8400; Fax:(404) 321-5478. 

Bower, John. Understanding Ventilation: How to Design, Select, and Install Residential Ventilation 
Systems. The Healthy House Institute, 430 N. Sewell Rd., Bloomington, IN 47408. 

The Home Ventilating Institute. The Certified Home Ventilating Products Directory. 30 West University
Dr., Arlington Heights, IL 60004-1893. Tel:(708) 394-0150. 
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GUIDELINE MV4: GAS/ELECTRIC SPLIT SYSTEM


Recommendation 
When specifying a gas/electric split 
system, consider an add-on economizer, 
two-speed blower/furnace/compressor, 
high-efficiency furnace (AFUE 90+), and 
high-efficiency cooling (SEER 14+). 

Description 
This system is similar to a typical 
residential heating and cooling system. 
The components include an indoor fan 
unit and outdoor compressor and 
condenser package. The indoor unit 
usually includes a cooling coil and furnace 
section, although the furnace can be 
omitted if the compressor is also used for 
heating in heat pump mode. The indoor 
and outdoor sections are connected via 
refrigerant tubing and control wires. 

Supply air from the indoor unit is typically 
ducted to several supply diffusers in the 
ceiling. Return air may be ducted or 
returned directly to the unit through a grill. 

While most residential systems recirculate 
indoor air only, an outside air duct is 
essential to supply ventilation air that is 
mixed with return air for schools. 

Variations and Options 

Basic gas/electric split system. 

Applicable Climates 

Applicable Spaces When to Consider 
Classrooms Programming 

Library Schematic 
Multi-Purpose Design Dev. 

Gym Contract Docs. 
Corridors Construction 

Administration Commissioning 
Toilets Operation 
Other 

An economizer is not standard with split systems but is available as an aftermarket option. The 
additional equipment includes a mixing box with outdoor and return air dampers and the associated 
controls. Check with split system manufacturer for control compatibility. 

For climates where cooling is unnecessary, the system can be used for heating only, or for heating and 
ventilating. Eliminating the cooling coil and outdoor compressor unit reduces the cost significantly. An 
economizer may be installed to provide free cooling if the space design does not allow for convenient 
natural ventilation cooling (due to drafts, outdoor noise, dust, or similar problems). 

Indoor units are available for either horizontal or vertical installation. Horizontal units are typically 
installed above the ceiling. Vertical units may be installed in a mechanical closet with flow direction 
either upwards or downwards. 

A high-efficiency, condensing furnace is available as an option for most split systems. Annualized fuel 
utilization efficiency (AFUE) is 90% to 96%, compared to about 80% for standard units. 

High-efficiency cooling is also an option provided by most manufacturers. Systems are available with 
efficiencies greater than seasonal energy efficiency ratio (SEER) 14, compared to typical units with 
SEER 10 to 11. 

A two-speed blower and variable output furnace is an option that can provide significant fan energy 
savings and improve comfort through less on-off cycling. 
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Two-speed compressors are available that can be controlled together with a two-speed indoor fan for 
better comfort and humidity control. 

Heat pump heating is an option for locations without convenient natural gas access. In cool climates, a 
supplementary electric resistance heating element may be necessary, especially to handle relatively 
high ventilation air requirements for classrooms. 

Natural gas engine-driven heat pumps are available; however, they are more expensive. These units 
use a reciprocating natural gas engine rather than an electric motor to drive the compressor and 
provide heating and cooling. 

Applicability 
This system type is appropriate for classrooms or other single zone spaces up to about 2,500 ft2. 
Minimum cooling efficiency is SEER 10.0 for split systems smaller than 65,000 Btu/h of cooling capacity. 
Minimum heating efficiency is 78% AFUE for gas furnaces smaller than 225,000 Btu/h. These efficiency 
requirements are federal regulations. 

Integrated Design Implications 
Location of the indoor and outdoor units needs to be considered early in the architectural design to 
ensure optimal performance. See Design Details below for important considerations. Similarly, the 
location of ducts and supply registers should be considered when making structural and lighting system 
decisions. 

System controls should be specified so they integrate with natural ventilation design. Use automatic 
interlock controls to shutoff the system when windows are opened or allow manual fan shutoff. If the 
space is designed for good natural ventilation, then an economizer may not be necessary. 

Try to place ducts within the conditioned envelope to minimize the impact of leakage and conduction 
losses, which can be very significant. Insulate under the roof deck rather than on top of a suspended 
ceiling. If possible, place the indoor unit within the conditioned envelope as well. Ensure, however, that 
combustion air is properly vented. 

Cost Effectiveness L 
M 

Overall system cost for a gas/electric split system ranges from $10/ft2 to $12/ft2. H 

A high-efficiency (condensing) furnace adds roughly $700, compared to a standard L M  H 

efficiency unit with a base installed cost of about $550. However, the extra cost may also Benefits 

cover multi-speed fan control and variable furnace output, in addition to better efficiency. 

An efficient three-ton air conditioner with 13 SEER costs roughly $2,500, compared to $1,700 for a SEER 
10. The incremental cost is roughly $800. 

An outside air economizer adds about $300 to $500. 

For a 960-ft2 classroom, incremental cost for combined measures is about $2,000, or $2/ft2 of floor area. 

High-efficiency cooling is generally cost effective in warm regions. A high-efficiency, condensing furnace 
should be cost effective in cool climates, especially considering construction cost savings due to more 
flexibility in locating the low temperature flue vent. 

Benefits 
Advantages 
 High heating and cooling efficiencies are available. (By contrast, efficient heating options are 

seldom available for packaged rooftop units.) 

 	Two-speed fan and compressor options improve partial load efficiency, comfort, and humidity 
control. 
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 	Numerous system capacities are possible with combinations of furnace units, cooling coils, and 
compressors. 

 An economizer can be added to take advantage of outdoor air for free cooling. 

 Outdoor unit is relatively small. 

 It is possible to keep all ducts within the insulated building shell to minimize impact of duct losses. 

 Moderate initial cost. 

 	This can be installed as a heating-only system at a lower cost. A cooling coil and outdoor 
condensing unit can be added later if desired. However, their ductwork and air distribution system 
would need to be sized for greater cooling airflow requirements. 

Disadvantages 

 Space within the building shell is required for the indoor unit, either above the ceiling or in a closet. 


 An indoor unit may create noise in the space if not carefully designed and installed.


 Air ducts are required, which can be leaky and inefficient if not installed properly. 


 High-efficiency units have a significant cost premium.


 Limited multi-zone capability.


 Poor dehumidification control (better with two-speed compressor and fan). 


 Higher maintenance cost for large facilities compared to central VAV system. 


Design Details 
Indoor unit location considerations: 

 	To reduce noise, isolate the unit from the occupied space, and provide appropriate noise control 
measures at the intake and discharge and adequately sized ducts and registers to avoid excessive air 
velocity. 

 Make sure that filters and coils are easily accessible for maintenance. 

 	Provide easy access for the outdoor air inlet, minimizing length of ducts and eliminating turns from 
ductwork if possible. 

 	Allow access to outdoors for furnace combustion air and provide a vent for flue gas as recommended 
by the manufacturer. 

 	Minimize the number of duct turns necessary to reach supply diffusers and return grilles, and 
minimize duct length (second priority compared to number of turns). At the same time, however, 
ensure that noise transmission through the ducts is controlled. 

 	Consider that cooling coil condensate must drain to a proper receptacle and condensate pan overflow 
should drain to a visible location. 

 Provide adequate vibration isolation. Manufacturer may provide standard vibration isolation package. 

 	See also MV19: Air Distribution Design Guidelines for information about choosing locations for supply 
and return registers to minimize noise and maximize performance. 

Outdoor unit location considerations: 

 	Typically, the unit is placed on a concrete pad alongside the building. However, rooftop installation is 
possible as well. 

 To reduce noise, keep the unit away from operable windows and doors. 

 Remember that outdoor units face the potential for vandalism and design accordingly. 

 Provide access for maintenance. 
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 	Try to choose a shaded location with the lowest possible ambient air temperature to improve cooling 
efficiency. Be especially careful to avoid direct exposure to afternoon sun. 

 Provide adequate clearance around the outdoor unit to prevent airflow obstructions. 

 	 If the outdoor unit is mounted on the rooftop, then consider using a reflective white roof membrane to 
reduce temperature and improve system performance. Standard roofs exceed 150°F on a sunny day, 
while white roofs can be 50°F cooler. 

Match the compressor and indoor fan units for proper performance. See manufacturers’ literature for 
combinations and their efficiency ratings. 

Be sure to allow for furnace condensate drainage for high efficiency units, and provide condensate 
drainage for cooling coils. 

Design the air distribution system to minimize pressure drop and set blower fan motor to low or medium 
speed to reduce fan energy consumption and minimize noise (see MV19: Air Distribution Design 
Guidelines). 

Do not oversize heating and cooling capacities (see the topic Load Calculations in this chapter’s 
Overview section). 

If choosing a system with a multiple-speed fan as well as variable heating and cooling capacity, then 
specify a thermostat with those control capabilities. 

Operation and Maintenance Issues 
Maintenance requirements for a gas/electric split system are very similar to other system types. However, 
all compressor cooling systems require additional maintenance skills and cost more to maintain compared 
to heating-only systems. 

Recommended maintenance tasks include: 

 Replacing filters regularly 

 Cleaning indoor and outdoor coils regularly 

 Checking refrigerant charge 

 Cleaning the cooling coil condensate pan and drain 

 Lubricating and adjusting the fan as recommended by manufacturer. 

Commissioning 
Measure total supply airflow with a flow hood or comparable measuring device. Make sure that airflow is 
within 10% of design value. If airflow is low, then check ducts for leaks and constrictions, and check that 
filters and coils are free of obstructions. Larger ducts, or shorter duct runs, may be necessary. Reduce 
the number of duct turns to a minimum. If airflow is high, then reduce fan speed if possible according to 
manufacturer’s instructions. 

If an economizer is installed, then verify proper operation (see MV18: Economizers). 

References/Additional Information 
MV18: Economizers; MV19: Air Distribution Design Guidelines. 
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GUIDELINE MV5: PACKAGED ROOFTOP SYSTEM 
Recommendation 
If choosing a packaged rooftop system, specify a 
high-efficiency unit with an integrated economizer and 
design the duct system to allow proper airflow at low 
or medium fan speed.   

Description 
A packaged rooftop system is fully self-contained, and 
most consist of a constant volume supply fan, direct 
expansion cooling coil, heating (when required) with 
gas furnace, filters, compressors, condenser coils, 
and condenser fans. Units are typically mounted on 
roof curbs but can also be mounted on structural 
supports or on grade. Packaged rooftop single-zone 
units are typically controlled from a single space 
thermostat with one unit provided for each zone. 
Supply air and return air ducts connect to the bottom 
(vertical discharge) or side (horizontal discharge) of 
the unit.   

Variations and Options 
Economizers are often standard, cost-effective 
options for rooftop units (see MV18: Economizers). 

High-efficiency cooling with seasonal energy 
efficiency ratios in the range of 12 to 13 is 
commonly available.   

Units can be purchased as heat pumps for use in 
areas without convenient access to natural gas for 
heating.   

An evaporative precooler can be added to the 
condenser to increase capacity and efficiency 
during hot weather. 

A “single zone” rooftop unit can condition multiple 
zones when equipped with special controls and 
hardware. This type of system includes an 
automatic damper in the ductwork for each zone, which modulates to control temperature. If some 
zones require cooling while others need heating, then the controller switches the rooftop unit between 
both modes and the zone dampers will open or close as appropriate. This system also includes a 
bypass damper between the supply and return that is opened to maintain constant airflow through the 
rooftop unit when one or more zone dampers are closed.   

Applicability 
A packaged rooftop unit is applicable for spaces that require heating and cooling. However, due to their 
relatively low cost and expected short life (less than 30 years), they are sometimes installed where only 
heating is required.   

 
Packaged rooftop system. 

Applicable Climates 

 
Applicable Spaces   When to Consider  

Classrooms   Programming  
Library   Schematic  

Multi-Purpose   Design Dev.  
Gym   Contract Docs.  

Corridors   Construction  
Administration   Commissioning  

Toilets   Operation  
Other    
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Due to the constant-volume fan, this system is most applicable where loads and ventilation requirements 
are relatively constant, such as in classrooms, administration areas, and libraries. The system is less 
applicable for intermittent occupancies such as assembly areas.   

Packaged rooftop units are available in capacities from 2 tons to more than 100 tons and can be used for 
single zones from 600 ft2 to more than 30,000 ft2.   

Multiple zones where the zone loads are not too different can be handled with special controls. There is 
no theoretical limit to the number of zones possible, and commercially available controllers will serve 32 
or more. However, in practice, these controls should be used for no more than a handful of zones. For 
larger systems, variable air volume (VAV) controls will be more effective and efficient.   

See Table 8 for minimum cooling efficiency requirements. For units smaller than 65,000 Btu/h, these 
efficiency requirements are federal regulations.   

Integrated Design Implications 
Rooftop units can have a significant visual impact and can create concern regarding noise level at 
adjacent properties. Their location should be considered early in the architectural design process to allow 
for efficient duct layout. In addition, location of ducts and supply registers should be considered when 
making lighting system decisions.  

System controls should be specified so they integrate with natural ventilation design.  Use automatic 
interlock controls to shut off the system when windows are opened or allow manual fan shutoff.  If the 
space is designed for good natural ventilation, an economizer may not be necessary.   

Try to place ducts within the conditioned envelope as much as possible to minimize the impact of leakage 
and conduction losses, which can be very significant. This is only recommended, however, where 
approximately the first 20 ft of duct runs above spaces that are not sensitive to noise. Insulate under the 
roof deck rather than on top of a suspended ceiling.   

Cost Effectiveness 
The overall cost for a packaged rooftop system can be as low as $15/ft2 to $20/ft2 
(installed cost, including ductwork and controls).   

The unit cost alone ranges from about $1,500 for a two-ton unit to around $2,000 for a 
five-ton unit. High-efficiency package units (when available) cost about 10% more than 
standard efficiency models and have paybacks of around three to four years in warm climates.   

Packaged rooftop systems are often the lowest first-cost alternative when both heating and cooling are 
required. However, they are relatively costly to maintain, energy costs are higher than average, and life 
expectancy is less than 30 years. 

Benefits 
Advantages 
 Low initial cost. 

 No inside mechanical equipment space is used. 

 An added economizer can take advantage of outdoor air for free cooling (see MV18: Economizers). 

 Systems are widely available. 

Disadvantages 
 Fewer efficiency options exist compared to gas/electric split systems (e.g. condensing furnace, 

two-speed fan, high efficiency cooling). 

 Systems are relatively large and require roof space. 

 Air ducts, which can be leaky and inefficient if not installed properly, are required. 
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 Systems have limited multi-zone capability. 

 Poor dehumidification control can occur compared to VAV systems (due to compressor cycling). 

 Higher maintenance costs occur for large facilities compared to central VAV systems.   

 Systems have typically shorter lifetimes than central VAV systems. 

Design Details 
Most packaged systems have several fan speed options that can be selected in the field when the unit is 
installed. Careful design of the air distribution system can reduce pressure drop and provide significant 
savings if the fan is wired for low or medium speed (see MV19: Air Distribution Design Guidelines).   

The incremental equipment cost for packaged rooftop equipment is not too large to increase size from, 
say, two to four tons. Therefore, the temptation is strong to specify the larger unit for safety’s sake.  
However, there are performance penalties for oversized systems. Bigger is not always better. Do not rely 
on rules of thumb to select airflow, cooling capacity, or heating capacity. See this chapter’s Overview 
section for a discussion of load calculations and the impact of cooling capacity oversizing. 

Table 8 lists recommended minimum efficiencies for packaged rooftop equipment. 

Vibration isolation is often provided internally. Internal isolation should be reviewed for proper spring type 
and static deflection. If internal isolation is not provided, or is unacceptable, external spring isolators 
should be utilized. Refer to 1995 ASHRAE Handbook Chapter 43 for recommended vibration isolation. If 
external isolation is used, all internal spring isolators should not be released from their restraining bolt.  

The unit should be located above unoccupied spaces (i.e. storage, stairwells, etc.). 

Provide appropriate intake and discharge noise control consistent with meeting the Noise Criteria.   

Table 8 – Recommended Minimum Efficiencies for Air-Cooled Packaged Rooftop Equipment 

Capacity Recommendation 
< 65,000 Btuh 12.0 SEER 
65,000 – 135,000 Btuh 11.0 EER 
135,000 – 240,000 Btuh 10.5 EER  
> 240,000 Btuh 10.0 EER  

Operation and Maintenance Issues 
Maintenance requirements for a packaged rooftop system are very similar to other system types. 
However, all compressor cooling systems require additional maintenance skills and cost more to maintain 
compared to heating-only systems.   

Recommended maintenance tasks include: 

 Replacing filters regularly 

 Cleaning indoor and outdoor coils regularly 

 Checking refrigerant charg. 

 Cleaning and draining cooling coil condensate pan, and specify pans that are pitched to drain 
continuously under all operating conditions 

 Pitch and properly trap drain pan and drain condensate to a roof drain, not over the side of a building 

 Lubricating and adjusting fan as recommended by the manufacturer.   

Commissioning 
Measure total supply air flow with a flow hood or comparable measuring device. Make sure that airflow is 
within 10% of design value. If airflow is low, then check ducts for constrictions and check that filters and 
coils are free of obstructions. Larger ducts or shorter duct runs may be necessary. Reduce the number of 
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duct turns to a minimum. If airflow is high, then reduce fan speed if possible, according to manufacturers’ 
instructions.  

If an economizer is installed, then verify proper operation (see MV18: Economizers). 

References/Additional Information 
Guideline MV18: Economizers; Guideline MV19: Air Distribution Design Guidelines. 
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GUIDELINE MV6: DISPLACEMENT VENTILATION SYSTEM 
Description 
Displacement ventilation systems are different from 
most other HVAC systems for schools and offer a 
number of advantages. With displacement systems, 
air is delivered near the floor, at a low velocity, and 
at a temperature from 63ºF to 65ºF (compared to 
around 55ºF for conventional air distribution cooling). 
The goal of displacement systems is not to cool the 
space, but to cool the occupants. Cool air flows 
along the floor until it finds warm bodies. As the air is 
warmed, it rises around occupants, bathing them in 
cool fresh air. Air quality improves because 
contaminants from occupants and other sources 
tend to rise out of the breathing zone rather than 
being mixed in the space. Similarly, cooling loads 
decrease significantly because much of the heat 
generated by occupants, lights, and computer 
equipment rises directly out of the occupied zone 
and is exhausted from the space. This is especially 
true in classrooms designed for 100% outside air 
with total energy recovery. 

Variations and Options 
There are several supply air distribution options: 

 Access floor. 

 Low wall outlets. 

 Infloor outlets. 

The best cooling source for a displacement 
ventilation system is a chilled water coil. The 
control valve in a hydronic system allows supply 
of constant 63ºF to 65ºF air. A typical direct 
exchange (DX) system is designed to provide colder 50ºF to 55ºF air while the compressor is running 
and cycles on and off to meet space loads. This lower temperature and temperature fluctuations would 
create a comfort problem in displacement ventilation when it comes in contact with occupants. 
However, larger DX systems with several compressors and temperature reset capabilities can be used 
as an alternative to a chilled water system. For example, a packaged rooftop VAV system serving 10 or 
more classrooms should be able to provide the necessary supply air temperature control.   

Evaporative cooling is also a potential source because it typically produces higher air temperature than 
a DX system.   

Applicability 
Displacement ventilation is most appropriate for spaces with ceiling height of at least 10 ft to permit 
stratification. Systems that utilize 100% outside air design with enthalpy energy recovery are very suitable 
for high occupant density areas like classrooms and auditoriums. This distribution type is also a great 
choice where raised access floors are desired for flexibility of power and communication wiring (although 
access floors are not required for displacement ventilation).   

 
Ventilation system.  

(source: http://www.advancedbuildings.org) 

Applicable Climates 
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Corridors   Construction  
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Toilets   Operation  

Other    
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Integrated Design Implications 
Supply air outlets must be coordinated with the location of furnishings and space usage. The outlets may 
be integrated with cabinets or seating. 

There is an excellent opportunity to integrate electrical and communication wiring with the air distribution 
either under the floor or along the baseboard. 

A displacement system can eliminate the need for a suspended ceiling and allow the ceiling to be clear of 
supply diffusers.   

If the ceiling is high enough, displacement ventilation can be integrated into portable classroom design, 
where space for ducting exists in the crawlspace beneath the floor.   

Slab floors may be designed with integral ducts or troughs for air distribution.  

Consider using variable-speed heating and cooling sources to minimize the on-off cycling and variations 
in supply air temperature. 

Ceiling fans are not recommended with displacement ventilation because they are designed to mix air in 
a space and will disrupt the stratification created by the displacement ventilation system.   

Cost Effectiveness 
There is not a great deal of experience with displacement ventilation in classrooms, but it is growing in 
popularity for new commercial buildings. For the near future, costs are likely to be higher than standard 
overhead air distribution.   

A displacement ventilation system will probably not provide a short payback based on 
energy savings alone. However, the system provides additional comfort and air quality 
benefits. 

Benefits 
Advantages  
 Significantly lower cooling loads (1/3 lower) result from thermal stratification. 

 Significantly low system capacities will be needed if enthalpy energy recovery is used in 
combination with this vertical displacement approach. 

 Air quality will improve per cfm moved compared to systems that mix space air. 

 Can provide equal or better air quality with less outdoor air due to stratification. 

 Lower fan energy with lower static pressure may result (depends on distribution type and outlet 
type). 

 Ceiling remains clear of supply registers, except for exhaust/return grills. 

 Raised access floor systems are typically made up of 1-in. to 1.5-in.-thick concrete sections. This 
provides advantages from the standpoint of controlling duct noise breakout and/or radiated noise 
from VAV or fan powered boxes. 

Disadvantages 
 Heating performance may be worse than systems providing air at greater velocities. Mixing (i.e., 

destratification) is desirable for heating.   

 First cost may be higher with raised floor systems.   

 Some floor area or low wall area is required for supply air outlets.  
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Design Tools 
All manufacturers of sidewall displacement diffuser and floor systems offer design assistance and 
computational fluid dynamics (CFD)-generated graphics that depict air supply patterns with defined 
supply air temperatures and air flows. 

CFD software that now runs on personal computers can help predict airflow patterns within a room, as 
well as help with the selection and location of supply outlets.   

Design Details    
Provide 20 cfm to 30 cfm per occupant (0.6 cfm/ft² to 0.9 cfm/ft²) for classrooms depending on cooling 
loads.  At this relatively low airflow rate, 100% outside air may be necessary.   

Deliver supply air at 63ºF to 65ºF.  

Design for air velocity at supply outlets no greater than 25 ft/minute to 50 ft/minute. Therefore, 
displacement ventilation requires significantly larger supply outlets than an overhead distribution system. 
However, the system would be typically delivering close to half the airflow rate of a conventional mixed air 
system.    

Try to place sidewall outlets at the corners of the room.  Try to avoid situations where occupants are more 
than 15 ft from the nearest supply outlet. 

Use barometric relief dampers to exhaust the 100% outside air.   

Minimum ceiling height is about 10 ft for adequate stratification.   

In choosing cooling capacity, consider that loads from lighting, computers, and occupants will be reduced 
by about one-third compared to a system type that mixes indoor air.   

Higher air velocity is desirable in heating mode, so consider a design that reduces supply air outlet area 
(either manually or automatically) when the system provides heating, or that uses VAV in cooling and full 
airflow in heating. This is especially important in large halls, such as a gymnasium with sidewall supply. 
Consider demand control and variable frequency drive (VFD) in gyms, auditoriums, and cafeterias.   

Operation and Maintenance Issues 
Operating and maintenance requirements are similar to overhead air distribution systems.   

Commissioning 
Check for proper supply air temperatures. Ensure that air velocity at supply outlets is not too high for 
comfort. Verify that total airflow meets design requirement. Verify proper control operation and 
temperature reset for heating or cooling. Verify VAV or VFD operation if demand control is incorporated 
into an area such as a gym.  

References/Additional Information 
Boscawen School, NH implemented this type of system. H. L. Turner Group, Architects. 
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GUIDELINE MV7: HYDRONIC CEILING PANEL SYSTEM 
Recommendation 
Install radiant cooling ceiling panels in arid 
areas needing significant cooling.  

Description 
A hydronic ceiling panel system provides 
thermal comfort predominately through 
radiation heat transfer with objects and 
occupants. Basic ceiling panel design consists 
of a metal sheet with copper tubing attached 
to the upper side and covered with 
insulation/acoustical inlay material. 
Applications can take the form of modular 
panels or wall-to-wall linear design. The 
system can be suspended, recessed, or 
placed in a grid configuration. A ceiling panel 
heating/cooling system involves the following: 

 Ceiling panels 

 Support system 

 Control system 

 Hydronic distribution system 

 Hot/cold water source. 

Applicability 
Most applicable in areas with low latent heat 
load, but can also work in more humid 
climates with a proper dehumidifying system. 
Panels can also be used for heating, generally as a substitution for radiators around building perimeter. 

 

Applicable Climates 
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Integrated Design Implications 

 
Extruded Aluminum Linear Panel.  NREL/PIX 11422 

 Hydronic ceiling panel systems provide no outside air ventilation so fresh air must be supplied with 
either operable windows or an air-handling system. 

 Choosing any hydronic cooling system affects hot and chilled water decisions (solar thermal, chiller, 
boiler, etc.). 

 Placement of system components affects requirements of the hydronic distribution system. Try to 
make these decisions early to create a hydronic distribution layout that minimizes piping materials 
(pipes, bends, etc.) and head loss. 

 Depending on regional weather characteristics and required panel water temperature, an air-
conditioning system may be required to remove excess latent heat load and avoid condensation. 

 Possibly integrate the system with building sprinkler systems to lower installation costs. Check with 
the fire marshal to ensure this does not violate fire code regulations. 

 Use a heat pump or possibly a cooling tower to attain required temperatures. 

 Acoustic properties of the panels need to be considered. 

 If the system is to be used for both heating and cooling, a choice between a two-pipe and four-pipe 
system must be made. This decision will affect the hydronic distribution system. 

 Use heavy-duty ceiling grid and provide space in plenum for hangar support. 

 System can be integrated into a facility-wide hydronic heating and cooling system, including 
baseboards and radiant slabs. 

 Effectiveness of panels relates to architectural and daylighting decisions regarding ceiling height. 
Performance of panel system degrades with increasing ceiling height.  
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Cost Effectiveness 
Price for installed panels is roughly $18/ft2 of active ceiling area. This does not include 
costs for control system, hot/cold water supply, or hydronic distribution. Installed cost for 
modular and linear panels is roughly equal. 

 Suppliers report that 10-year savings are substantial. Operation and maintenance 
costs are low. Fuel costs are lower due to increased efficiency compared to air handling systems. The 
system is generally most cost effective when part of a facility-wide hydronic heating and cooling 
system. 

Benefits 
 Hydronic systems can decrease or eliminate the need for mechanical air-handling systems.  

 The water pumping system does not create as much internal heat as air fans do. 

 Aluminum panels present the possibility for high recycled-content material use. 

 Added cooling comfort results from lower perceived temperature. 

 The system’s low noise makes it a good choice for classrooms. 

 Energy demand is significantly lower than that for air systems due mostly to savings in fluid transport 
systems. 

 Quick response time. 

Design Tools 
 RADCOOL is a software program developed by the Lawrence Berkeley National Laboratory for 

modeling buildings with radiant cooling systems. 

 Design and sizing procedure is documented in Chapter 6 of the 2000 ASHRAE Systems and 
Equipment Handbook.  

 Additional tools are available that provide AutoCAD-based programs for layout design and Microsoft 
Excel-based spreadsheets for sizing calculations. Other software programs cover design for floor, 
ceiling, and baseboard radiant systems. 

Design Details 
 If the panels are to be used for heating and cooling, a two- or four-pipe system can be used. A two-

pipe system is less expensive and will work for applications with infrequent changeover from one 
mode of operation to another. If frequent changeovers occur, it is best to use a four-pipe system. 

 Panel performance is dependent upon room air, panel water temperatures, and thermal resistance of 
the panel. Cooling performance for modular panels is generally around 27 Btu/h ft2 with an 18°F 
temperature difference between room air temperature and mean water temperature. Extruded linear 
panels absorb from 40 Btu/h ft2 to 50 Btu/h ft2 with the same temperature difference. In either case, 
performance degrades with increasing ceiling height. Heating performance ranges from 40 Btu/h ft2 to 
200 Btu/h ft2 for mean water temperatures of 120°F and 180°F and a 70°F room temperature. 

 Cooling water temperatures are generally between 58°F and 65°F, depending on dewpoint. 

 Heating water temperatures are usually between 120°F and 180°F. 

 Panels located above occupants should not exceed a 95°F surface temperature for comfort reasons. 
Higher temperatures may be used for panels that do not extend more than 3 ft into the room. These 
high temperature panels can be used in lieu of baseboard radiators to heat glass surfaces and 
exterior walls to decrease downdrafts. 

 Water temperature should be kept at least 1°F higher than the dewpoint temperature at all times. 

 Temperature rise for cooling systems should be less than 5°F and temperature drop for heating 
systems less than 20°F. 
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 Be sure the water flow rate is in the proper range. Rates too high can cause noise and those too low 
can result in a significant decrease in heat transfer rate due to laminar flow. 

 Panels can be perforated and installed with a special inlay material to improve acoustical properties. 

 To avoid condensation, a control system must be used. The system can either use flow control or 
temperature control. A flow control system uses humidity sensors, temperature sensors, and control 
valves. It is an on-off system; as soon as the water temperature reaches the dew point temperature, 
the control valve closes. This system is cheap and simple, but can make the system useless for 
extended periods. A temperature control system uses similar sensors and a two- or three-way valve 
to adjust water temperature and avoid condensation. This system is more complex, but it allows for 
system operation when humid conditions exist. 

Operation and Maintenance Issues 
Normal hydronic operation and maintenance issues include checking pumps, valves, pipe leaks, chemical 
water treatment, and water quality/pipe fouling (important for sustaining maximum heat transfer and 
minimum pressure drop in open systems). Significant maintenance does not appear to be an issue. The 
ceiling panels have a life expectancy in excess of 30 years. 

Commissioning 
Commissioning should be performed throughout planning, design, construction, and operation to ensure 
proper installation, set-up, and integration with other facility components. The ceiling panel array(s) 
should be documented with an infrared camera during testing, adjusting, and balancing work to guarantee 
even cooling and/or heating.  

References/Additional Information 
Preparation room in the Challenger Learning Center, Phoenix, AZ, uses 2 ft x 4 ft REDEC CBA-C 

modular panels for 15/16 in. T-Grid with micro perforation and sound absorbing mats. 

 



 

NATIONAL BEST PRACTICES MANUAL  MECHANICAL AND VENTILATION SYSTEMS  PAGE 244 
 

 

GUIDELINE MV8: UNIT VENTILATOR SYSTEM 
Recommendation 
If choosing a unit ventilator system, specify units with 
multiple-speed fans, two-way control valves, and 
economizer controls. Also specify variable-flow chilled 
water and hot water distribution systems.  

Description 
Unit ventilators, sometimes called classroom 
ventilators, provide heating, cooling, and ventilation 
for a single space. The units consist of constant 
volume fans, chilled water and hot water coils 
(typical), filters, and outdoor and return air dampers, 
all enclosed in a heavy gauge metal housing. 
Ventilation and/or economizer air is drawn from 
adjacent openings in the outside wall. Relief is either 
by gravity or powered exhaust remote from the unit.  

A unit ventilator can be mounted in a vertical or 
horizontal position. A typical installation is a vertical 
discharge unit on the floor against an exterior wall. 
However, horizontal discharge units may be 
suspended from the ceiling or hidden above the 
ceiling. 

Variations and Options 
A unit ventilator may be part of a two-pipe or four-
pipe hydronic distribution system.  

A two-pipe system (i.e., one supply pipe and one 
return pipe) is also known as a changeover system, 
if it provides both heating and cooling. The same 
piping is used for both hot water and chilled water, 
and the central plant produces either one or the 
other. During mild weather periods, the system may 
be required to switch from heating to cooling as the 
day warms up. Therefore, two-pipe systems must be designed to account for the potential thermal 
shock to the equipment. Two-pipe systems likely need supplemental natural ventilation to 
accommodate swing seasons. 

Four-pipe systems can circulate hot water and chilled water throughout the facility simultaneously. The 
advantage is better zone control because some zones may be heating while others are cooling. The 
main disadvantage is higher initial cost.   

The control valve within a unit ventilator may be a two-way or three-way valve. In both cases, the valve 
modulates the flow of water through the coil. The difference is how the valve affects flow in the rest of 
the distribution system. A three-way valve provides a bypass so total flow through the unit ventilator is 
constant even though flow through the coil changes. A two-way valve modulates the total flow through 
the unit ventilator. A distribution system with two-way valves will have variable flow and potentially 
lower pumping energy consumption, especially if pumps are controlled with variable-speed drives.   

Economizer controls are an option for some units. An actuator controls the integral outdoor air and 
return air dampers to take advantage of free cooling when it is available.   

 
Unit Ventilator, aka Classroom Ventilator 
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Direct expansion cooling may be an option in place of a chilled water-cooling coil.     

Alternatives to hot water heating include steam coils and heat pumps.   

Some unit ventilators offer a heat recovery option that uses exhaust air to either preheat or precool the 
outdoor ventilation air. Options for this heat recovery function include an air-to-air heat exchanger and 
a heat pipe.  

Some manufacturers offer matched cabinetry to make the unit ventilator look like part of the 
furnishings.   

Applicability 
Systems are applicable for classrooms and other spaces with exterior wall access.   

The systems should also be used in facilities with central chilled water and hot water distribution. These 
are typically large schools that are fairly centralized (to minimize length of chilled water and hot water 
distribution piping).   

In spaces where ceiling height is restricted, these systems can be useful because ducts are unnecessary. 

Integrated Design Implications 
A unit ventilator requires more coordination with classroom space planning than most other system types. 
Casework systems are available to integrate the unit with classroom fixtures. An exterior wall with clean 
outdoor air must be available for unit ventilator installation.   

Hydronic distribution may free up space normally reserved for ducts, permitting lower floor-to-floor heights 
or enabling higher ceilings and better daylighting performance. Hydronic piping should not be run in floor 
trenches as they are impossible to clean and often grow mold, which can impact indoor air quality since 
the unit ventilator always pulls some air from the trench. 

With unit ventilators as well as other hydronic system types, pay attention to site planning and building 
layout to minimize the length and complexity of piping between the central plant (chiller and/or boiler) and 
the terminal units. 

As with other system types, controls should be designed to allow simple manual or automatic interlock 
with natural ventilation systems. In addition, economizer controls may be unnecessary if the space is 
designed to encourage occupants to use operable ventilation openings during mild weather. 

Cost Effectiveness 
A system consisting of unit ventilators, a chiller, boiler, and two-pipe distribution costs 
roughly $14/ft2 to $16/ft2 of floor area served. Cost for a four-pipe system is $17/ft2 to 
$18/ft2, similar to central-type systems with energy recovery.   

A unit ventilator system may be cost effective in specific cases, but in most cases other 
system types will be either lower cost and/or higher performance.   

Benefits 
Advantages 
 Fan energy savings increase, as duct friction losses are avoided. 

 Cooling can be very efficient if water-cooled chillers and a well-designed pumping system are 
installed. 

 Constant, or slowly varying, supply air temperature (through modulation of control valves).   

 Multiple-speed fans are available in some units. 

 Provides flexibility for heating or cooling different parts of the building. 

Disadvantages 
 Poor air distribution, subject to drafts. 
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 Noise, particularly for student sitting adjacent to unit. 

 Vulnerable to student abuse. 

 Subject to turning-off or blocking air output by teachers. 

 Air intakes can gather pollutants from mowing, rain intrusion, and vehicle exhaust. 

 Relatively high first cost. 

 Relatively inefficient fans. 

 Console units take up floor space within the room. 

 Significant maintenance needed in each classroom. 

 Typically limited to poor air filtration. 

 Energy recovery difficult or expensive. 

 Multiple controls and valves located in every classroom. 

Design Details 
Ensure that the outdoor air intake area is free from potential pollution sources. Assure that buses will not 
be staged in areas with unit ventilators. Do not plant shrubs at unit ventilator air intakes. Also make sure 
to locate the unit to minimize drafts indoors. Air from the units must not be discharged on the occupants, 
and seating should never be immediately adjacent to the unit. The top of the unit should not be used for 
storage. 

Specify the lowest possible noise levels. If possible, specify a unit with multiple-speed fan control so that 
normal ventilation occurs at low fan speed. For chiller, boiler, and hydronic distribution system design 
details, see those individual guidelines. Specify two-way valves in all unit ventilators and variable-flow 
chilled water and hot water systems.   

Load calculations are important, but oversizing of cooling and heating capacity, as long as it is not 
excessive, is less of a concern with unit ventilators (and with most other hydronic system terminal units) 
because control valves can modulate output rate. On/off cycling and partial load efficiency degradation is 
less of a concern, especially with variable-speed fan control. Note, however, that overall facility load 
calculations are still very important for central plant equipment sizing, where oversizing penalties do 
occur. 

Two-pipe systems should be avoided in climates where heating and cooling may be needed on the same 
day (or even the same week). The switch from heating to cooling wastes energy and can take a long 
time. In some cases, the cooling tower and a heat exchanger are used at switchover to cool the loop. The 
chillers are engaged once the loop has dropped to a tolerable temperature.   

Operation and Maintenance Issues 
Unit ventilator maintenance is significant, and requires a high skill level for all the controls that are 
involved in keeping discharge temperatures correct. They are often difficult to access due to classroom 
arrangements. Furniture should not be pushed up against the unit. Chiller and boiler maintenance 
requires a relatively high skill level.   

Maintenance tasks include: 

 Cleaning cooling coil condensate pans to prevent mold growth 

 Replacing filters at least three times a year 

 Cleaning coils to prevent mold growth 

 Cleaning outdoor air intake louvers 

 Lubricating fans if required by manufacturers 
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 Lubricating and adjusting outdoor air and return air dampers.   

Commissioning 
Check fan speed setting and airflow. Check control valve operation and thermostat operation. Confirm 
staging of fan speed if applicable. Check coil connections for proper water flow direction. Check outdoor 
air supply, economizer operation, and economizer airflow. Make sure the outside air duct boot is sealed 
to the building shell and that water will not enter into it.   

References/Additional Information 
Guideline MV18: Economizers; Guideline MV21: Hydronic Distribution; Guideline MV22: Chilled Water 

Plants; Guideline MV23: Boilers. 
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GUIDELINE MV9: DUCTLESS SPLIT SYSTEM 
Recommendation 
For ductless split systems, specify high efficiency, 
multiple fan speed, and low noise.  

Description 
A ductless split system consists of two matched 
pieces of equipment:  an indoor fan coil unit and an 
outdoor condenser and compressor unit connected by 
refrigerant tubing and control wiring run through the 
wall or roof. The indoor unit contains a cooling coil, 
fan, and filter. The outdoor unit includes 
compressor(s), condenser coil, and condenser fans. 

In its simplest form, a ductless split system recycles 
100% indoor air. However, on many units, ventilation 
air can be supplied with an optional duct attachment 
that passes through the wall.   

Variations and Options 
The indoor unit is available in several forms:  high 
wall mount, ceiling mount, and above-ceiling mount. 
The high wall mount may be least costly but is 
usually limited in peak capacity to about two tons. 
Capacities up to five tons are available with 
suspended ceiling units. The above-ceiling units 
typically fit in a 2 x 2 suspended ceiling system and 
resemble a typical supply diffuser from below.   

Many of these systems can be supplied with a heat 
pump option to provide heating as well as cooling. 
Alternatively, heating can be provided through a 
separate system such as a radiant floor.   

Variable-speed fans are common and desirable to minimize cycling and reduce noise. 

Economizers are typically not available for most ductless split systems.   

Systems are available that allow two indoor units to be connected to a single outdoor unit, which can 
increase system capacity up to four tons.   

Applicability 
A ductless split system can serve spaces up to about 1,000 ft2, or perhaps 2,000 ft2 if multiple units are 
installed. They are most useful for buildings with indoor and/or outdoor space constraints, where rooftop 
space is unavailable or space for ducts is limited.   

Ductless split systems are good choices when integrated with natural ventilation that can provide free 
cooling. For sealed spaces without operable openings, a split system is less desirable because it does 
not typically have capability to provide 100% outdoor air for free cooling.   

This system is also applicable for retrofits where ducts do not currently exist.   

 
Ductless split system. 
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Integrated Design Implications 
A ductless split system is a good complement to radiant heating for spaces where cooling is also 
necessary but infrequent.   

Cost Effectiveness 
In North America, ductless split systems are usually more expensive than packaged 
rooftop systems due to higher equipment cost. The unit price for a typical two-ton unit is 
$4,000 to $5,000.   

Due to the extra cost, a ductless split system will probably be cost effective only where 
space constraints prohibit the use of ducted system types.   

Benefits 
Advantages 
 Systems can be utilized where outdoor space is limited. 

 Equipment is compact. 

 No duct losses. 

 Simple installation. 

 Multiple-speed fans are commonly available. 

Disadvantages 
 Does not provide good outside air ventilation.  

 Relatively poor indoor air distribution and higher potential for drafts. 

 Systems have limited capacity to handle ventilation air. 

 Heating option is limited to heat pump. 

 System use is less common in North America, where equipment cost is relatively high.   

Design Details 
Place the indoor unit on an external wall for ventilation air access and for minimum distance to the 
outdoor unit. Follow manufacturers’ recommendations for positioning the indoor unit to provide maximum 
air distribution and avoid drafts.   

Pay attention to security, noise, and ambient temperature when positioning the outdoor unit. 

Specify high efficiency units if they are available. Specify low-noise units. 

 Fan coils should be isolated from occupied spaces. Locate rooftop units above unoccupied spaces.   

 Provide appropriate intake and discharge noise control consistent with meeting the Noise Criteria.   

Outdoor units should be located away from noise sensitive areas and windows.    

Be very careful not to oversize the unit to avoid excessive cycling, which reduces humidity control and 
irritates occupants. Manufacturers even recommend choosing a system slightly smaller than peak load for 
these reasons. 

Insulate suction and liquid refrigerant lines separately during installation. Otherwise, one heats the other 
causing capacity and efficiency loss.   

Water may condense on the indoor cooling coil. Therefore, a condensate pump may be required to 
remove water from the condensate drain pan to an approved receptacle. Overflow from the drain pan 
must be routed to a visible location.   
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Operation and Maintenance Issues 
Maintenance requirements and operator skills are similar to gas/electric split systems and rooftop 
packaged systems.   

Commissioning 
Verify proper multiple-fan-speed control operation and thermostat operation.  

References/Additional Information 
None. 
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GUIDELINE MV10: EVAPORATIVE COOLING SYSTEM 
Recommendation 
Consider evaporative cooling for spaces 
with high outside air ventilation 
requirements.   

Description 
Evaporative cooling is an alternative way to 
provide air conditioning. Lower energy 
costs result because no compressor is 
needed, only a fan and pump.   

Evaporative cooling can be “direct” or 
“indirect.” In a direct evaporative cooling 
system, the water is exposed to the supply 
air stream. Usually the water flows over a 
special medium designed to maximize the 
surface area of water in contact with air, 
and the air is cooled by the evaporation. 
The effectiveness can reach 80% to 90%, 
meaning that the drybulb temperature 
drops by 80% to 90% of the difference 
between the drybulb and wetbulb 
temperature of the entering air. For 
example, if entering air temperature is 80°F 
drybulb and 50°F wetbulb, then the leaving 
air is cooled to 53°F to 76°F drybulb.  

Indirect evaporative cooling is not as 
effective as direct evaporative cooling, but 
adds no moisture to the supply air. In some 
systems, the air passes through a heat 
exchanger that is wetted on the outside, where cooling takes place in a secondary air stream. In other 
systems, air passes through a cooling coil supplied with water from a remote cooling tower. Indirect 
evaporative cooling can be approximately 60% effective in reducing the dry bulb temperature of the 
entering air to its wet bulb temperature. While direct cooling provides 72°F to 74°F air in the example 
above, indirect cooling could provide 78°F air.  

Combining indirect and direct evaporative cooling (as shown in the figure above) further reduces the 
supply air temperature. When air passes through the indirect cooler first, then drybulb and wetbulb 
temperature is reduced through sensible cooling. Due to the lower wetbulb temperature, the direct cooler 
can achieve even cooler temperature for the supply air.  

Variations and Options 
Packaged evaporative coolers are available in a wide range of sizes, approximately 3,000 cfm to 
20,000 cfm. They are typically roof mounted to supply outside air for the indirect cooling stage.  

Packaged air handlers are available that incorporate both indirect and direct evaporative cooling. The 
evaporative cooling system has an economizer that uses 100% outside airflow during cooling mode, 
and minimum outside airflow during heating mode. This allows the use of return air during the heating 
season to keep heating costs equivalent to a standard system. These package units can have hot 
water coils or duct furnaces installed to provide heating.  

 
Evaporative Cooling System 
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If evaporative cooling alone does not satisfy cooling loads, then it can be combined with packaged 
rooftop cooling by adding direct and/or indirect coolers onto the outside air intake of the packaged unit 
or it can be integrated directly into the mixed air stream (outside + return) of the packaged unit. 
Evaporative cooling reduces the load on the direct expansion (DX) cooling coil, allowing the 
compressor size to be reduced, and peak power to be reduced. 

Alternatively, a combination of cooling tower and heat exchanger could be used with cooling coils and 
standard air handlers. 

Some indirect evaporative cooling systems are designed to use exhaust air rather than outside air as 
the secondary air stream, providing heat recovery. 

Other systems combine evaporative cooling with a desiccant wheel and/or enthalpy wheel as a method 
of precooling the outdoor air and increasing cooling capacity. 

Applicability 
Evaporative cooling is most effective in hot, dry climates but it can also be used to completely replace 
compressor cooling in cold and coastal areas. For areas with higher design wetbulb temperatures, such 
as Phoenix, AZ (100°F/70°F), evaporative cooling can produce most of the space cooling needs. 
However, if evaporative cooling is used exclusively, space temperatures may rise above 80°F during 
design conditions a few hours each year. Direct evaporative cooling is only marginally applicable in the 
Cool and Humid and Cold and Humid climates. Indirect evaporative cooling may be a better approach in 
these climate zones. 

Evaporative cooling is especially appropriate for spaces with high outside air ventilation requirements 
such as showers, locker rooms, kitchens, or shops. Compressor cooling is often too expensive to operate 
for these applications.   

Integrated Design Implications 
Evaporative cooling is a good match for displacement ventilation systems, which are designed for higher 
supply air temperature than a typical overhead air distribution system. However, the design will need to 
accommodate higher airflow that could disrupt stratification. Therefore, careful attention is necessary in 
locating and sizing supply outlets. 

Larger ducts are required compared to a typical compressor cooling system, and duct size may be a 
consideration in the architectural and structural design.   

Direct evaporative cooling may not be appropriate for spaces with materials such as wood floors that 
might be damaged by high humidity. 

These systems require regular maintenance and are difficult to seal against air infiltration in cold climates. 

Cost Effectiveness 
Installed costs are typically greater than for typical packaged air-conditioning equipment.   

Evaporative cooling is usually cost effective in warm and dry climates as long as 
somewhat higher indoor temperatures are acceptable during hot periods.   

Benefits 
Advantages 
 Lower electricity consumption and lower peak electric demand result. 

 Systems typically use 100% outside air in cooling mode, providing better air quality. 

 Smaller electrical supply. 

Disadvantages 
 Regular maintenance is more critical than for compressor cooling systems.   
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 Higher airflow requirements lead to increased fan energy. 

 Cooling unit requires water supply.  

 On-site water consumption increases. 

 Cooling requirements in some climates may not be completely satisfied. 

 Direct evaporative cooling increases space humidity. 

 First cost is higher. 

Design Details 
An evaporative cooling system requires higher airflow due to higher supply air temperature. Therefore, 
special attention to duct design and sizing is required to avoid high fan energy costs. The appropriate 
airflow depends on design conditions for the school’s location.   

A variable-speed or two-speed fan is a good idea to allow lower airflow in heating mode.   

In warm climates, try to use exhaust air as the secondary air stream for indirect evaporative cooling 
systems.   

Vibration isolation is often provided internally. Internal isolation should be reviewed for proper spring-type 
and static deflection. If internal isolation is not provided, or is unacceptable, external spring isolators 
should be utilized. Refer to 1995 ASHRAE Handbook Chapter 43 for recommended vibration isolation. If 
external isolation is used, all internal spring isolators should not be released from their restraining bolt.   

 Locate rooftop units above unoccupied spaces. 

 Provide appropriate intake and discharge noise control consistent with meeting the noise criteria.   

Operation and Maintenance Issues 
Evaporative coolers demand more maintenance than a typical compressor-based system, so they should 
be specified only for facilities with qualified maintenance staff or with a qualified outside service company.   

To minimize maintenance requirements, specify adequate bleed-off rates to prevent mineral buildup 
(without causing excessive water consumption). Also specify controls that periodically flush the 
evaporative medium with water to remove dirt and scale. Finally, specify materials to minimize potential 
for corrosion.     

Commissioning 
Check for correct airflow. 

Check for correct water flow rate over the evaporative media.   

Check the bleed-off rate of water from the evaporative system to ensure that it is adequate to prevent 
mineral buildup but not too large to cause excessive water consumption.   

Verify all modes of operation.   

References/Additional Information 
None. 
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GUIDELINE MV11: VAV REHEAT SYSTEM 
Recommendation 
Choose a VAV reheat system for large administration 
or classroom facilities, especially multi-story buildings. 
Specify variable-speed fan control, low face velocity 
cooling coil, bypass damper, monitored/measured 
outdoor air supply, supply air temperature reset 
control and supply duct pressure reset control and 
graphic-displayed direct digital controls (DCC).   

Description 
VAV is a general term for a type of HVAC system that 
supplies only the amount of air needed to satisfy the 
load requirements of a building zone and can supply 
different volumes to different zones at the same time. 
The result is that the total supply of cool air changes 
over the course of the day, depending on the heat 
gains in different building areas at different times. 

In a VAV system, a central supply fan sends air 
through medium-pressure ductwork to terminal units 
(VAV boxes) throughout the building. The airflow to 
each zone — a space or group of similar spaces — is 
controlled by the VAV box (a “smart damper”), which 
varies the airflow in response to the space 
temperature. As cooling loads in the zone drop, the 
damper continues to close until it reaches a minimum 
position. The minimum position provides the 
occupants of the zone with adequate ventilation air. 
Some VAV boxes, especially those in perimeter 
zones, contain a reheat coil for times when the 
minimum airflow provides too much cooling. The reheat coil — typically hot water — prevents zones from 
being overcooled. The reheat coil also provides winter heating, typically during a morning warm-up period 
prior to occupancy when the outdoor air dampers are closed.   

A duct-mounted pressure sensor that decreases the fan output as the VAV box dampers close controls 
the main system fan.   

Variations and Options 
VAV air handlers may be purchased as factory-fabricated units or may be assembled from components 
in the field (built-up). In either case, cooling can be provided with a chilled water coil or a direct 
expansion refrigerant coil.   

 A common choice for schools is the packaged rooftop VAV air-conditioning system. The self-
contained unit consists of a variable-volume supply fan; direct-expansion cooling coil; heating 
(when required) with gas furnace, hot water, or steam; filters; compressors; condenser coils; and 
condenser fans.   

 Facilities with a central chilled water plant often use factory-fabricated air handlers with chilled 
water coils. In this case, the unit includes a supply fan, cooling coil, filters, and perhaps a heating 
coil. 
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VAV systems usually include economizer controls. Several VAV box types are available and some can 
be combined within the same system:   

 Most common for new buildings are pressure-independent boxes with DDC-controlled actuators. 

 Fan-powered mixing boxes recirculate room or plenum air and are available in two types: series fan 
or parallel fan. The series fan box requires the fan to operate at all times. The parallel fan box fan 
activates only when reheat is required.   

 Dual-duct VAV boxes contain two dampers controlling a cool duct inlet and a warm duct inlet. 
Typically, the warm duct damper is closed during cooling periods. When cooling load drops and the 
cool duct damper reaches its minimum position, then the warm duct damper begins to open to 
prevent overcooling in the space.   

A dual-fan, dual-duct VAV system is an alternative to VAV reheat and requires less reheat energy. The 
warm duct recirculates indoor air and adds heat if necessary. The cool duct provides ventilation air and 
cooling. Rather than using a reheat coil to avoid overcooling at minimum ventilation position, the dual 
duct system mixes warm return air to offset cooling.   

Applicability 
VAV systems are appropriate for administration buildings or large classroom buildings with peak cooling 
load greater than 20 tons. The minimum size for a packaged VAV system is about 20 tons.   

The overall efficiency of VAV systems depends on the diversity of zone heating and cooling loads. If a 
particular building has very similar zones and constant loads (such as classrooms with identical 
occupancy schedules in an extremely well-insulated building), the potential for savings from a VAV 
system are reduced. 

Integrated Design Implications 
VAV systems require space for ductwork and should be considered early in the design process.  

Requirements for fire separations can affect duct layout and architectural design. Fire separation is less 
of an issue with single-zone systems because all the ductwork is typically within a single fire zone. 

Shaft space may be required in multi-story buildings to deliver air to the lower floors. 

Cost Effectiveness 
A typical VAV reheat system costs $16/ft2 to $18/ft2 of floor area. This cost is greater than 
packaged single-zone systems and roughly equal to a unit ventilator system, but offers far 
greater performance and control.   

A VAV system is usually cost effective for larger buildings. It is the most common system 
type for new multi-story commercial facilities.   

Benefits 
Advantages 
 Better comfort control results from steady supply air temperature (vs. single-zone systems that are 

constant volume and variable temperature). 

 Moderate initial cost for buildings that require multiple zones. 

 Better dehumidification control than packaged single zones. 

 Energy efficiency of variable air volume. 

 Larger and more efficient fans than single-zone systems. 

 Centralized maintenance for coil cleaning and filter replacement.   

 Relatively simple to add or rearrange zones.   
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Disadvantages 
 Sometimes higher fan pressure occurs than with variable-speed, single-zone systems, depending 

on load matching of design. This may lead to higher energy consumption. 

 Requires more sophisticated controls than single-zone systems. 

 VAV box can generate noise that radiates out of the sheet metal walls (radiated noise), and travels 
down the supply duct (discharge noise).   

Design Details 
Although several methods are possible, a variable-speed fan is the recommended approach to controlling 
duct air pressure in a VAV system. Variable-speed drives are the most efficient and have the added 
advantage of limiting current inrush for startup of large motors (“soft-start” feature). Other, less effective, 
duct pressure-control devices are variable inlet vanes, inlet cones, sliding covers, and discharge air 
dampers.  

For direct-expansion VAV systems, multiple-step unloading or variable-speed compressors should be 
specified, which prevents frosting of the evaporator coil at low cooling loads (particularly important for 
units equipped with economizers). Greater numbers of unloading steps also improves supply air 
temperature control by allowing a smaller throttling range. 

Supply air temperature reset. Specify controls that will adjust the supply air temperature according to 
demand for cooling. As cooling demand drops, supply air temperature may be increased so that 
compressors operate more efficiently, and outside air can provide a larger fraction of cooling. However, 
more airflow is required with higher supply air temperature and, at some point, the extra fan energy 
exceeds the cooling energy savings. Carefully consider the characteristics of a specific building when 
choosing a supply air reset schedule. Computer simulations can help to determine optimal settings.   

Supply air pressure reset. Consider controls that will also minimize the supply air pressure required to 
meet all zone loads. Typically, the supply fan is controlled to maintain a constant static pressure of 
around 1.5 inches water column in the duct upstream of the VAV boxes. However, lower pressure may 
satisfy airflow demands at many times of the year and can save fan energy. Automatic reset controls can 
monitor damper position in all VAV boxes and lower the supply duct pressure when all dampers are 
partially closed. 

Ventilation air control can be tricky in a VAV system due to varying supply airflow. One option is to 
modulate the outdoor air damper based on measurement of outdoor airflow. This modulating damper 
method can also allow demand ventilation control to reduce airflow when spaces have low occupancy 
(see Guideline MV26: Demand Controlled Ventilation). Another option is a separate outdoor air fan that 
injects a constant volume of ventilation air into the supply air stream when the system is not in 
economizer mode.   

To minimize reheat energy consumption, set the minimum flow on each VAV box as low as possible. In 
many cases, reheat would be unnecessary if the minimum flow were zero. However, the need for 
ventilation air usually requires some minimum damper position. In some systems, heating occurs at 
minimum airflow. Therefore, heating load can also be a constraint on the minimum flow. In these 
situations, reverse acting damper control is recommended. As heating load increases, the damper 
reopens.  

The zone thermostats should have separate setpoints for heating and cooling with a deadband in 
between. This control also helps to minimize reheat energy.   

Zone controls should also be tied to a central energy management and control system (EMCS). An 
EMCS reduces operation and maintenance cost by allowing remote monitoring and control.   

To minimize air pressure drop across the cooling coils, limit the face velocity to 300 fpm, which requires a 
larger coil as well as larger equipment and floorspace. Also consider specifying a bypass damper that 
opens when the cooling coil is not needed, such as in economizer mode. Both measures help reduce fan 
energy consumption.   
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Rather than installing a return air fan, consider using a relief fan or barometric relief dampers to minimize 
fan energy. 

Design duct systems to minimize pressure drop and leakage. For recommendations on duct design, see 
Guideline MV19: Air Distribution Design Guidelines.   

VAV boxes should not be located over noise-sensitive areas (i.e., classrooms) when an acoustical tile 
ceiling system is being used. A gypsum board ceiling will do a better job of reducing VAV-radiated noise 
than a typical ceiling tile system. For this reason, most VAV boxes can be located above noise-sensitive 
areas where a gypsum board ceiling, which has all penetrations and joints well sealed, is installed. 

Oversizing VAV boxes is one way to reduce radiated and discharge noise levels. This has to do with the 
velocity of air as it enters the box and passes by the damper. 

Static pressure drop across the VAV box also has an impact on the amount of noise generated. 
Designing the system so that the damper does not produce more than 0.5 in. of static pressure drop will 
minimize noise. 

Operation and Maintenance Issues 
VAV system operation requires a skilled commissioning staff to ensure that controls operate efficiently. 
However, maintenance is relatively simple once the system is operating. Maintenance is centralized for 
boilers and chillers rather than being distributed to individual units. Many tasks are centralized and take 
less time than for a system with single-zone units.   

VAV boxes typically have DDC interfaces allowing space conditions to be monitored from a central 
building management system. The information and remote control capability helps reduce maintenance 
costs. 

Commissioning 
Calibrate zone airflow sensors, and confirm minimum and maximum flow for each VAV box.   

Calibrate all system temperature and pressure sensors. Confirm supply air temperature, reset supply 
pressure, and reset control operation. 

Calibrate outside airflow measurement (if one is installed) and ensure that minimum ventilation airflow is 
provided under varying conditions.   

Confirm proper functioning of all valves and dampers. 

References/Additional Information 
None. 
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GUIDELINE MV12: RADIANT SLAB SYSTEM 
Recommendation 
Install radiant slab-on-grade systems in rooms with 
heating demand. When conditions permit, use a 
solar thermal, geothermal system, and/or recovered 
thermal energy for the hot water supply. 

Description 
A radiant slab heating system consists of the 
following: 

 Hydronic distribution 

 Hot water source (boiler, solar, geothermal heat 
pump, etc.) 

 Control system. 

Like all radiant heating systems, radiant slab 
systems provide thermal comfort to building 
occupants predominantly through radiation heat 
transfer. In other words, the system heats or cools 
room objects and occupants, rather than the 
surrounding air. Two basic configurations exist for 
hydronic radiant slab heating and/or cooling. The 
first option involves the placement of pipes in the 
foundation slab itself, referred to as slab-on-grade. 
The second, called thin-slab, consists of piping 
placed in a thinner slab layer that is situated on top 
of the foundation slab or on suspended floors.  Each 
consists of a loop of tubing (normally cross-linking 
polyethylene, PEX) that is imbedded in concrete or a 
similar material, such as gyp-crete. Hot water is 
passed through the tubing, which heats the slab, 
and in turn, the room.   

Applicability 
The use of radiant slabs for heating is applicable in 
all regions with a heating demand. However, due to 
condensation concerns, the use of radiant slabs for 
cooling should be limited to areas with a low latent 
cooling load. 

Integrated Design Implications 
 Choosing any hydronic heating system affects boiler decisions (heat pump, solar, etc.). 

 All radiant hydronic systems provide an alternative to large-scale air-handling systems. This impacts 
many aspects of the building design including the required plenum sizing, boiler/chiller sizing, and 
ducting, among other things. 

 The slab system is a low-temperature application and is complemented well by alternative water 
heating methods including geothermal heat pumps and solar thermal systems. Typical hydronic 
heating systems, such as baseboard radiators, use water temperatures of 140°F to 200°F, whereas 
radiant floor heating uses temperatures between 90°F and 120°F. 
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 Consider framing strength when installing suspended-floor, thin-slab systems. It is much more cost 
effective to consider this during design rather than reinforcing the framing during construction. 

 This system can be integrated into a facility-wide hydronic heating and cooling system including 
baseboards and ceiling panels. 

 Placement of system components affects requirements of the hydronic distribution system. Try to 
make these decisions early to create a hydronic distribution layout that minimizes piping materials 
(pipes, bends, etc.) and head loss. 

Cost Effectiveness 
 The installed cost of the slab only ranges from $2/ft2 to $20/ft2 depending upon 

application. PEX tubing costs around $0.65/lin ft retail. 

 Operation and maintenance costs are low. Fuel costs are lower due to increased 
efficiency compared to air-handling systems. 

 The system is generally most cost effective when part of a facility-wide hydronic heating and cooling 
system. 

Benefits 
Advantages 
 Hydronic systems can decrease or eliminate the need for mechanical air handling systems.  

 Quiet operation. 

 Better perceived comfort. Radiant slabs heat occupants from the bottom up and are purported to 
increase comfort. Allows for lower thermostat settings.   

 Lower boiler temperatures of 90°F to 120°F compared to 140°F to 200°F for other heating systems. 
These temperatures can be accomplished by a geothermal heat pump or solar thermal system. 

 Can provide fuel savings when compared to forced air systems. 

 Aesthetically pleasing; no heat registers or visible radiators. 

Disagvantages 
 Hard to set back temperatures because of lag. 

 Ground losses can reduce efficiency if insulation is not properly installed. 

Design Tools  
 Using a CAD-based program to design the layout of the tubing will save time, materials, and money. 

Design Details 
 Install edge insulation around radiant slab. 

 Older installations used copper or other metal tubing, but these materials can react with the concrete 
and corrode if not properly treated. Copper has excellent heat transfer characteristics, but its short 
coil length and incomplete compatibility with concrete has caused a switch to polymer or synthetic 
rubber tubing. Most modern installations use cross-linked polyethylene (PEX) tubing. PEX tubing is 
usually layered with an oxygen diffusion barrier to extend the life of system components. Some 
installers use stainless steel components in lieu of the diffusion barrier. Another option is PEX-
aluminum (PEX-Al-PEX) composite tubing, where the aluminum acts as a nearly perfect diffusion 
barrier. PEX-Al-PEX is also easier to bend than standard PEX. 

 Any PEX tubing outside of the slab should be protected from sunlight to prevent corrosion. 

 Tubing must be routed through the sub-soil or in a protective sleeve when passing through expansion 
joints.  
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 Before pouring the concrete, tubing should be laid out and pressurized to 100 psi for 24 hours to 
ensure no leakage. The tubing should remain pressurized throughout the pouring and curing process. 

 Water should be delivered to the slab at a temperature that can maintain surface temperatures 
between 80°F and 85ºF. The required inlet water temperature is dependent upon the thermal 
resistance of the slab and any floor finishing material.  

 Tubes should be spaced between 6 in. and 15 in. apart, depending on application. 

 Use tighter spacing for slabs with wood floor finishing. Even temperatures are critical to avoiding 
varying levels of expansion and contraction in wood floors. 

 Early planning, including an accurate estimate of the load requirements in the rooms to be heated 
and cooled, is key for these systems. Due to the nature of the system (in the foundation slab), the 
earlier the decision is made the better.   

 High quality control systems should be used that monitor both indoor and outdoor temperatures. The 
slab is a large thermal mass and care must be taken to avoid under or over shooting the prescribed 
temperature. 

Operation and Maintenance Issues 
 The slab system consists of a large thermal mass and thus takes a significant amount of time to 

respond to changes in control settings. The response time of the system can be through proper 
operation and maintenance practices that serve to avoid severely over or under shooting the desired 
temperature. 

 Modern radiant slab systems require little maintenance and do not have the leakage concerns of 
earlier systems. 

Commissioning 
Commissioning should be performed throughout planning, design, construction, and operation to ensure 
proper installation, set-up, and integration with other facility components. Proper installation and 
management of the control system for a radiant slab are particularly important. Be sure indoor and 
outdoor sensors are sited correctly and functioning properly. 

References/Additional Information 
None. 
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GUIDELINE MV13: BASEBOARD HEATING SYSTEM 
Recommendation 
Use baseboard heating in areas experiencing periods 
of at or below-freezing temperatures, especially under 
areas of glass. 

Description 
Hydronic radiant baseboard heating is a common 
application that has been used for over 50 years in 
the United States. The most common types are the 
finned-tube convector and radiant convector, both of 
which heat cold air at the floor of the room and induce 
an upward convective current. This is extremely 
effective in reducing downdrafts at cold facades and 
under windows. These models provide heat through a 
combination of convection and radiation. Another 
model is the panel, or flat pipe, radiator. Panel 
radiators are common in Europe and provide thermal 
comfort predominately through radiation heat transfer. 
A baseboard heating system requires the following: 

 Baseboard heaters (convector or panel) 

 Hydronic distribution system (piping, pumps, 
valves) 

 Control system (sensors, thermostats) 

 Hot water source (boiler, solar thermal, recovered 
thermal energy, geothermal heat pump) 

Applicability 
These systems are applicable in all areas 
experiencing extreme cold, and are especially 
effective in areas of significant heat loss, such as 
entryways or under windows. 

Integrated Design Implications 
 Baseboards are a good compliment for 

displacement ventilation systems. They can 
operate independently to maintain space 
temperature and to recover from night cool down.  

 Choosing any hydronic heating system affects 
boiler decisions (heat pump, solar, etc.). 

 All radiant hydronic systems provide an 
alternative to large-scale air-handling systems. 
This impacts many aspects of the building design including the required plenum sizing, boiler/chiller 
sizing, ducting, etc. 

 The systems can be integrated into a facility-wide hydronic heating and cooling system including 
radiant slabs and ceiling panels. 

 
Baseboard heaters such as this are commonly used as an 

effective way to reduce downdrafts experienced at cold 
facades and under windows.  NREL/PIX 11423 

Applicable Climates 
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 They can be the main heat source, or integrated with another system and used primarily to reduce 
downdrafts at cold walls or glass, and can provide off-hours heating without running fans. 

 Placement of system components affects requirements of the hydronic distribution system. Try to 
make these decisions early to create a hydronic distribution layout that minimizes piping materials 
(pipes, bends, etc.) and head loss. 

Cost Effectiveness 
Baseboard heaters cost $10/lin ft to $25/lin ft. 

 Operation and maintenance costs are low. Fuel costs and electric pumping costs in a 
well-designed system are lower due to increased efficiency compared to air-handling 
systems. 

 The system is generally most cost effective when part of a facility-wide hydronic heating and cooling 
system. 

Benefits 
 Hydronic systems can decrease or eliminate the need for mechanical air-handling systems.  

 These well-understood systems have been used for over 50 years. 

 The systems are low maintenance. 

 They can be more fuel efficient than air systems and use less power to move heat through the facility. 

 Since they are quiet, these systems are good for classrooms. 

 Cold downdrafts at outside walls and windows are stopped. 

 Systems should be configured to allow for individual room control. 

Design Tools 
 The Advanced Installation Guide for Hydronic Heating Systems, available from the Hydronics 

Institute, includes a design and sizing procedure for baseboard heating. 

 Hydronics Design Toolkit software is available from the Radiant Panel Association. 

Design Details 
 Baseboard systems can use zone control or individual room control. Zone control uses one 

thermostat to regulate several spaces in a single hydronic loop. This system is simple and cheap, but 
often involves large temperature drops and can be difficult to balance. Individual room control uses 
thermostatic radiator valves (TRV) to independently control baseboard elements in each space. The 
TRV allows educators to control the thermal environment of their own classroom. 

 Flow rate must be controlled to ensure turbulent flow. If the flow rate is in the laminar regime, the heat 
transfer rate will be dramatically lower and more sensitive to flow rate changes causing difficulties in 
maintaining intended thermal conditions. Too high a flow rate can cause pipe noise. 

 Proper water flow design is especially important if low temperature water will be used for heating, 
such as with a geothermal heat pump design. 

 Increases in altitude can decrease the performance of finned-tube and radiant convectors. 

 Painting panel radiators can affect performance. Aluminum and bronze paint can reduce total heat 
output by up to 10%. 

 Make allowances for pipe expansion during installation to decrease audible disturbances. 

 Water should be delivered to baseboard radiators between 140ºF and 200ºF. 

 Care should be taken to ensure baseboard surface temperatures do not reach levels dangerous to 
young children. 
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 Output ranges from 300 Btu/hr/ft to 800 Btu/hr/ft depending on inlet/outlet temp and flow rate. 

 Temperature drop across heater should not exceed 20ºF to insure uniform heating. 

 Be sure not to inhibit convective flow patterns when arranging furniture near baseboard heating 
elements. 

 “Quiet Type” baseboard heaters (ie., heaters designed to produce less operating noise) should be 
specified for occupied areas. 

Operation and Maintenance Issues 
Operation and maintenance issues for baseboard heating systems are minimal. Heat transfer surfaces 
should be kept clean and free of dust. If the system is open to the potable water supply, some internal 
cleaning may be necessary to avoid fouling. Pipe fouling can lower efficiency by decreasing the heat 
transfer rate and increasing the pressure drop. 

Commissioning 
Commissioning should be performed throughout planning, design, construction, and operation to ensure 
proper installation, set-up, and integration with other facility components.  

References/Additional Information 
"Advanced Installation Guide for Hydronic Heating Systems." Available from Hydronics Institute. 

Berkeley Heights, NJ 07922.  
Radiant Panel Association, PO Box 717, Loveland, CO 80539-0717. Phone: (800) 660-7187 or (970) 

613-0100. Fax: (970) 613-0098. Email: info@rpa-info.com. 
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GUIDELINE MV14: GAS-FIRED RADIANT HEATING SYSTEM 
Recommendation 
Consider gas-fired radiant heating for spaces with 
high ceilings and potentially high infiltration, or in large 
spaces with spot heating needs such as workshops or 
gymnasiums. 

Description 
This class of radiant heaters burns gas to heat a steel 
tube or a ceramic surface. The heated surface emits 
infrared radiation that is absorbed by occupants, 
furniture, floor, and elements of the building in view of 
the heating element. Those objects then heat the air 
in the space through convection. An advantage to this 
type of radiant heating in high traffic areas is that the 
objects in the space remain warm even if cool air is 
introduced.   

Variations and Options 
 Several configurations of gas-fired radiant heaters 

are available. Some are linear units consisting of 
a long steel pipe with a reflector above. Another 
option is a smaller unit with heated ceramic 
surface design to cover a rectangular area of 
floor.   

Applicability 
Radiant heating is appropriate in spaces with high 
ceilings because it helps to overcome thermal 
stratification. Much of the heat is delivered directly to 
objects and occupants at floor level.   

As mentioned earlier, radiant heating is also useful in areas with high traffic where infiltration can be a 
problem.   

Appropriate spaces include gyms, shops, greenhouses, and high-traffic entrances or lobbies.   

Radiant heaters can provide spot heating in large open spaces such as workshops or warehouses.   

Integrated Design Implications 
Consider the need for combustion air and flue gas venting when choosing the location for a gas-fired 
radiant heater. Also allow for adequate clearance around the unit, as recommended by the manufacturer.    

Cost Effectiveness 
Gas-fired radiant heaters are usually a cost-effective choice for spot heating in large open 
spaces. They may also be cost effective for general heating in spaces like gymnasiums 
when energy savings are considered.   

Benefits 
Advantages 
 Equal comfort with lower indoor air temperatures results in lower heating energy consumption. 

 Fan energy and/or pumping energy required for heating distribution is eliminated.  

 
 

Applicable Climates 
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Disadvantages 
Occupants may experience some discomfort due to warm heads and cool feet.   

Design Tools 
None. 

Design Details 
Provide protection for units installed in gymnasiums to prevent contact with sports equipment.   

Follow the manufacturers guidelines for clearance above and to sides. 

Provide an outdoor combustion air source and vent flue gas to outdoors.   

“Quiet Type” unit should be specified. 

Operation and Maintenance Issues 
Gas-fired radiant heaters are relatively low maintenance systems.   

Commissioning 
None. 

References/Additional Information 
None. 
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GUIDELINE MV15: WATER-LOOP HEAT PUMPS 
Recommendation 
Consider using water-loop heat pumps if the building 
requires simultaneous heating and cooling, and has a 
minimum cooling capacity of 35 to 50 tons. 

Description 
A water-loop heat pump system provides space 
heating and cooling for individual building zones. Each 
building space contains a separate heat pump 
connected to a single circulating water loop. The 
piping system adds or removes heat to the circulating 
water. When most of the pumps are working to cool 
building spaces, heat must be removed from the loop 
via a cooling tower or other means. If most of the 
pumps are heating building zones, a boiler must 
generate added heat for the loop. 

When heat is being removed from some zones (i.e. 
certain heat pumps are working in cooling mode and 
rejecting heat to the loop) as well as being delivered to 
other spaces (i.e. other heat pumps are working in 
heating mode and using heat from the loop), the water 
loop remains within the desired temperature range 
without the addition or removal of heat.  

Applicability 
This system is applicable to all interior school spaces. 
It is most effective in schools where simultaneous 
heating and cooling is required in different areas of the 
building.  

This system offers limited benefits where cooling loads 
are small or non-existent. 

Integrated Design Implications 
Water-loop heat pumps can be used as part of 
geothermal heat pump systems (See Guideline RE5). 

Cost Effectiveness 
The cost of a water-loop heat pump system is 
generally more than a two-pipe fan/coil system, but 
less than a four-pipe fan/coil system. 

Benefits 
Advantages 
 Ability to use unwanted heat from one zone to heat another zone.  

 Provides easy temperature control for building spaces. Units in areas not requiring 
heating or cooling can be turned off and bypassed. 

 Provides high reliability for both heating and cooling modes. 

(Source: AdvancedBuildings.org) 
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 Do not require wall openings to reject heat from air-cooled condensers. 

 Have a longer service life since they are not exposed to the weather. 

 Failure of an individual water-source heat pump does not cause the entire system to fail. 

Disadvantages 
 Failure of a loop pump, heat rejection device, or secondary heater can affect system operation. 

 Increases electrical load in the winter. 

 Requires a central boiler and cooling tower. 

Design Tools 
See this chapter’s Overview. 

Design Details 
Water in the loop needs to be kept within a temperature range of 60°F to 90°F. 

Due to the limited operating range, insulation is not required on the water loop. 

Changes to building spaces can generally be accommodated by adding or removing individual pumps. 

Heat pumps must be specified for the proper operating temperature. Do not use electric boilers for the 
auxiliary heating. 

Operation and Maintenance Issues 
Typical life cycle for water-loop heat pumps is 15 to 20 years, depending on quality of maintenance. 
Regular cleanings of heat exchanger coils and regular air filter changes are required. This system can 
have higher maintenance costs because of the multiple compressors and fans.  

Commissioning 
Flushing the loops will ensure the system is in good operating order. 

References/Additional Information 
Advanced Buildings Technologies and Practices. http://www.advancedbuilding.org/. 
Cooling System Alternatives. Tri-State Generation and Transmission Association. 

http://www.tristate.apogee.net/. 
International Ground Source Heat Pump Association, Oklahoma State University, Stillwater, OK. 

http://www.igshpa.okstate.edu/. 
Geothermal Heat Pump Consortium. http://www.geoexchange.org/. 
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GUIDELINE MV16: EVAPORATIVELY PRECOOLED CONDENSER 
Recommendation 
Specify an evaporatively precooled condenser for 
larger packaged units (10 tons or greater) in warm 
climates.   

Description 
An evaporative precooler is an option available for 
some packaged air conditioners that cools the air 
entering the unit’s condenser coils. The precooler 
reduces the temperature at which the condenser 
operates and increases the efficiency and capacity 
of the packaged unit. 

The evaporative precooler consists of an 
evaporative medium several inches thick that 
replaces the inlet grill that typically protects the 
condenser coils. The medium is wetted using a 
recirculating system or a “once-through” system. Air 
drawn over the medium by the condenser fan is 
evaporatively cooled to a point close to the wetbulb 
temperature of outside air.   

Precoolers are also available for outdoor units of 
some split systems.   

Applicability 
These condensers are applicable for larger units, 
especially those serving spaces used in summer. 
They should be used in facilities with skilled 
maintenance staff. 

Integrated Design Implications 
An evaporative precooler increases the capacity of air conditioners under hot conditions. Therefore, a 
smaller unit can be installed that will run more efficiently under normal partial load conditions. Water 
supply piping is required. 

Cost Effectiveness 
Evaporative precooled condensers add about 10% to the cost of the equipment and can 
pay for themselves in two to three years.   

An evaporatively precooled condenser is generally cost effective for units over 10 tons.  

Benefits 
Condensers increase capacity and efficiency of packaged direct exchange air conditioners. They can also 
reduce summer demand peaks.  

Design Tools 
None. 

 
Evaporatively precooled condenser. 
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Design Details 
Evaporative precoolers are typically controlled to operate only at higher outdoor air temperatures, 
approximately 80°F and above. At lower temperatures, less benefit occurs.   

When sizing the packaged rooftop system, reduce the design outdoor drybulb temperature assuming that 
the evaporative precooler is about 50% effective. For example, in a climate with summer design 
conditions of 100°F drybulb and 70°F wetbulb, use an outdoor drybulb of 85°F for selecting the system 
capacity. This smaller system will run more efficiently at part load and have a smaller peak electric 
demand.   

The addition of the evaporative precooler will reduce condenser airflow due to extra pressure drop. Check 
with the unit’s manufacturer to make sure that airflow will be adequate.   

Ensure that the precooler medium is properly designed and sized to prevent carry-over of water onto the 
condenser coils.   

Operation and Maintenance Issues 
To minimize maintenance requirements, specify adequate bleed-off rates to prevent mineral buildup 
(without causing excessive water consumption). Also specify controls that periodically flush the 
evaporative medium with water to remove dirt and scale. Finally, specify materials to minimize potential 
for corrosion.  

Specify periodic cleaning of evaporative medium and periodic inspections of water circulation rate and 
bleed-off rate.   

Commissioning 
Check that the precooler is activated when system runs and outdoor air exceeds the minimum setpoint 
(typically 80°F).   

References/Additional Information 
None. 
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GUIDELINE MV17: DEDICATED OUTSIDE AIR SYSTEMS 
Recommendation 
Install dedicated outside air ventilation systems to 
supplement or replace natural ventilation. Install 
systems to provide dehumidification of outdoor air 
supply with or without air conditioning. 

Description 
Dedicated outside air systems typically provide 100% 
outside air and deliver approximately 450 cfm to each 
classroom.  

Outside air systems can be designed with ducted 
return or with relief dampers to outdoors. Systems with 
ducted return air can recover exhaust heat with an air-
to-air heat exchanger. Systems without a heat 
exchanger usually need some means to temper the 
outside air, especially during winter.   

Small systems are available that can serve individual 
rooms, while larger systems can serve an entire 
building. With larger centralized ventilation systems, 
evaporative cooling or waste heat recovery may be 
economical for tempering outdoor air.  

Applicability 
This design strategy applies mainly to classrooms, or 
other areas with expected high occupant density, but 
can be used for spaces where hydronic heating 
systems and natural ventilation are appropriate. This 
design strategy is not as applicable for spaces that 
have conventional air conditioning, since outside air 
ventilation would be provided by the air-conditioning 
system.  

Dedicated outside air ventilation is especially 
appropriate in combination with baseboard or radiant 
heating systems, where a fan is not required for heating. However, even with forced-air heating systems, 
a separate ventilation system may be appropriate if access to clean outdoor air is difficult from each 
individual room. In these cases, a central air handler can supply tempered ventilation air to each room, 
while each space heater recirculates indoor air and runs only when there is a demand for heating. 
Alternately, a separate baseboard system can be used to provide well-controlled heating in each zone. 

A dedicated ventilation system may also be appropriate where natural ventilation access is difficult 
because of noise, extreme temperatures, dust, security, or lack of physical access to the outdoors.  

Integrated Design Implications 
Special attention to controls is important to make sure that the ventilation system works together with the 
heating and/or cooling system. As with any ducted HVAC system, architectural coordination is important 
in locating relief dampers and routing ventilation ducts.   

 
Rooftop air-to-air heat exchangers are useful in systems with 

ducted return air for recovering exhaust heat. 
NREL/PIX 11424 
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Cost Effectiveness 
A dedicated outside air system may add cost to the overall HVAC system, but when 
combined with a well-designed displacement system in a coordinated building, it would be 
expected to be competitive with a well-designed, high-quality conventional HVAC system. 

The U.S. EPA has created the School Advanced Ventilation Equipment Software 
(SAVES) that uses DOE-2 and code by the Florida Solar Energy Center and others to 
show that dedicated outdoor air supply systems with energy recovery ventilation components have a 
payback of under seven years in most areas (except the Hot and Dry and Temperate and Mixed 
climates). 

Benefits 
These systems, especially when combined with enthalphy energy recovery, will reduce energy costs in 
most regions. In addition, they ensure proper ventilation, improving air quality and occupant well being. 

Design Tools 
Most popular energy simulation programs, such as DOE-2, do not have the capability to directly model 
dedicated outside air distribution systems or 100% outdoor air systems with enthalpy energy recovery. 
However, there are some tricks that can give an approximation of the energy use, and some 
manufacturers of enthalpy energy recovery equipment can provide modeling.   

Design Details 
 In both hot and cold climates, consider using an enthalpy air-to-air heat exchanger to precondition 

outside air that is brought into the building. This will also reduce winter dryness. 

 In hot climates, evaporation can be used to lower the temperature of air that is delivered to the space.  

 Provide VAV dampers that can automatically minimize and shut off ventilation air to each classroom if 
it is not occupied. Consider using a motion sensor already installed for lighting as a control. 

 Consider variable-speed controls for central ventilation fans, so that airflow can be reduced when 
some rooms are unoccupied. 

 Use gravity type or automatic relief dampers in each classroom, unless exhaust air is ducted to a 
central unit for heat recovery.   

 Size the system to provide at least 15 cfm per person in classrooms and other spaces. If a classroom 
is expected to have 30 students, 450 cfm should be delivered. If a classroom is expected to have 24 
students, 360 cfm is appropriate.  

 Use filters to remove dust and other particles from outside air.  

 Isolate unit from occupied spaces. Provide appropriate intake and discharge noise control consistent 
with meeting the Noise Criteria. Locate rooftop units above unoccupied spaces and away from 
pollution sources on the roof. 

Operation and Maintenance Issues 
Replace filters on a regular basis.  

Commissioning 
Provide documentation regarding the design intent to contractors and building operators to ensure that 
the system gets implemented properly. Systems should be balanced and controls commissioned so that 
adequate air is delivered to each classroom.  

References/Additional Information 
None. 
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GUIDELINE MV18: ECONOMIZERS 
Recommendation 
Incorporate integrated economizer dampers 
and controls on HVAC systems that utilize 
return air. For units under five tons, use non-
integrated economizers with two-stage cooling 
controls  

Description 
Economizers consist of three sets of dampers 
with interlinked controls:  an exhaust damper 
that relieves space return air to offset 
ventilation air brought in; an outside air 
damper that controls the amount of ventilation 
air brought into the system; and a return 
damper that balances the return and outside 
air portions of the economizers. At low outside 
air temperature (below 65°F), the economizer 
dampers modulate to minimum ventilation 
position unless more outside air is needed for 
cooling. This minimizes the heating load and 
protects the cooling coils from frosting at low 
loads. At high outside air temperature (above 
about 75°F), the economizer dampers return 
to this low ventilation position. At these 
temperatures, the recirculated space air takes 
less energy to cool. Between these points, the 
economizer dampers modulate from minimum 
ventilation to 100% outside air, acting as a first 
stage of cooling in an attempt to maintain the 
desired supply air temperature. 

Integrated economizers allow simultaneous 
economizer and mechanical cooling. Non-
integrated economizers first attempt to cool 
with outside air; if that does not satisfy the 
load, the economizer dampers return to 
minimum position and mechanical cooling is 
initiated. 

There are three common control methods: 

 Fixed temperature setpoint economizers close to minimum position when outdoor air exceeds a 
fixed temperature setpoint, typically 72° to 74°F.   

 Differential temperature economizers will operate whenever the temperature of the outside air is 
below the temperature of the return air.  

 Differential enthalpy economizers compare the enthalpy of the outside air and return air streams 
and operate whenever the outside air has less heat content. Enthalpy economizers are most 
important in humid climates. 

 
Components of an economizer. 
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For moderate climates, economizers can be a significant means of minimizing space-conditioning costs, 
because outside air will be within the comfort range for much of the school day throughout the year. 

Applicability 
Economizers make the most difference for systems serving spaces with low occupant density, such as 
libraries, administration, and other areas. In those spaces, the normal ventilator rate is fairly low and little 
free cooling occurs without an economizer. In classrooms and assembly areas, where high occupant 
density will dictate a large minimum position on the outside air damper (30% or above), economizer 
controls will have less impact. However, they will still be cost effective due to higher cooling loads in these 
spaces. 

On many existing systems, economizers can be added as a retrofit.  

Economizers will not be as useful for spaces designed to use natural ventilation for cooling. In those 
cases, the cooling system may run only during hot periods when an economizer would be at minimum 
position anyway.   

Economizers should not be installed in facilities that do not receive maintenance because a failure can 
increase energy consumption.   

Integrated Design Implications 
Economizers are especially valuable with displacement ventilation systems because the higher supply air 
temperature may allow an economizer to provide 100% of the cooling demand for a greater number of 
hours each year.   

An economizer may be unnecessary in spaces with exterior walls and good natural ventilation design.   

Cost Effectiveness 
The cost premium is $200 to $500 to add an economizer to a small packaged rooftop 
system. 

Economizers are very cost effective for spaces without natural ventilation. 

Design Tools 
None. 

Design Details 
Economizers should be factory-installed or specified to be factory-designed if they are to be field-
assembled. Improper installation may cause coil and/or compressor damage. 

Differential temperature control is recommended for most climate areas. However, in humid climates a 
differential temperature economizer could actually increase the system energy use by imposing a latent 
cooling load during economizer operation. A differential enthalpy economizer is ideal for humid areas, but 
enthalpy sensors require maintenance and can be unreliable. Therefore, a fixed temperature economizer 
with a setpoint around 72°F is a good choice for coastal areas where mild temperatures are accompanied 
by fairly high humidity.   

For retrofit applications, care must be taken to protect the direct exchange coil and compressor from 
damage during low loads. With existing direct exchange systems, either non-integrated economizers 
should be installed or controls should be added to prevent compressor cycling and cutout on low 
evaporator temperatures. Economizer retrofits are likely to be cost effective only for larger systems 
(above 7.5 tons). 

Operation and Maintenance Issues 
Clean and lubricate dampers and control linkages. Maintenance is critical to ensure that economizers 
work properly for the lifetime of the system. 
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Commissioning 
A functional test is critical to ensure that economizer controls are operating properly. With the system 
running during mild weather (outdoor cooler than indoor air), set the space thermostat to a low value to 
call for cooling and check that the outside air dampers are completely open. Then use a heat source, 
such as a hot-air gun, to warm the outside air temperature sensor and check that the outside air damper 
closes to its minimum position. Remove the heat source and check that the damper reopens (after the 
sensor has cooled).  

For integrated economizers, also check that the outside air dampers remain completely open when the 
compressor is running and outdoor air is cool.   

References/Additional Information 
None. 
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GUIDELINE MV19: AIR DISTRIBUTION DESIGN GUIDELINES 
Recommendation 
Design the air distribution system to minimize 
pressure drop and noise by increasing duct size, 
eliminating duct turns, and specifying low-loss duct 
transitions and plenums. Use lowest possible fan 
speed that maintains adequate airflow. Pay special 
attention to the longest or most restricted duct branch. 
(See Guideline MV11: VAV Reheat System for 
information on variable volume systems.) 

Description 
Optimal air distribution system design is fairly 
complicated. An optimal design balances the need for 
comfort and low noise with overall HVAC system cost, 
energy cost, and long-term maintenance and 
replacement costs. Many factors affect performance:  
diffuser type, number of diffusers, diffuser size, duct 
size, duct material, plenum type and size, fitting types, 
length of ducts, number of turns, type of turns, 
location of duct system (e.g., unconditioned attic or 
within conditioned space), priority for heating 
performance vs. cooling performance, and fan 
characteristics (pressure vs. airflow).   

Due to the complexity of design, a detailed analysis is 
common for small systems. Typically, designers and 
contractors rely on experience or rules of thumb in 
choosing system components. Even if design 
calculations are performed, however, decisions are not always the best, in terms of energy efficiency and 
acoustic performance.   

This guideline addresses small, constant-volume duct systems that are common in schools. It covers 
design targets for air velocities and pressure loss that help ensure an efficient and quiet system.  

Applicability 
All ducted air systems. 

Integrated Design Implications 
Air distribution design options are closely tied to the architectural design. The choice of duct type is often 
limited by space availability, but acoustics should be considered. Round ducts with no internal glass fiber 
lining tend to keep noise inside and not let it be reduced as it travels away from the noise source (i.e., 
fan). Rectangular ducts with no internal glass fiber lining allow more sound to escape than circular ducts, 
but can be problematic if the noise level traveling through the sheet metal walls of the duct is too high. 

Ducts may be located outside, in unconditioned space, or within the conditioned space. The most energy-
efficient option is usually within conditioned space, but excessive noise may require that the first section 
of duct to be attenuated over unoccupied areas for a considerable distance. More expensive sheet metal 
ducts are usually required, but they need not be insulated. If ducts are located in an unconditioned attic, 
then the roof must be insulated and/or equipped with a radiant barrier to reduce heat gain to the ducts. 
Outdoor ducts should not be used unless no other option is feasible, as they almost always get wet and 
become mold sites.   

 
Basic air distribution system. 

Applicable Climates 
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Location of supply air outlets must be coordinated with lighting design (if located in ceiling) or space plan 
and furniture (for wall or floor outlets).   

Cost Effectiveness 
Sometimes extra costs for low-loss fittings or larger ducts are necessary to achieve a high performance 
design. However, these costs can often be offset by carefully sizing the heating and cooling system to 
reduce overall system size. In addition, many air distribution improvements have little or no extra cost, 
such as proper installation of flex duct that should be limited to the last 5 ft to 6 ft due to higher internal 
pressure drop. 

Design Tools 
Numerous duct-sizing computer programs are commercially available.   

Design Details 
These guidelines are intended to cover typical, small, single-zone systems. Additional criteria appropriate 
for multi-zone air distribution systems are not covered here.   

Airflow 
System cooling airflow. Total system airflow should generally fall between 350 cfm/ton and 450 
cfm/ton for systems with cooling. If airflow is greater, condensation might blow off the cooling coil. If 
airflow is less than 350 cfm/ton, the cooling capacity and efficiency drop. The capacity loss due to low 
airflow is worst in dry climates where latent cooling loads are low.   

System heating airflow. For heating-only systems, a good target is 25 cfm per kBtu/h of heating 
capacity, providing about 105°F supply air. Heating airflow should not be lower than 15 cfm per kBtu/h 
because supply air temperature will exceed 135°F. If the airflow is low, supply air will be too warm and 
air velocity too low, and poor mixing occurs in the room. Excessive airflow during heating creates more 
noise and can cause uncomfortable drafts.   

Airflow adjustment. After system installation, airflow can be adjusted by either changing the fan speed 
or altering the duct system. To reduce airflow, lower the speed of the fan rather than install dampers. 
Try to use the lowest fan speed possible because fan energy consumption drops rapidly as fan speed 
decreases. If possible, specify a variable-speed or multiple-speed fan. To increase airflow, try to modify 
the duct system rather than increase the fan speed. Possible measures include replacing the most 
restrictive ducts with larger sizes, improving duct transitions to reduce pressure loss, and eliminating 
duct turns or constrictions (especially in flex duct).   

Supply diffuser. Most diffusers also have a minimum velocity, both for proper mixing and to avoid 
dumping cool air on occupants. Refer to manufacturers’ guidelines for specific types of supply diffusers. 
When choosing diffusers based on Noise Criteria (NC), remember that manufacturers’ data are usually 
at ideal conditions (long, straight duct attached to diffuser) and actual noise level is likely to be higher. 
To account for this, diffusers should be selected for 5 to 10 NC points below the NC criteria of the 
room. Refer to Table 9 below for suggested air velocities.   
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Table 9 – Air Velocities for Supply Outlet and Return Inlet 
 Design Criterion NC or RC(N) Neck Air Velocity (fpm) 
Supply Outlet 45 625 
 40 560 
 35 500 
 30 425 
 25 350 
 20 300 
Return Inlet 45 750 
 40 675 
 35 600 
 30 500 
 25 425 
 20 375 

(Source: 1999 ASHRAE APPLICATION HANDBOOK) 

Return grille. The return air grille(s) must be larger than the total supply air diffuser area to avoid 
excessive noise. Refer to table above for suggested air velocities.   

Duct. Air velocity should not exceed 700 fpm in flex ducts and 1,200 fpm in sheet metal ducts above 
occupied areas. Higher flow creates excessive turbulence and noise. There is usually a practical lower 
limit to duct air velocity, where the duct becomes too large and expensive.   

Cooling coil. Air velocity through the cooling coils should be minimized to reduce pressure loss. A 
good target is 300 fpm. However, designers seldom have a choice of coil area in small packaged 
HVAC units, though it is possible to compare airflow and fan power data from different manufacturers 
to identify units with lower internal pressure loss.   

Duct type 
Flex duct. Flexible ducts are widely used. They offer several advantages when properly installed, but 
also have some disadvantages.   

Flex ducts are most popular for their low cost and ease of installation. In addition, they attenuate noise 
much better than sheet metal ducts, but allow noise to escape into the ceiling plenum, which may not 
be acceptable if noise levels at the flex duct are excessive. Flex duct also offers lower air leakage, are 
usually pre-insulated, and provide some flexibility for future changes.   

On the down side, pressure loss is greater in flex ducts, even when they are properly installed. They 
are also prone to kinking, sagging, and compression, which are problems that further reduce airflow 
and create noise. And since they are flexible, flex ducts are usually installed with more turns than sheet 
metal ducts. Actual performance of flex ducts in the field is often poor due to these installation 
problems. As a final disadvantage, flexible ducts are typically warranted for only about 10 years and will 
need replacement more often than a sheet metal equivalent.   

If flex duct is used, several important points to consider are:  

 The duct must be large enough for the desired airflow (see Table 10 below). 

 The ducts must be properly suspended according to manufacturer guidelines without compressing 
or sagging.   

 All ducts must be stretched to full length (see table notes below). 

 Keep flexible duct bends as gentle as possible; allow no turns of more than 45°. 

 Fasten all flex ducts securely to rigid sheet metal boots and seal with mastic (see Guideline MV20: 
Duct Sealing and Insulation). 
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 Limit duct lengths to no longer than about 5 to 10 ft to facilitate drop in ceiling designs (otherwise 
pressure loss may be too high). 

Table 10 – Minimum and Maximum Airflow Values 

 Flex Duct 
Diameter 

(in.) 

Minimum 
Airflow  
(cfm) 

Maximum 
Airflow  
(cfm) 

4 20 60 
5 40 100 
6 60 140 
7 90 190 
8 130 240 
9 175 310 
10 230 380 

 

 

12 380 550 
Table Notes: 

• Maximum airflow limits correspond to velocity of 700 fpm. Higher flows create turbulence and noise in 
flex ducts. 

• Minimum airflow corresponds to a design friction rate of 0.06 in./100 ft. 
• The airflow values in the table assume that the flex duct is stretched to its full length. Airflow resistance 

increases dramatically if flex duct is compressed in length. Pressure loss doubles if the duct is 
compressed to 90% of its full length and triples if it is 80% compressed. 

 

Sheet metal duct. The advantages to sheet metal ducts are lower pressure loss, longer life, greater 
durability, and the potential for reuse or recycling at the end of the system’s life. They are the only 
option for long duct runs or medium- to-high-pressure duct systems. In addition, sheet metal ducts may 
remain exposed in conditioned spaces.   

Disadvantages to sheet metal ducts are higher cost, higher sound transmission (sometimes they 
require noise attenuation measures that offset some of the pressure loss advantage), insulation 
requirement, and potentially greater leakage (though leakage is not an issue if they are properly 
sealed).   

From a pressure loss standpoint, round sheet metal ducts are preferred over rectangular when 
adequate space is available. Round sheet metal ducts keep noise inside better than rectangular ducts. 
This may be preferred if the ducts are running over a noise sensitive space, and duct noise breakout is 
a concern. However, because round ducts do not allow noise to escape as easily as rectangular ducts, 
noise will not be reduced as quickly as the noise travels down the duct system. When ducts cannot be 
lined with internal glass fiber, rectangular ducts are preferred to allow low frequency noise to escape 
the duct before reaching the diffuser. Rectangular ducts are susceptible to noisy drumming at high 
airflow.   

Reducing pressure loss 
Several measures may be taken to reduce pressure loss and improve airflow. Knowledge of the 
following simple principles may help the designer improve airflow: 

 Air resists changing direction. The pressure drop of a turn can be reduced dramatically by 
smoothing the inside and outside radius. When possible, avoid sharp turns in ducts and never 
allow kinks in flexible ducts. Turning vanes are another option to reduce the pressure drop in a 
sharp turn. 
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Figure 10 – Pressure Loss for Duct Turns 
Note:  Total pressure loss calculated at 800 fpm air velocity. 

 Airflow into branch ducts will be improved by using angled transitions (or conical taps) 
rather than typical straight connections. The angled transition is especially useful for critical 
branches that are not getting enough air.    

 

 
Figure 11 – Various Connections for Branch Ducts 

From a pressure loss standpoint, the fewer turns the better. However, turns help reduce noise, 
particularly at high frequencies, as it travels through the duct system. For example, a side branch takeoff 
provides less flow resistance than a top branch takeoff because the top takeoff requires the air to turn 
twice.   

1

2

1

1

Top takeoff requires
two turns resulting in 
less airflow

Side takeoff requires
only one turn  
Figure 12 – Side Takeoff Vs. Top Takeoff 

 

Reducing noise 
Noise reaching the space via the duct system is either transmitted from the air-conditioning unit or 
generated by air turbulence within the air distribution system.   

There are several measures available to reduce noise as it travels through the duct system, such as 
sound absorbing duct liner, flex duct, duct turns, and sound attenuators (silencers). Each of these 
elements has different noise reduction characteristics that need to be considered when analyzing the 
system for noise. Duct lining thickness and duct dimensions control the amount of noise reduction per 
linear foot of duct. Thicker glass fiber lining will reduce noise faster. Length and diameter controls the 
amount of noise reduction across flex duct. Duct dimensions and the way in which the duct turns (i.e., 
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turning vanes, radiused elbow, etc.) impacts the amount of noise reduction. Please bear in mind that 
noise reduction is frequency dependant. Noise reducing elements (i.e., elbows, flex duct, etc.) may 
reduce noise effectively at high or low frequencies, but seldom have the same amount of noise 
reduction across the audible frequency range.   

The first three measures mentioned above are the most feasible for small, single-zone systems 
because they are not prohibitively expensive and do not necessarily cause excessive pressure loss 
(small packaged systems usually do not have a lot of pressure to spare). Careful design is important to 
balance noise attenuation benefits vs. additional pressure loss. 

Limiting air velocity as described earlier in this guideline controls noise generation with the ducts, or at 
grilles and diffusers.   

Other Design Issues 
Pay special attention to the duct branch with the greatest pressure drop, either the longest branch or 
the one with the most constricted turns. For longer branches, either larger duct size or low-loss duct 
transitions will be required to achieve proper airflow.   

Do not place balancing dampers directly behind diffusers. If they are necessary, dampers should be 
located as close to the fan as possible to minimize noise and air leakage in the supply duct.   

Connections to ceiling diffusers should have two diameters of straight duct leading into the diffuser.  
Otherwise noise and pressure drop can increase significantly. 

Avoid placing ducts in a hot attic. The roof can reach 150°F on a sunny day and the radiant heat load 
on the duct is significant. If ducts are above the ceiling, insulation must be installed on or under the roof 
or a radiant barrier must be installed under the roof deck.   

In many cases, if the pressure loss in the air distribution system can be reduced by as little as 0.15 in. 
SP, fan speed can be reduced and fan power decreases significantly. In the case of a three-ton rooftop 
packaged unit, energy savings can be $200 to $300 over a 10-year period. Manufacturer’s data for a 
typical three-ton unit shows that the fan can supply 1,100 cfm at 0.8 in. w.c. external static pressure, if 
the fan is set to high speed. The fan can provide the same airflow at 0.65 in. w.c. at medium speed. 
Therefore, if the duct system is carefully designed and installed, it may be possible to run at medium 
speed. The fan power then drops from 590 W to 445 W. For typical operating hours and electricity 
rates, the savings are about $30/year.   

Operation and Maintenance Issues 
Filters must be replaced regularly to maintain airflow. Fans and drives must be lubricated to maintain 
proper operation. 

Commissioning 
Measure supply airflow and external static pressure to compare with design values. If airflow is low, take 
measures to reduce restrictions in duct system rather than increasing fan speed.   

References/Additional Information 
American Society of Heating, Refrigeration and Air Conditioning Engineers. ASHRAE Handbook - 2001 

Fundamentals. Atlanta, GA. 
Sheet Metal and Air Conditioning Contractors National Association. HVAC Systems Duct Design. 

Chantilly, VA. 
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GUIDELINE MV20: DUCT SEALING AND INSULATION 
Recommendation 
Create strong and long-lasting connections by 
mechanically fastening all duct connections and using 
mastic to seal connections and transverse joints 
(those perpendicular to airflow). If choosing pressure-
sensitive tape as a sealant, then specify foil-backed 
tape with 15-mil butyl adhesive. Internal gasketing at 
joints is an excellent choice for round ducts.  

Description 
Duct leakage has a big impact on system efficiency 
and capacity. Studies of residential systems 
conducted by the Lawrence Berkeley National 
Laboratory show that 20% loss is common.4 Similar 
problems exist in commercial duct systems. 

Other studies have shown that some types of 
pressure-sensitive tape fail quickly in the field. 
Therefore, duct sealing systems must be specified 
carefully for longevity as well as strength and air-
tightness.   

Depending on duct location, insulation also plays a 
critical role in ensuring system efficiency and capacity. 

Supply and return air plenums must be sealed as well. 
These are usually the areas of greatest pressure in the 
air distribution system, and small holes create 
significant leaks.   

Applicability 
All ducted air systems. 

Integrated Design Implications 
Duct leakage problems can be avoided by placing 
ducts within the conditioned envelope or by eliminating 
them altogether (e.g., hydronic heating and cooling).   

Cost Effectiveness 
 Using mastic for duct sealing may increase material 
costs, but many find that labor costs drop compared to 
sealing with tape. Therefore, good duct sealing should not have a significant cost impact.   

Benefits 
Careful duct sealing and insulation application will allow use of smaller cooling and 
heating equipment or at least allow the use of smaller safety margins in sizing 
calculations. Lower equipment cost may be a result.   

                                                      
4 http://www.lbl.gov/Science-Articles/Research-Review/Highlights/1998/v3/EES_duct.html. 
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Lower cooling and heating costs result. Other benefits include improved system performance, potentially 
better comfort, and reduction in infiltration and potential moisture problems within envelope components.   

Design Tools 
None. 

Design Details 
Do not rely on sealants, such as tape or mastic, to provide a mechanical connection. Specify screws, 
draw bands, or other mechanical fastening devices as appropriate for the duct type.   

As a first choice, use mastic to seal all connections and transverse joints. Mastic is a liquid applied 
sealant that can also be used together with a mesh or glass fiber tape to provide added strength or to 
span gaps of up to about ¼ in.  Specify mastic in a water-based solvent with a base material of 
polyester/synthetic resins free of volatile organic content.  

If choosing pressure-sensitive tape as a sealant, specify foil-backed tape with 15-mil butyl adhesive. Butyl 
tape has been found to have greater longevity in the field. Avoid using tape with rubber or acrylic 
adhesive.   

Flexible ducts must be mechanically fastened with draw bands securing the inner and outer plastic layers 
to the terminal boot. Specify that the draw bands be tightened as recommended by the manufacturer 
using an adjustable tensioning tool.   

Seal both supply and return ducts and plenums.   

Commissioning 
Inspect duct connections. 

Test duct leakage with smoke testing or pressure testing.   

References/Additional Information 
None. 
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GUIDELINE MV21: HYDRONIC DISTRIBUTION 
Recommendation 
Consider using a variable flow system with variable-
speed drive (VSD) pumps, but be careful to keep 
turbulent flow in the fintube during cold weather. 
Insulate exposed hydronic heating/cooling piping. 
Make early decisions regarding the placement of 
heating/cooling components (radiators, ceiling panels, 
slab floors, boilers, chillers). Use this information to 
create a system layout that minimizes piping material 
(pipes, bends) and head loss. When possible, use 
larger pipe diameters and smaller pumping equipment 
to conserve energy. 

Description 
Significant amounts of energy must be used to 
distribute water for heating and cooling. Proper design 
can result in substantial economic and energy 
savings. Unfortunately, hydronic distribution design is 
often governed by past practices and not necessarily 
best practices. This factor makes the design process 
quick and easy, but not always the most economical 
or energy efficient. A hydronic distribution system 
consists of pipes, fittings, tanks, pumps, and valves.  

Applicability 
Applicable in all areas. However, the system is most 
applicable to the Hot and Dry, Hot and Humid, and 
Temperate and Humid regions. 

Integrated Design Implications 
Hydronic distribution is related to nearly all aspects of 
building design and construction. It is crucial that the 
HVAC piping contractor be involved throughout the 
design and construction process to maximize the 
efficiency and cost effectiveness of the hydronic 
distribution system. Simply laying out heating and 
cooling elements (baseboards, ceiling panels, chillers, 
boilers) in such a way that minimizes the required 
pipe material and maximizes straight-running pipe can save significant amounts of energy. Maximizing 
the amount of straight-running pipe also simplifies the insulating process. 

Cost Effectiveness 
Initial cost for hydronic distribution depends on the quantity, size, and type of piping, valves, and pumps. 
Initial cost can be minimized through proper planning, sizing, and placement of each. 

When doing life-cycle cost analysis, compare incremental cost of increased pipe diameter to energy 
savings, and savings from decreased size and cost of pumping system. 

Benefits 
 A properly sized and installed system will provide quiet, efficient, and virtually maintenance-free 

operation at minimal cost. 

 
These loop water pumps and piping are part of a geothermal 
heat pump system being used by Nebraska schools to save 
money and energy on heating and cooling.  NREL/PIX07415 
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 Properly insulating all exposed piping will save energy and money, which can be cost effective at 
levels beyond code requirements. 

 Increasing piping diameter significantly decreases the pumping power required. Pressure head loss 
due to friction drops the fifth power with pipe diameter.  

 Oversized piping allows for increases in load requirements from add-ons or renovations without 
complete system overhaul.  

Design Tools 
 Use a CAD-based program to design pumping layout. 

 ASHRAE Handbook - Fundamentals outlines the process for determining pressure drop through 
piping layout. 

 Pipe diameter selection involves balancing the following: 

 Location of pipe in the system 

 First costs of installed piping 

 Pump costs (capital and energy) 

 Erosion considerations 

 Noise considerations 

 Architectural constraints 

 Budget constraints. 

Design Details 
Piping Circuits 
There are four general types of piping circuits:  series, diverting series, parallel direct-return, and 
parallel reverse-return. The series circuits are one-pipe circuits and are the simplest and lowest-cost 
design. Both the series and diverting series involve large temperature drops; however, only the latter 
allows for control of individual load elements. 

The advantage of parallel piping circuits is that they supply the same temperature water to all loads. 
Direct-return networks are sometimes hard to balance due to sub-circuits of varying length. Reverse-
return networks are designed with sub-circuits of nearly equal length. Parallel circuits are two-pipe 
systems. 

Piping attached to vibration-isolated equipment (typically within the first 25 ft to 30 ft from the 
equipment) should be supported with vibration isolators, similar in type and static deflection to the 
vibration isolation being used for the associated equipment. 

Fluid flow should be limited to 4 fps in 2-in. diameter pipes and below. For larger pipes a flow velocity of 
6 fps is recommended. 

Maintain a maximum of 50 psig water pressure at plumbing fixtures.  

Valves 
In general, either two-way or three-way control valves are used to manage flow to the load. A two-way 
valve controls flow rate to the load through throttling, which causes a variable flow load response. 
Three-way valves are used in conjunction with a bypass line to vary flow to the load. Because the water 
that does not go to the load simply passes through the bypass line, three-way valves provide a 
constant flow load response. Significant energy savings can be realized when two-way control valves 
are used in conjunction with VSD pumps. 

It is recommended that ball valves or butterfly valves be used for all isolation and balancing valves. 
These valves are reliable and offer a low-pressure drop at a low cost. 
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Pumps 
Centrifugal pumps are most commonly used in hydronic distribution systems. The use of VSD pumps 
can save significant amounts of energy and simplify the distribution system. Pump power falls at a 
cubed rate with speed; thus, a VSD pump can be extremely cost effective for systems with significant 
load variations. Also, variable flow networks with VSD pumps use a simple two-way valve and do not 
require balancing valves. For systems that use supply air temperature reset controls, specify a clamp 
on the speed of the pump to avoid excessive energy use during system startup.  

Refer to 1995 ASHRAE Handbook Chapter 43 for recommended vibration isolation.  

Dual-Temperature Systems 
When a space requires both heating and cooling, either a two-pipe or four-pipe system can be used. In 
a two-pipe system, all the loads must be either heating or cooling congruently. Two-pipe systems 
cannot be used when some spaces on the piping network need cooling, while others need heating. 
Switching from one mode of operation to the other increases overall energy usage and can be a fairly 
time-consuming process. A four-pipe system is more complex, but it allows for heating and cooling on 
the same network and is more convenient than a two-pipe system when frequent changeovers are 
required.   

Expansion Chamber 
 Closed systems should have only one expansion chamber. 

 Expansion tanks open to the atmosphere must be located above the highest point in the circuit.   

Air Elimination 
Measures such as manual vents and air elimination valves should be taken to purge any gases from 
the flow circuit. Failure to do so can lead to corrosion, noise, and reduced pumping capacity.  

Insulation 
The insulation process becomes significantly easier when the piping network is laid out properly. Install 
all valves with extended bonnets to allow for the full insulation thickness without interference with valve 
operators. It may be cost effective to insulate pipes beyond code requirements. 

Water Treatment 
Care should be taken to avoid scaling and biological growth within the distribution system. Significant 
fouling resulting from either source is detrimental to system performance. The degree to which scaling 
can occur is dependent upon temperature, pH level, and the amount of soluble material present in the 
water. Scale formation can be controlled through several means including filtration and chemical 
treatments. 

Biological growth is generally a larger problem for cooling systems. Heating systems typically operate 
at temperatures high enough to prohibit substantial biological growth. Chemical treatments with 
biocides such as chlorine and bromine have traditionally been used to control this growth. Alternatives 
to these chemicals include ozone and UV radiation. Ozone itself is toxic; however it readily breaks 
down into non-toxic compounds in the environment. UV radiation is completely non-toxic, but is only 
effective when turbidity levels are low. Mechanical methods such as blow downs can also be utilized to 
control fouling and decrease chemical use, but these methods increase water usage. 

Operation and Maintenance Issues 
 Water quality should be checked on a regular basis to ensure fouling due to scaling or biological 

growth is not occurring.  

 Periodically check piping insulation. Insulation adhesive can fail and expose piping. 

 Check pressures, pumps, and valves on regular basis to ensure system is performing as intended. 
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Commissioning 
Commissioning should be performed throughout planning, design, construction, and operation to ensure 
proper installation, set-up, and integration with other facility components. Water flow should be measured 
and adjusted accordingly. System head should be measured and compared to design system head. 

References/Additional Information 
American Society of Heating, Refrigerating and Air Conditioning Engineers. ASHRAE Handbook - 

HVAC Systems and Equipment. 2000. 
CoolTools: Chilled Water plant Design Guide. Available from Pacific Gas and Electric, P.O. Box 

770000, B32. San Francisco, CA 94177. 
Hydronics Institute, Berkeley Heights, NJ 07922. Phone: (908) 464-8200. 
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GUIDELINE MV22: CHILLED WATER PLANTS 
Recommendation 
Use high-efficiency, water-cooled, variable-speed 
chillers. Use chiller heat recovery if there is a reliable 
hot water demand. Install oversized induced-draft 
cooling towers with axial propeller fans. Use low 
approach temperatures and variable-speed fan 
control. 

Description 
Chillers  
There are two basic chiller classifications, air-
cooled and water-cooled. Water-cooled chillers cost 
more (when considering the cooling tower and 
condenser water loop), but are more energy 
efficient. Several chiller types exist within the 
classifications, including electric (centrifugal, 
reciprocating, screw or scroll), gas-fired (engine-
driven or double effect absorption), and steam 
absorption.   

Towers 
A cooling tower provides heat rejection for a water-
cooled chiller by exposing as much water surface 
area to air as possible to promote the evaporation 
of the water and thus cooling. Cooling towers come 
in a variety of shapes and configurations. A “direct” 
tower, also known as an “open” tower, is one in 
which the fluid being cooled is in direct contact with 
the air. An “indirect” tower, or “closed-circuit fluid 
cooler,” is one in which the fluid being cooled is 
contained within a heat exchanger or coil, and the 
evaporating water cascades over the outside of the 
tubes. The tower airflow can be driven by a fan 
(mechanical draft) or can be induced by a high-
pressure water spray. The mechanical draft units can blow the air through the tower (forced draft) or 
can pull the air through the tower (induced draft). The water invariably flows vertically from the top 
down, but the air can be moved horizontally through the water (cross flow) or can be drawn vertically 
upward against the flow (counterblow). 

Applicability 
These towers are applicable for a small percentage of schools in areas needing significant amounts of 
chilled water and space cooling. 

Equipment should perform in accordance with efficiency guidelines in ASHRAE 90.1-2001. The energy 
performance requirements set forth by ASHRAE 90.1-2001 state that heat rejection devices must supply 
≥ 38.2 gpm/hp for axial fan towers and ≥ 20.0 gpm/hp for centrifugal fan towers.  The U.S. Environmental 
Protection Agency codes chemicals (usually chlorine) used for cleaning. Methods using ozone for 
cleaning are also an option, but this can lead to increased corrosion of internal systems. 

 
Cooling Towers 

Applicable Climates 

 
Applicable Spaces  When to Consider  

Classrooms  Programming  

Library  Schematic  

Multi-Purpose  Design Dev.  

Gym  Contract Docs.  

Corridors  Construction  

Administration  Commissioning  

Toilets  Operation  

Other   
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Integrated Design Implications 
Chiller and tower decisions are related to many aspects of building design and construction including 
space considerations, cooling/heating choices, and the hydronic distribution system layout. Tower 
performance is related to facility layout and orientation. The tower should be sited properly to minimize 
recirculation of saturated air. 

The placement of chilled water plant components affects requirements of the hydronic distribution system. 
Try to make these decisions early to create a hydronic distribution layout that minimizes piping materials 
(pipes, bends, etc.) and head loss. 

Cost Effectiveness 
Installed estimates for chillers fall between $575/ton and $781/ton, depending on 
efficiency and drive choice. Installed tower cost estimates are between $133/ton and 
$178/ton. 

As a general rule, air-cooled chillers are more cost effective if the chiller plant is less than 300 tons. 
Water-cooled are more cost effective above 300 tons. However, many factors affect operating costs for a 
chilled water plant, and the best choice of type, size, efficiency, and controls is difficult to generalize. 
First-cost premium, when improving from an efficiency of 0.7 kW/ton to 0.6 kW/ton, is $70/ton. This 
number increases to $136/ton for variable-speed chillers. Simple payback periods vary from 3 to 11 
years. 

Increasing the cooling tower’s size and efficiency is generally cost effective with a four- to seven-year 
payback. Annual energy savings are between $0.01/ft2 and $0.04/ft2. Incremental costs are between 
$0.08/ft2 and $0.12/ft2, depending upon climate. 

Design Tools  
 CoolTools: Chilled Water Plant Design Guide available from Pacific Gas and Electric. 

 The use of chillers with various efficiencies can be modeled using DOE-2 and VisualDOE. 

Design Details 
Vibration Isolation 
Refer to 1995 ASHRAE Handbook Chapter 43 for recommended chiller and cooling tower vibration 
isolation.  

Chiller Type  
The best choice among electric, gas, and steam chillers (or some combination thereof) is largely site 
specific. If a reliable source of free or very low cost steam is available on site, then steam absorption 
makes the most sense. 

Gas versus electric or hybrid gas/electric will depend on utility rates. Gas-fired chillers can cost two 
times more than electrically driven machines and will require a larger cooling tower and condenser 
water pump. Gas engine chillers are more energy efficient than absorption machines and have high 
temperature heat readily available for recovery; however, are more maintenance intensive than 
absorption machines.   

Chiller type has a significant impact on the level and quality of noise produced. Historically, rotary 
screw compressors produce very high levels of noise, which typically contain an annoying tonal 
component. Centrifugal compressors are usually quieter than screw chillers and do not contain a tonal 
component. Scroll compressors are the most quiet of the three, but are usually air-cooled. The 
predominant source of noise from air-cooled scroll compressor chillers is generated by the cooling 
fans. VSDs can reduce the amount of noise being generated by slowing the flow of refrigerant through 
the compressor. 

The most cost-effective type of electric chiller is primarily a function of chiller size. General decision 
guidelines are listed in Table 11. 
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Table 11 – Recommended Electric Chiller Types 

Chiller Size Recommendation 
<= 100 tons 1st choice: reciprocating 

2nd choice: scroll 
3rd choice: screw 

100 – 300 tons 1st choice: screw 
2nd choice: scroll 
3rd choice: centrifugal 

> 300 tons 1st choice: centrifugal 
2nd choice: screw  

Number of Chillers 
As a general rule: 

 If the peak chilled water load is less than 300 tons, then a single chiller is usually most economical. 

 If the load is greater than 300 tons, use two chillers. This offers better low-load capability and 
operating efficiency and offers some redundancy should one of the chillers fail. 

Having one smaller or pony chiller (as opposed to two or more equally-sized chillers) can improve part-
load efficiency of the plant. However, some operators prefer if all the machines are the same size due 
to familiarity and parts interchangeability. 

Unloading Mechanism 
Centrifugal chillers typically use inlet vanes to control the chiller output at part-load. Using hot gas 
bypass as a means to control the chiller at very low loads should be avoided, if at all feasible, as this 
strategy results in significant energy penalties. Using a VSD instead of inlet vanes allows the 
compressor to run at lower speed at part-load conditions, thereby reducing the chiller kW/ton more than 
inlet vanes. The energy savings from a VSD chiller can be quite significant if the chiller operates many 
hours at low load. To capture the potential savings of VSD chillers, it is important that the condenser 
water temperature is reset when ambient conditions are below design conditions. This can be 
accomplished either by using a fixed setpoint (e.g., 70°F) that is below the design condenser water 
temperature (e.g., 85°F) or using wetbulb reset control, which produces the coldest condenser water 
the tower is capable of producing at a particular time. A gas engine chiller is also capable of unloading 
by decreasing engine speed. 

Chiller Efficiency 
The ratings in Table 12 should be considered as upper bounds.  Lower efficiencies are available and 
are often the lowest lifecycle cost option.  
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Table 12 – Recommended Chiller Rated Efficiency 

Condenser 
Type 

Compressor 
Type 

Min Tons Max Tons Recommended 
kW/Ton

Recommended 
IPLV 

Recommended 
C.O.P.

Water-Cooled Scroll 1 80 0.79 0.78 
Water-Cooled Screw 1 150 0.76 0.70 
Water-Cooled Screw 151 300 0.72 0.70 
Water-Cooled Screw 301 & up 0.64 0.61 
Water-Cooled Reciprocating 1 80 0.84 0.75 
Water-Cooled Reciprocating 81 & up 0.82 0.75 
Water-Cooled Gas Engine 501 2000  1.80
Water-Cooled Absorption (SE) 150 1000  0.65
Water-Cooled Absorption (DE) 150 1000  1.00
Water-Cooled Centrifugal 1 150 0.62 0.62 
Water-Cooled Centrifugal 151 300 0.60 0.61 
Water-Cooled Centrifugal 301 & up 0.56 0.56 
Air-Cooled Scroll 1 80 1.25 1.10 
Air-Cooled Absorption (SE) 1 & up  0.60
Air-Cooled Screw 1 & up 1.21 1.00 
Air-Cooled Reciprocating 1 & up 1.15 1.15 
Air-Cooled Centrifugal 1 & up 1.30 1.30 

Heat Recovery Chiller 
Heat rejected from the condenser of a chiller can be recovered and used to drive a desiccant system or 
for preheating domestic hot water by routing the condenser water through a double-wall heat 
exchanger that is either an integral part of a storage tank or is remotely located with a circulation pump 
to the storage tank. Heat recovery chillers are typically used only for a portion of the total cooling load, 
because of the need to match hot water load and cooling load and because of the lower efficiency of 
heat recovery chillers. Heat recovery chillers are not typically piped in parallel with other chillers but 
rather are either piped for “preferential” loading or in series with other chillers, allowing the cooling load 
on the heat recovery chiller to be matched to the hot water load. Waste heat can also be recovered 
from the engine jacket and exhaust of gas engine-driven chillers. 

The energy savings from chiller heat recovery are reduced when using economizers (air-side or water-
side) because chillers are often not needed when the weather is mild or cold. Chiller heat recovery 
cannot eliminate the need for a DHW boiler but it can eliminate the need for some of the cooling towers 
at a site.   

Chiller Staging 
For a plant composed of single-speed chillers, control systems should be designed to operate no more 
chillers than required to meet the load. A plant composed of variable-speed chillers should attempt to 
keep as many chillers running as possible, provided they are all operating at above approximately 20% 
to 35% load. For example, for the typical variable-speed chiller plant, it is more efficient to run three 
chillers at 30% load than to run one chiller at 90% load. The use of hot gas bypass at very low loads 
should be avoided, if at all feasible, as this strategy results in significant energy penalties. 

Tower Fan Speed Control 
Two-speed (1,800 rpm/900 rpm) or variable-speed fan control is always more cost effective than 
single-speed fan control. For plants with multiple towers or multiple cells, provide two- or variable-
speed control on all cells, not just the “lead” cells. The towers are most efficient when all cells are 
running at low speed rather than some at full speed and some off. For instance, two cells operating at 
half speed will use about 15% of full power compared to 50% of full power when one cell is on and the 
other is off.  
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Tower Oversizing 
The tower and fill can be oversized to reduce pressure drop, thereby allowing the fan to be slowed 
down, which reduces motor power and noise. Tower heat transfer area should be oversized to improve 
efficiency to at least 60 gpm/hp to 80 gpm/hp at CTI conditions.5 The energy savings should outweigh 
the added cost to oversize the tower and to accommodate the larger tower footprint and weight. 

A larger tower can also produce cooler water, allowing chillers to run more efficiently. Selecting towers 
for a 4% or 5% approach will generally be cost effective relative to a more typical 10%. Cooling towers 
are available with as low as 3% approach temperature, but the tower cost increases as the degree of 
approach drops. A life-cycle cost analysis should be performed to compare the extra cost to the energy 
impact on the tower, chiller, and pumps.   

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

Table 13 – Cooling Tower Design Considerations 

 Energy Noise Height Chiller 
Fouling 

Cost Application 

Packaged 
Induced Draft, 
Axial Fan 

Lower Higher Higher Higher Medium Best for most plants. 

Field-Erected 
Induced Draft, 
Axial Fan 

Lowest Higher Higher Higher Higher Very large plants. 

Forced Draft, 
Centrifugal Fan 

Higher Lower Lower Higher Lower Best if noise or height 
constrained or large 
external static pressure 
(e.g., tower located 
indoors). 

Closed Circuit 
Evaporative 
Cooler, Axial Fan 

Higher Higher Higher Lower Highest Appropriate for heat 
pumps, not most chillers. 

Closed Circuit 
Evaporative 
Cooler, 
Centrifugal Fan 

Highest Lower Lower Lower Highest Appropriate for heat 
pumps, not most chillers. 

Spray Towers Lowest Lowest Higher Higher Lowest Seldom used due to high 
maintenance and variable 
condenser water flow. 

Operation and Maintenance Issues 
Periodic blow downs and scrubbing of cooling towers must be performed to avoid scaling of internal 
systems and biological growth. The condition of cooling tower fill is critical to performance. It should be 
inspected every year and the chemistry of the tower water should be maintained to minimize fouling.  

Commissioning 
For chillers to operate efficiently, they must be properly commissioned. Part of this process is making sure 
that sensors (such as chilled water flow, chilled water supply and return temperatures, and chiller electric 

                                                      
5 Tower efficiency (as defined in ASHRAE Standard 90.1-1999) is the ratio of the maximum tower flow rate (gpm) to the fan motor 

horsepower (hp) at standard CTI rating conditions (95°F to 85°F at 78°F wetbulb). Standard efficiency is about 35 gpm/hp to 40 
gpm/hp efficiency. 
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demand), are specified and properly calibrated. Sensor data should be permanently stored by the energy 
management system and easily visualized graphically. Not only is this data valuable for insuring that the 
design intent is met in the construction process, but also for maintaining energy efficiency over the life of 
the chiller. For example, by monitoring the approach temperatures in the condenser and evaporator heat 
exchangers (as the heat exchanger surface becomes fouled, the approach temperature increases), 
maintenance can be scheduled when needed, as opposed to too often, which wastes maintenance 
resources, or too infrequently, which wastes energy. A detailed account of commissioning issues specific 
to chilled water plants can be found in the CoolTools design guide (see the References section below). 

References/Additional Information 
CoolTools: Chilled Water Plant Design Guide. Available from Pacific Gas and Electric, P.O. Box 

770000, B32, San Francisco, CA 94177. 
STD-201 (November 1996) Certification Standard for Commercial Water Cooling Towers. Available 

from Cooling Tower Institute, Post Office Box 73383, Houston, Texas 77273. Phone: (281) 583-
4087. 
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GUIDELINE MV23: BOILERS 
Recommendation 
Consider medium-to high-efficiency gas-fired boilers 
or medium efficiency oil-fired boilers for space heating 
and domestic hot water. If demand is large and 
variable, install several smaller modular boilers 
instead of one large unit.   

Description 
Boilers are pressure vessels that transfer heat to a 
fluid. They are constructed of cast-iron, steel, 
aluminum, or copper. There are two basic types, fire-
tube and water-tube. Fire-tube configurations heat 
water by passing heated combustion gases through 
conduit that is submerged in the water. This system 
generally uses natural gas or oil as the combustion 
fuel. Water-tube configurations pass water in pipes 
through the heated combustion gases and can use 
natural gas, oil, coal, wood, or other biomass. The air 
needed for combustion can be supplied by either 
mechanical or natural means. Hot water boilers are 
generally classified as either low temperature (less 
than 250°F) or high temperature (250°F to 430°F), 
and are rated by their maximum working pressure. All 
boiler systems have the following components in 
common: 

 Fuel supply: natural gas, oil, wood, or other 
biomass. 

 Burner: The burner injects a fuel-air mixture in 
the combustion chamber. 

 Combustion chamber: Location in boiler where 
combustion occurs. 

 Heat exchange tubes: Tubes within the boiler 
that contain water for a water-tube model and 
combustion gases in a fire-tube unit.  

 Stack: The stack is the chimney through which 
combustion gases pass into the atmosphere. 

 Hydronic distribution system: Supplies feed 
water to the boiler and distributes hot water to the 
facility. 

Applicability 
Applicable in any situation where a significant amount 
of space heating and/or water heating are required.   

The boiler should comply with the American Society of Mechanical Engineers (ASME) Boiler and 
Pressure Vessel Code. This includes codes regarding suggested maintenance.  Stack placement should 
adhere to ASHRAE 62 standards. Stack emissions must conform to requirements set forth by the Clean 
Air Act under jurisdiction of the applicable air quality district. The stack will produce transmit vibration and 

 
This central, high-efficiency boiler supplies hot water to two 
insulated storage tanks, providing hot water to six baths and 

a radiant floor heating system.  NREL/PIX07925 

Applicable Climates 
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Toilets  Operation  

Other   
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noise if the stack is not decoupled from the building structure. Ensuring that the stack is isolated from the 
building structure is particularly important when the stack is close to occupied areas. 

Integrated Design Implications 
A certain amount of hot service water will always be needed for restroom facilities. Any additional need is 
dependent upon the choice of space heating system (air or hydronic) and whether or not the building 
design includes a swimming pool and/or commercial sanitation and food preparation equipment. The 
actual heating load is dependent upon climate and decisions regarding fenestration, hydronic distribution, 
building envelope, indoor equipment, and building orientation. The placement of boiler affects 
requirements of the hydronic distribution system. Try to make these decisions early to create a hydronic 
distribution layout that minimizes piping materials (pipes, bends, etc.) and head loss. 

If a central cooling plant is being considered for the facility, the possibility of using recovered thermal 
energy should be considered. Using this technique could affect many aspects of design including chiller 
choice. 

Cost Effectiveness 
Total installed costs between $35/kBtuh and $52/kBtuh, depending on efficiency. 
Maintenance costs exists, but they will be less in comparison and can save huge future 
costs.  

Condensing boilers cost from 30% to 60% more than standard units up to 500 kBtu/hr. 
Incremental costs for more efficient boilers range from $0.23/ft2 to $0.35/ft2depending on climate. The 
more efficient boilers realize a simple payback period of 5 to 10 years.  

Benefits 
 Longer life span than standard storage water heaters. 

 Can be more efficient than a furnace, but not always. 

 Gas boilers burn significantly cleaner than oil-, coal-, and wood-fired units. 

Design Tools 
The use of boilers with various efficiencies can be modeled using DOE-2 and VisualDOE.  

Design Details 
 Large systems between 75% and 85% efficient.  

 New condensing gas-fired boilers are up to 96% efficient. 

Boiler Energy saving add-ons:  

 Economizers preheat feed water with energy from stack gases before it goes to the boiler.  

 Air preheaters preheat the air that is mixed with the fuel for combustion leaving more energy to heat 
the water.  

 Turbulators increase the convective heat transfer rates in fire-tube boilers by inducing higher levels of 
turbulence.  

 Oxygen trim controls measure and adjust oxygen levels in the inlet air before combustion.   

 Boiler reset controls automatically change the high-limit set point based on changes in outdoor 
temperatures. 

 Since boilers are generally most efficient at their rated capacity it is better to have several smaller 
boilers rather than one large unit that is rarely used at its most efficient setting. 
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 Condensing boilers produce acidic condensate that is corrosive to some materials such as steel or 
iron. Make sure to account for proper condensate drainage and follow manufacturers specifications 
for exhaust flue design if specifying a condensing boiler. 

 Refer to 1995 ASHRAE Handbook Chapter 43 for recommended boiler vibration isolation.  

Operation and Maintenance Issues 
Performing basic operating and maintenance practices on boilers is very important. Regular inspection of 
boiler system components ensures safe and efficient operation. Proper maintenance can lead to energy 
savings of 10% to 20%, reduce harmful emissions, and increase the lifespan of the system.  

High efficiency boilers (<90% efficiency) need meticulous maintenance to keep them working correctly. 

Fire-side maintenance: 

 Minimize excess combustion air and monitor stack gas O2 and CO2 to ensure proper percentages. 
Too little air can cause increased CO and particulate emission, while too much can lower efficiency. 

 Clean heat transfer surfaces. 

Water-side maintenance: 

 Perform regular 'blow downs" to reduce the level of total dissolved solids (TDS) in the system. High 
TDS levels cause pipe fouling that reduces the heat transfer rate and increases the pressure drop. 

 Insulate boiler walls and piping. 

Commissioning 
Commissioning should be performed to ensure proper installation and operation. It is particularly 
important to properly train maintenance operators. The safety and efficiency of a boiler system is highly 
dependent upon the duties performed by boiler personnel. 

References/Additional Information 
American Society of Mechanical Engineers. Boiler and Pressure Vessel Codes. New York: ASME, 

1998. 
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GUIDELINE MV24: ADJUSTABLE THERMOSTATS 
Recommendation 
Specify thermostats or temperature sensors that will 
allow classroom teachers control over comfort 
conditions in their classroom including temperature 
(within limits) and noise. 

Description 
Teachers find it helpful to have control over conditions 
in their classrooms because different conditions may 
be appropriate at different times. For example, cooler 
temperatures may be appropriate after recess or for a 
more active group. It may be appropriate to turn off 
mechanical ventilation for certain activities requiring 
acute hearing or when windows are open. Where an 
energy management system is not used for 
temperature control, programmable thermostats can 
allow implementation of energy-saving and comfort-
enhancing measures, but only if programmed and 
maintained properly. Care should be taken to select a 
model that is very easy to program. Otherwise, it is 
likely to be overridden or set for continuous operation. 

Cost Effectiveness 
$50 to $200 premium for programmable thermostat. 

Programmable thermostats are highly cost effective. 
For a relatively small incremental increase over 
conventional thermostats, a carefully selected and 
programmed model will provide teachers with control 
over their classroom environment while combining 
time-of-day and override functions. DDC system 
sensors with adjustable set point have a greater 
incremental cost impact over plain sensors, but the 
benefits of giving teachers control should not be 
underestimated. 

Benefits 
Improved comfort and sense of control may foster a better attitude and teaching 
environment. Some energy savings may be realized due to stopping mechanical 
ventilation when windows are open. Service requests may be reduced compared to 
situations where teachers must request a set point change from operations and 
maintenance personnel. Programmable thermostats replace time clocks, eliminating 
associated first and maintenance costs. 

Design Tools 
None. 

Design Details 
 Specify programmable thermostats for control, adjustment, time clock, and override functions when 

no DDC system will be used for temperature control. 

 
Adjustable thermostats allow the user to have control over 

the conditions of the room, which can improve overall 
comfort and create a better learning environment. 

NREL/PIX04899 

Applicable Climates 
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 Sensors with set point control and fan/unit on-off control should be specified for temperature control 
of classrooms using a DDC system. Also specify limits within which the set point may be varied and 
the time period after which an overridden value or state will revert to the standard “automatic” 
(default) value or state. 

 If it is necessary to have thermostat covers that lock, provide a means for faculty access. 

 Place the thermostat on an interior wall in a location out of direct sun and away from heat sources 
such as copiers or computers. A point close to the return air or exhaust air inlet is often a good 
choice.   

Operation and Maintenance Issues 
Faculty may require repeated training on programmable thermostat operation. Unlike DDC system 
temperature sensors with adjustable set point, which can be programmed to revert to standard operation 
after a specified period, programmable thermostats may allow the HVAC system to be switched off, rather 
than overridden. This can defeat morning warm-up, resulting in comfort problems and complaints. Specify 
that simplified one-page instructions be provided by the installing contractor and kept on file at school 
office with copies distributed to teachers for adjustable sensors or programmable thermostats. 
Programmable thermostats may require periodic replacement of back-up battery. 

Commissioning 
Proper functioning of any thermostat or temperature sensor must be verified prior to acceptance of the 
installation. Programmable thermostats and temperature sensors with adjustable set points necessitate a 
slightly more involved verification procedure. 

References/Additional Information 
None. 
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GUIDELINE MV25: EMS/DDC 
Recommendation 
Use a graphic-interfaced, DDC system to integrate 
multiple components of HVAC and other building 
systems and manage them from a single (local and/or 
remote) location. 

Description 
Automatic control of multiple pieces of HVAC 
equipment and other systems may be integrated 
using computerized systems known variously as 
DDC, energy management systems (EMS), energy 
management and control systems (EMCS), building 
management systems (BMS), or building automation 
systems (BAS). The added expense and complexity 
may be justified by the equipment optimization and 
increased convenience of maintenance possible with 
such a system.    

DDC systems generally perform three functions:  
equipment on/off control, space temperature control, 
and equipment status monitoring. A single system can 
control lighting, security, central plant equipment, and 
space conditioning equipment. Systems may be 
specified to allow local override and temperature 
adjustment at selected space temperature sensors. 
Graphical user interfaces may be custom configured 
with different levels of access to allow limited 
adjustment of schedules and other system 
parameters by various personnel. While a DDC 
system will permit the implementation of energy- and 
cost-saving measures not otherwise possible, the 
advantages will only be realized if the system is initially programmed correctly and checked periodically 
by adequately trained personnel. 

DDC systems consist of individual controllers that communicate with one another over a network linked 
by two-conductor cable or other means. Each controller is wired directly to relays, valve and damper 
motors, and temperature sensors to control and monitor specific equipment. Controllers generally require 
line voltage power to control panels containing one or more controllers. All other wiring is generally low 
voltage. The systems may connect directly, via a local-area network (LAN) or modem to a desktop or 
laptop computer for monitoring and adjustment. A “user-friendly” graphical interface is desired. Systems 
may be programmed to retain and plot temperature and other status data for performance analysis over 
limited periods, but retention of historical data requires optional software and additional storage media. 

Applicability 
DDC systems may not be appropriate for small schools with very simple HVAC systems. Their 
applicability increases with the size of the facility, the complexity of the HVAC system, and the size of the 
district. 

 
Applicable Climates 
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Integrated Design Implications 
Coordination between mechanical and electrical consultants is necessary for supplying power to a DDC 
system. If the system is to integrate control of lighting and other building systems, significantly greater 
coordination will be required. It may also be desirable to have the DDC system use the building (or 
district-wide, if available) LAN for communications between controllers and with users. These decisions 
must be made early in the design phase to allow for coordination throughout the design. 

Cost Effectiveness 
$0.50//ft2 to $1.50/ft2. $300 to $500 per input or output “point.” Special operation and 
maintenance training is required to operate, maintain, and troubleshoot DDC systems.  
Periodic recalibration of sensors may be required for precise control. Software upgrades 
are periodically required, and life expectancy of major system components may be as low 
as 8 to 10 years due to the rapid pace of computer technology development. 

Cost effectiveness can be very high, with simple paybacks commonly estimated at 4 to 15 years. 
However, benefits will only be realized when certain conditions are met:  the system must be programmed 
carefully, checked out thoroughly, and maintained actively. If operation and maintenance personnel are 
not comfortable with the system, it is likely to be bypassed, so good training is critical. Many school 
districts find that the greatest benefit of a DDC system is as a maintenance tool, allowing remote 
adjustment and troubleshooting of equipment. 

Benefits 
Energy savings may be realized from a DDC system that is correctly installed and actively maintained. 
Additionally, comfort conditions may be more easily and consistently attainable, and improvements can 
be made in operation and maintenance resource utilization, through the use of the DDC system for fine 
tuning, analysis, and trouble shooting. 

Peak electric demand savings are possible through load management controls. A DDC system can be 
programmed to shutoff or reduce power to specific loads during times of high peak demand charges. The 
savings can be significant, especially if implemented throughout a district.   

Comfort improvements and energy savings may be achieved through such features as adaptive optimum 
start programs that learn when to start morning warm-up to achieve comfort at occupancy time for 
different operating conditions such as Monday mornings (when the building may have cooled off more 
than on other mornings).   

DDC systems can also offer remote monitoring of system status from a central office and help reduce 
time spent on maintenance and trouble calls.  

DDC systems have the added benefit of eliminating the air compressors required for pneumatic control 
systems, together with associated maintenance costs, failures, etc. 

Design Tools 
Control system manufacturers and their representatives are usually eager to assist with the design 
process (or take it over, if possible). This resource should be used with care, so as to not overlook the 
design engineer’s responsibility to specify a well-engineered system. Close attention to the development 
of operation sequence is always worthwhile. Software is available, both commercially and from control 
manufacturers, to chart sequences of operation in block diagrams or flow charts. 

Design Details 
 Keep controls as simple as possible for a particular function. They will generally be operated (or 

bypassed) to the lowest level of understanding of any of the operation and maintenance personnel 
responsible for the HVAC system. 

 Rooftop units are often available with optional factory-installed control modules that will interface with 
the DDC system as an independent “node,” allowing a high level of monitoring and control. 
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 Discharge air temperature sensors are necessary for troubleshooting, even if not required for control. 

 Specify temperature sensors with adjustable set point to give teachers control. 

 Specify training. Because operation and maintenance personnel will “inherit” the system, and its 
performance will ultimately depend on them, involve them as much as possible in design decisions.   

 Specify at least a one-year warranty, including all programming changes. 

 By specifying the configuration of specific data trend logs (not just the capability to collect them) and 
their submittal for review and approval at system completion, some system commissioning may be 
accomplished by the design engineer and/or other owner’s representatives. 

 Specify all software necessary for efficient system operation by operation and maintenance personnel 
to be provided as part of the system installation. 

 Local DDC contractors will usually be willing to provide design assistance or even a “complete” 
design package. Great care should be taken in such collaboration, for it is unlikely that thorough 
engineering will be applied to the design. The control system should be carefully specified by the 
design engineer, and details left up to the installing contractor only after careful consideration.  

 Control algorithms that may be specified to increase energy efficiency include:  optimal start time 
calculation based on learned building behavior; operation of central equipment based on zone 
demand, including supply temperature or pressure reset; night purge ventilation to cool building 
interiors with cool nighttime air in hot climates; heating and cooling system lockouts based on current 
or predicted outside air temperature; or heating and cooling lockout when windows or doors are 
opened for natural ventilation (using security system sensor switches). 

 Automatic alternation of redundant and lead/lag equipment based on runtime should be accomplished 
by the DDC system, with provision for operator override. 

Operation and Maintenance Issues 
Calibrating critical points is required annually or semi-annually. Alternating redundant or lead/lag 
equipment for even wear may be triggered automatically or manually. Operation and maintenance 
requires special training, particularly in the case of software, and consistency with existing systems may 
be desirable. Permanent software changes should be carefully limited. Periodic checkout is necessary.  

Commissioning 
Careful commissioning is critical for the success of DDC system installations, and proper control 
operation is necessary for proper equipment operation. Since DDC software may be somewhat esoteric, 
lack of commissioning may mean that this important aspect of the contractor’s work may never be 
inspected and may never be finished to the desired level. Therefore, it is a very good idea to provide for 
some commissioning of the control system by an independent party or organization representing the 
owner’s interests. Submittal and review of contractor’s input and output point verification test 
documentation should be required. Field calibration of any temperature sensors that must be accurate for 
proper control is necessary. (Factory calibration is adequate only for non-critical sensors, such as room 
temperatures with adjustable set points.) One minimal but effective commissioning method is to specify 
submittal of trend data logs, showing system operation in specified modes, for review by the design 
engineer. User interfaces including graphics (when specified) should also be reviewed. 

References/Additional Information 
None. 
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GUIDELINE MV26: DEMAND CONTROLLED VENTILATION 
Recommendation 
Specify controls to adjust ventilation rate for spaces 
with varying occupancy to prevent unnecessary 
cooling or heating of large quantities of outside air, 
and insure that adequate ventilation is provided 
when needed.   

Description 
Many spaces in schools require high ventilation 
rates due to dense “design” occupancy, but 
experience this occupancy level sporadically or 
occasionally. The outdoor air required may 
represent a very large heating or cooling load, 
depending on the season and climate. Therefore, 
reducing the amount of ventilation during those 
times the space is partly occupied or unoccupied 
may save substantial amounts of energy and wear 
on equipment, but temperature needs to be 
maintained. This may be accomplished using 
occupancy sensors or air quality (CO2 concentration) 
sensors to control the quantity of ventilation air. This 
may be done either in conjunction with a DDC 
system or by independent controls. 

Applicability 
For variable air volume, variable airflow with 
constant volume, multi-zone or small packaged unit 
zones, occupancy sensors may be applied but must 
be enabled/disabled to meet any pre-occupancy 
ventilation requirements. For larger intermittently 
occupied spaces such as multi-purpose rooms, 
auditoriums, cafeterias, and gyms, the energy 
savings may justify the added first cost, 
maintenance cost, and complexity of a CO2-sensing 
system that modulates the outside air quantity down 
from the design level when interior air CO2 levels 
indicate partial occupancy. 

Cost Effectiveness 
Each CO2 sensor costs approximately $400. 
Installation, testing, and adjustment ranges from $500 to $1,500 per system. A hand-held CO2 sensor for 
calibration costs $500. 

Generally, cost effectiveness for occupancy sensor-based controls will be very high for 
larger systems. For CO2 sensor-based control, it will depend on the climate being “severe” 
enough, and the required ventilation rate being large enough, so that the heating and 
cooling load reduction saves enough energy costs to offset the first cost of the CO2 
sensing equipment. 

 
CO2 sensors help indicate building occupancy levels, 

allowing for better control of the quantity of ventilation air 
needed.  NREL/PIX 11425 

Applicable Climates 

 

 
Applicable Spaces   When to Consider  

Classrooms   Programming  

Library   Schematic  

Multi-Purpose   Design Dev.  

Gym   Contract Docs.  

Corridors   Construction  

Administration   Commissioning  

Toilets   Operation  

Other    
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Benefits 
 Reduced energy consumption. 

 Reduced wear on equipment. 

 Confirmed/documented interior air quality. 

Design Tools 
None. 

Design Details 
 Demand-controlled ventilation responds to human occupancy only. Other sources of internal 

pollutants must be addressed with per-area baseline ventilation, targeted ventilation, etc. This should 
be considered very carefully before applying this type of control, especially to classrooms, where 
various odor sources may be used. Demand-controlled ventilation always results in worse interior air 
quality than a properly adjusted system constantly delivering ventilation for rated occupancy. 

 CO2 sensor-based ventilation control uses the measured CO2 level as an indicator of the current 
occupancy level, so the ventilation rate may be adjusted accordingly. This is an important difference 
from using the CO2 sensor as a direct indication of air quality. 

 In areas where outdoor air CO2 concentration is relatively constant, ventilation may be controlled by a 
single return air sensor to maintain a fixed CO2 limit. Otherwise, outdoor and return air sensors should 
be used. 

 The setpoint must be calculated based on occupancy and activity level. For example, the CO2 
concentration for an office space designed at 15 cfm per person (sedentary adult) can be calculated 
at 700 ppm above ambient. 

Operation and Maintenance Issues 
Calibration is required. 

Commissioning 
Review system operation under varying occupancy. Correlate with balance report data for minimum and 
maximum outdoor air damper positions. Verify acceptable levels of CO2 concentration in space when 
occupied using hand-held sensor. Perform all testing in non-economizer mode.   

References/Additional Information 
American Society of Heating, Refrigerating and Air Conditioning Engineers. ASHRAE Journal, April 

1997.  Interpretation of ventilation standard IC-62-1989-27. 
American Society of Heating, Refrigerating and Air Conditioning Engineers. ASHRAE Standard 62-99. 
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GUIDELINE MV27: CO SENSORS FOR GARAGE EXHAUST FANS 
Recommendation 
Use carbon monoxide (CO) sensors to prevent 
parking garage exhaust fans operating when they are 
not needed. 

Description 
Parking garage ventilation is often provided by an 
exhaust fan operated during normal occupancy hours. 
However, the high ventilation rate required when 
traffic is present need not be maintained most of the 
time, when no vehicles are operating. Substantial 
energy savings may be realized by limiting fan 
operation to only those periods during normal 
occupancy when CO concentration in the garage rises 
above acceptable levels. CO concentration-sensor 
technology has advanced substantially in recent 
years, reducing cost and improving reliability. 

Applicability 
School buildings with enclosed parking garages 
requiring mechanical ventilation. 

Cost Effectiveness 
$0.20/ft2 to $0.40/ft2 of garage. $1,000 to $2,000 per 
sensor installation. 

Benefits 
Benefits include energy savings, wear reduction, and 
noise reduction. 

Design Tools 
None. 

Design Details 
 Diesel exhaust does not contain high levels of CO. Consider nitrogen dioxide (NO2) 

sensors if substantial traffic or idling of diesel vehicles is anticipated. 

 Include time-of-day control in addition to CO concentration control. 

 Sensor coverage area is limited, so multiple sensors may be required. 

 Specify calibration tools provided to operation and maintenance personnel at time of training. 

Operation and Maintenance Issues 
 Annual calibration of sensors is required. 

Commissioning 
 Verify threshold adjustment and function. Also verify training of operation and maintenance 

personnel, including calibration. 

 
Control strategies, like CO sensors, help reduce energy 
loads by preventing equipment from operating when not 

necessary.  NREL/PIX 11332 

 

Applicable Climates 

 

Applicable Spaces   When to Consider  

Classrooms   Programming  

Library   Schematic  

Multi-Purpose   Design Dev.  

Gym   Contract Docs.  

Corridors   Construction  

Administration   Commissioning  

Toilets   Operation  

Other    
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References/Additional Information 
None. 
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GUIDELINE MV28: TIMERS FOR RECIRCULATING HOT WATER 
SYSTEMS 

Recommendation 
Use recirculation timers to control circulation of hot 
water based on demand. Use separate hot water 
systems for areas with significantly different demand 
patterns. 

Description 
Recirculating hot water systems connect to the hot 
water pipe and constantly circulate hot water through 
the pipes, from the heater to the furthest fixture and 
then back to the heater, making warm water 
immediately available upon turning the tap. Large 
facilities use recirculating hot water systems, which 
result in heat losses through the distribution piping. 
Installing timers ensures that hot water circulates only 
during times of need, which greatly reduces the heat 
loss through the distribution piping as well as the daily 
pumping load.  

Applicability 
Timers are applicable for large facilities where hot 
water is recirculated. Timers will work effectively only 
when the hot water demand for a facility can be 
predicted accurately, as in the case of classrooms 
and school administrative areas. 

Cost Effectiveness 
Timers are very cost effective and have a two- to five-
year payback period. 

Prices for recirculating system timers range between 
$40 and $50. 

Benefits 
Timers greatly reduce heat losses through distribution 
piping. Daily pumping loads are also reduced 
considerably. 

Design Tools 
None. 

Design Details 
Most schools are ideal candidates for using timers because of the predictability of classroom schedules. 
Set the system to operate only between classes, just before and after the school day, and during lunch 
periods. 

Administrative areas, locker rooms, and other areas may have a demand schedule different from that of 
the classroom facility. Separate hot water systems or gas-powered, instantaneous water heaters can be 
used to accommodate these areas. Avoid using timers for areas with random and intermittent schedules. 

 
Applicable Climates 

 
Applicable Spaces  When to Consider

Classrooms   Programming  

Library   Schematic  

Multi-Purpose   Design Dev.  

Gym   Contract Docs.  

Corridors   Construction  

Administration   Commissioning  

Toilets   Operation  

Other     
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Consider using thermostats connected in series with the timers. The thermostat turns off the pump when 
the water in the pipes reaches a certain temperature. Once the water in the pipe is hot, the pump turns 
off. If the timer and thermostatic controls are installed together in series, the circulator operates only at 
the preset clock times and only when the temperature conditions of the thermostat are met. That is, if 
either the timer control or the thermostatic control switch is open (off), the circulator will not operate, which 
results in additional savings.  

Operation and Maintenance Issues 
 Adjust the initial timer schedule based on observed or monitored demand data. Schedules may vary 

from school to school, and it is important to fine-tune the timer settings based on specific demand 
patterns. 

 Check the hot water supply every six months to ensure that the timer is functioning as expected. 

 Always set the timer switch to the actual time by turning the programming ring in the direction of the 
arrow until the timing arrow points to the actual time on the ring. 

 In a power outage, the timer will not keep time. After power has been restored, the correct time of day 
must be reset by rotating the programming ring in the direction of the arrow until the timing arrow 
points to the actual time on the ring. 

Commissioning 
If installing a thermostat along with the timer, ensure that the two devices are installed in series. 

After wiring is completed and checked, install the timer control unit onto the terminal box bracket of the 
pump and reinsert the terminal box screw. Be careful not to bind or leave any terminal box wires exposed. 

References/Additional Information 
http://www.eren.doe.gov/buildings/consumer_information/water/waterques.html#13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



RENEWABLE ENERGY SYSTEMS 
This chapter provides guidelines for: 

Passive Heating and Cooling (Guideline RE1) 

Solar Thermal Hot Water Systems (Guideline RE2) 

Solar Pool Heating (Guideline RE3) 

Wind (Guideline RE4) 

Geothermal Heat Pumps (Guideline RE5) 

Photovoltaics (Guideline RE6) 

OVERVIEW


This chapter presents guidelines for using renewable energy systems for part of a school’s required 
energy load. As demand on fossil fuel reserves and existing electricity grids increases, a growing 
number states are facing energy shortages and skyrocketing utility costs. The problem will continue to 
worsen as the nation's energy needs are expected to grow by 33% during the next 20 years.1 

Renewable energy can help fill the gap. Renewable energy sources not only release less pollutants 
into the environment than traditional energy sources, but they save school districts money in the long 
term while also serving as valuable teaching tools for students and faculty. 

Environmentally Friendly Energy Resources 

Renewable energy systems are those that use fuels from renewable resources, including the sun, 
wind, and the Earth’s heat. Renewable energy technologies are often referred to as "clean" or "green" 
because they produce few, if any, pollutants. Burning fossil fuels, however, sends greenhouse gases 
into the atmosphere, trapping the sun's heat and contributing to global warming. 

Unlike fossil fuels, renewable energy resources are abundant. Every day, more energy falls on the 
United States than is used in an entire year. The total amount of solar energy per year falling on the 
conterminous 48 states is 46,700 Quads/year. (A Quad is one quadrillion (1.0*1015) British thermal 
units (Btus). Compare this to 94.2 Quad/year, the U.S. energy consumption rate in 1997.2 

Wind power is an increasingly common renewable energy source. Good wind areas, which cover 6% of 
the contiguous U.S. land area, could supply more than 1.5 times the 1993 electricity consumption of 
the entire country. California now has the largest number of installed turbines. Many turbines are also 
being installed across the Great Plains, reaching from Montana east to Minnesota and south through 

1 http://www.eren.doe.gov/erec/factsheets/renew_energy.html. 
2 Ibid. 
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Texas, to take advantage of its vast wind resource. North Dakota alone has enough wind to supply 
36% of the total 1990 electricity consumption of the lower 48 states. Hawaii, Iowa, Minnesota, Oregon, 
Texas, Washington, Wisconsin, and Wyoming are among states where wind energy use is rapidly 
increasing.3 

Geothermal power may be one of the lesser known renewable energy sources, but more than 500 
schools nationwide have installed geothermal heat pump systems to provide their heating and cooling 
needs.4 

Cost-Efficiency 

Over the past two decades, the cost of renewable energy systems has dropped dramatically. 
Improvements in analytical tools are making passive solar technologies cost effective as well; they can 
be implemented into schools with less than a two-year return on investment. Wind turbines can 
produce electricity at less than $0.04/kWh — a seven-fold reduction in energy cost. Concentrating solar 
thermal technologies and photovoltaics have dropped more than three-fold during the last 20 years. 
GSHPs can have a 20% to 50% energy cost savings over traditional heating and cooling systems.5 

By reducing its dependency on traditional electricity sources, the school will not only save in utility 
costs, but faces less risk of losing valuable teaching time due to rolling blackouts and power outages. 

Renewable Energy as a Teaching Tool 

In addition to providing economic and environmental benefits, these renewable energy systems are an 
important “living laboratory” to teach students about energy technologies of the future. Input from 
teachers early in the design process ensures that energy features are incorporated in a way that 
optimizes the learning experience. Buildings that teach offer students an intriguing, interactive way to 
learn about relevant topics like renewable energy sources. 

Resources 
The Center for Energy Efficiency and Renewable Technologies. http://www.cleanpower.org/index.html 
The Renewable Resource Data Center. http://www.rredc.nrel.gov/. 
U.S. Department of Energy’s Energy Information Administration. “U.S. Renewable Energy

Consumption.” Renewable Energy Annual 2000. 
http://www.eia.doe.gov/cneaf/solar.renewables/page/rea_data/chapter1.html. 

U.S. Department of Energy’s Energy Efficiency and Renewable Energy Network (EREN) “Renewable 
Energy: An Overview.” Consumer Energy Information: Erec Fact Sheets. 
http://www.eren.doe.gov/erec/factsheets/renew_energy.html. 

U.S. Department of Energy’s Energy Efficiency and Renewable Energy Network (EREN) “Geothermal 
Heat Pumps Score High Marks in Schools.” Geothermal Energy Program. 
http://www.eren.doe.gov/geothermal/ghp_schools.html. 

3 http://www.eren.doe.gov/erec/factsheets/renew_energy.html. 
4 http://www.eren.doe.gov/geothermal/ghp_schools.html. 
5 Ibid. 
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GUIDELINE RE1: PASSIVE HEATING AND COOLING


Recommendation 
Increase energy efficiency and comfort in school 
buildings by incorporating passive solar design. 

Description 
Sunlight can provide heat, light, and shade and 
induce summertime ventilation into the well-designed 
school. Passive solar design has been used for 
centuries, but now designers have access to building 
materials, methods, and software that can improve 
the design and integration of solar design principles 
into modern buildings. 

Applicability 
Passive solar design strategies vary by building 
location and regional climate, but the basic techniques 
remain the same: maximize solar heat gain in the 
winter and minimize it in summer. For commercial and 
school buildings, the first priority is to use passive 
solar design for light. 

Reduce the window area on east- and west-facing 
walls. In northern states such as Montana, also 
reduce north-facing windows. In most climates, north-
facing windows offer good, diffuse light. Daylighting 
should be mostly achieved through north and south 
windows. South-facing windows should have a high 
Solar Heat Gain Coefficient (SHGC) — usually 0.60 or 
higher — to maximize solar heat gain, a low U-factor 
(0.35 or less) to minimize thermal loss, and good light 
transfer. The south windows should also be shaded to 
avoid summer overheating. 

Use more north-facing windows and shade south-
facing windows. Shading from overhangs, 

Passive solar features such as additional glazing, added 
thermal mass, and larger roof overhangs can pay for 

themselves.  NREL/PIX 10684 

Applicable Climates 

Applicable Spaces When to Consider 
Classrooms  Programming 

Library  Schematic 
Multi-Purpose Design Dev. 

Gym  Contract Docs. 
Corridors  Construction 

Administration  Commissioning 
Toilets  Operation 
Other 

landscaping, shutters, and solar window screens helps lower heat gain on windows that receive full sun, 
but window shading design should still maximize daylighting efforts. Cost effective windows for cooling 
climates have a U-factor below 0.4 and a SHGC below 0.55 (a lower SHGC cuts cooling costs). 

Integrated Design Implications 
Passive solar design should be considered using the whole-building approach. Specific techniques 
include: 

 Start by using energy-efficiency design strategies. 

 Orient the building with the long axis running east/west. 

 	Select, orient, and size glass to optimize winter heat gain and minimize summer heat gain for the 
specific climate. Consider selecting different glazings for different sides of the building (exposures). 

 Size south-facing overhangs to shade windows in summer and allow solar gain in winter. 
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 	Direct solar gains may cause problems (hot spots, glare) that will make learning difficult. It may be 
better to optimize school design for daylighting instead of heating. Trombe walls should be looked at 
as an alternative to direct solar gains. 

 Add thermal mass in walls or floors for heat storage. 

 Use natural ventilation to reduce or eliminate cooling needs. 

 Use daylighting to provide natural lighting. 

Cost Effectiveness L 

Passive solar features such as additional glazing, added thermal mass, and larger roof M 

overhangs, or other shading features can pay for themselves. Passive solar design often H 

means less heating and cooling requirements; therefore savings can accrue from reduced L M  H 
BenefitsHVAC unit size, installation, operation, and maintenance costs. Passive solar design 

techniques often require higher first costs but are less expensive over the life-cycle costs of the building. 

Benefits 
Passive solar design can reduce heating and cooling energy bills, increase spatial vitality, and increase 
comfort. 

Design Tools 
One of the best ways to design an energy-efficient building incorporating passive solar design techniques 
is to use a software simulation program. The U.S. Department of Energy sponsors a variety of appropriate 
software tools including its latest, EnergyPlus. Another tool, Energy-10 is a PC-based design tool that 
helps identify the best combination of energy-efficiency strategies including daylighting, passive solar 
heating, and high-efficiency mechanical systems. Another tool to optimize window size and aid in window 
selection is RESFEN. 

Design Details 
Passive solar design integrates several building features to reduce or eliminate the need for mechanical 
heating and cooling and artificial daylighting. Designers and engineers need to pay particular attention to 
the sun to reap passive heating, cooling, and daylighting benefits. The design does not need to be 
complex, but it requires knowledge of solar geometry, window technology, and local climate. Given the 
proper building site, virtually any architecture can incorporate passive solar design. 

Passive solar heating techniques generally fall into one of three categories: direct gain, indirect gain, and 
isolated gain. Direct gain is solar radiation that directly penetrates and is stored in the building space. 
Indirect gain collects, stores, and distributes solar radiation using some storage material (e.g., Trombe 
wall). Conduction, radiation, or convection then transfers the energy indoors. Isolated gain systems (e.g., 
hallways and atriums) collect solar radiation in an area that can be selectively closed off or exposed to the 
rest of the building. 
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Figure 1 – Solar Positioning Considerations 

For passive cooling, consider operable windows to provide an opportunity for natural ventilation in milder 
temperature months when interior loads on buildings exceed exterior temperatures. Night purging, letting 
cooler air into the building at night, can reduce HVAC startup loads the next morning. It is also necessary 
to optimize the building overhangs to reduce the cooling loads that result from unwanted solar gain. 

Operation and Maintenance Issues 
Passive solar design offers many benefits with minimal maintenance risks over the life of the building. 

Commissioning 
None. 

References/Additional information 
U.S. Department of Energy-sponsored energy software tools including EnergyPlus, Energy-10, and 

RESFEN are available at http://www.eren.doe.gov/buildings/energy_tools. 
Energy Efficiency and Renewable Energy Clearinghouse (EREC) 1-800-DOE-3732 or 

http://www.eren.doe.gov/. 
Sustainable Buildings Industry Council, http://www.sbic.org/. 
Efficient Window Collaborative website, http://www.efficientwindows.org/. 
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GUIDELINE RE2: SOLAR THERMAL HOT WATER SYSTEMS


Recommendation 
If conditions permit, augment high-efficiency, gas-
fired boilers used for space heating and domestic 
hot water with a solar thermal system and/or 
recovered thermal energy. 

Description 
A solar thermal system can be either direct or 
indirect and classified as either active or passive. 
A direct system heats water directly in solar 
collectors. An indirect system uses a working fluid 
(usually a glycol-water mixture) in conjunction with 
a heat exchanger to increase the water 
temperature. Direct systems contain fewer 
elements and are less expensive, but they are 
prone to freezing and cannot be used in all climate 
zones without drain-back systems. Indirect 
systems use an antifreeze mixture and can be 
used in any climate zone. Active and passive 
refers to the method by which fluid reaches the 
collector. If the fluid moves through natural 
convection, the system is termed passive, and if 
pumps are used, it is active. Solar thermal 
systems consist of the following elements: 

 	Solar radiation collector: Collects solar 
radiation for heating. 

 	Heat exchanger: A heat exchanger is used in 
an indirect system to pass heat from the 
working fluid to the water supply. 

 	Hydronic distribution system: Supplies 
water to the collector for direct systems and to 
the facility for both direct and indirect systems. 

Solar thermal hot water systems are applicable to any 
situation where a significant amount of space heating and/or 

water heating are required.  NREL/PIX05183 

Applicable Climates 

Applicable Spaces When to Consider 
Classrooms Programming 

Library Schematic 
Multi-Purpose Design Dev. 

Gym Contract Docs. 
Corridors Construction 

Administration Commissioning 
Toilets Operation 
Other 

 Storage tank: Stores heated water for facility use or for boiler feed water supply. 

Applicability 
Applicable in any situation where a significant amount of space heating and/or water heating are required. 
A solar thermal water heating system has the potential to be the main hot water source in some 
situations. For example, an elementary school in the desert could easily meet most of its hot water needs 
through solar energy utilization. In most areas it could at least augment the boiler system. 

Integrated Design Implications 
A radiant slab heating system works extremely well with solar thermal water heating. Solar thermal 
systems can generally achieve the low inlet temperatures (90°F to 120°F) required by a radiant slab 
system. 

Because the performance of a solar thermal system is dependent upon the weather, it works best when 
used in conjunction with another heating system. Depending upon the situation, the solar system can be 
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the primary heat source or can be used to augment and increase the efficiency of a boiler system. The 
increased efficiency is accomplished by preheating boiler feed water with solar thermal energy. 

The use of a solar thermal system must be addressed early in the planning stages, as its viability is highly 
dependent upon available roof space and building orientation. It is also important to plan the placement of 
any other roof systems to avoid shading by packaged HVAC systems, stacks, walls, etc. 

Cost Effectiveness L 

Initial costs are higher than that for a boiler system. Most systems cost between $30/ft2 M 

and $90/ft2 of collector area. Maintenance costs are low and fuel expenses are zero. H 
L M H

The initial cost for solar thermal systems is somewhat more than boilers. However, the Benefits
fuel is free and thus the system will eventually pay for itself. For a slab system, it may be 
the more cost-effective option since it is heating to its maximum while a boiler would need to be run at a 
lower, less efficient setting. The cost effectiveness of a solar system varies from site to site, as the 
payback period is dependent upon climate and available solar radiation. Solar thermal systems will be 
most cost effective in schools with substantial summer occupancy as this is the time of greatest available 
solar radiation. 

Benefits 
 Free fuel. 

 No worry about changing fuel prices. 

 	Non-polluting. No fumes means healthier for students and teachers. No operational greenhouse gas 
emissions 

 Great for teaching. The system itself can be a topic in science classes. 

Design Tools 
 	The Transient System Simulation Program (TRNSYS), developed by the University of Wisconsin-

Madison Solar Energy Laboratory is capable of modeling entire solar water heating systems. 

 	The National Renewable Energy Laboratory has extensive data regarding annual totals of solar 
radiation for different cities. 

 	Solar Engineering of Thermal Processes by John Duffie and William Beckman is a great resource for 
solar energy applications. 

Design Details 
System requires a differential thermostat to ensure heat is not being dumped to the collectors. The most 
important element of a solar thermal system is the solar collector. Solar collectors can be either fixed or 
track the sun. The latter is generally more expensive and is saved for high-temperature applications. 
Fixed collectors should be oriented facing south and tilted based on seasonal load. A good rule of thumb 
is to use the location's latitude as the tilt angle with respect to the horizontal. 

 	Flat-plate collectors consist of a metal frame box containing a layer of edge and backing insulation, 
an absorber plate with parallel piping, and glazing. The absorber plate is generally constructed of 
copper or aluminum with a high-absorbance coating. The glazing layer reduces convective and 
radiation heat loss and involves one or more sheets of glass. Solar thermal systems with flat-plate 
collectors are very common. 

 	 Integral Collector Storage (ICS) systems use the storage tanks themselves as solar collectors. The 
tanks are painted black and are set on the roof alone or in insulating boxes with transparent covers 
angled south. ICS systems are applicable only in mild climates, as freezing and significant heat loss 
become issues in colder regions. This system is very simple and cost-effective. 
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 	The evacuated tube collector is a long, thin version of a flat-plate collector where the box has been 
replaced by a glass tube and the insulation by a vacuum. These collectors are extremely efficient but 
are fragile and expensive. 

 	Concentrating collectors use a curved surface to reflect and concentrate the solar radiation onto a 
pipe containing fluid. These collectors are generally used for high-temperature applications and 
almost always configured to track the movement of the sun. 

Operation and Maintenance Issues 
 Collector glass should be cleaned regularly to ensure maximum efficiency. 

 Direct systems must be drained when freezing conditions exist. 

 	Roof-integrated systems should be designed to allow easy removal when roof replacement is 
required. 

Commissioning 
Commissioning is important for solar thermal systems because the general contractor may not be familiar 
with them. Solar systems must be considered whenever rooftop decisions are made. The efficiency of the 
system is wholly dependent upon collector orientation and minimizing shading. It is important to have a 
solar expert on hand whenever the system is being considered, even for such things as storing collectors 
before installation. (Some collectors can be damaged if stored in the sun without fluid passing through 
them.) 

References/Additional Information 
ASHRAE Handbook: HVAC Applications, 2000. 
ASHRAE Handbook: HVAC System and Equipment, 2000. 
Beckman, J.A. and Beckman, W.A. Solar Engineering of Thermal Processes. New York: Wiley-

Interscience, 1991. 
Energy Efficiency and Renewable Energy Network. http://www.eren.doe.gov/. 
Federal Energy Management Program. http://www.eren.doe.gov/femp/. 
Solar Engineering Laboratory. University of Wisconsin-Madison, 1500 Engineering Drive, Madison, WI 

53706. Phone: (608) 263-1589. Fax: (608) 262-8464. Email: trnsys@sel.me.wisc.edu. Web site: 
http://www.sel.me.wisc.edu/trnsys. 
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GUIDELINE RE3: SOLAR POOL HEATING


Recommendation 
Use solar heaters for swimming pools as an 
environmentally friendly and cost-effective solution 
to pool heating requirements. 

Description 
Most solar pool heating systems consist of three 
basic components: a collector, a pump, and a 
controller. Unlike domestic solar water heating 
systems, which raise a small amount of water to a 
high temperature of about 140°F, pool heaters 
raise the temperature of several thousand gallons 
of water to about 80°F by circulating the water at a 
relatively fast rate through the collectors. This 
circulation allows most of the solar energy falling 
on the collectors to transfer to the pool water. 

The collector consists of a large area of pipes that 
absorb solar energy in the form of heat. They are 
made from plastic or rubber compounds that can 
withstand continuous exposure to sunlight. The 
collector is positioned for maximum access to 
sunlight. The pump circulates water through the 
collector to continually absorb heat. The hot water 
is then pumped back into the pool. This pump may 
be separate (especially in retrofit situations) from 
the regular pool pump that circulates pool water 
through a filter. The pump is automatically 
switched off when the temperatures of the water in 
the pool and the collector approach each other. 
The controller regulates the flow of water within 
the collector based on the temperature of the 
outgoing water using a diverting valve, the only 
moving part in a solar pool heating system. This 

A solar heating system requires very little or no maintenance 
since it has no burners or moving parts.  NREL/PIX08590 

Applicable Climates 

Applicable Spaces When to Consider 
Classrooms Programming 

Library Schematic 
Multi-Purpose Design Dev. 

Gym Contract Docs. 
Corridors Construction 

Administration Commissioning 
Toilets Operation 
Other 

valve controls whether or not the water circulates through the collector loop. When the collector 
temperature is sufficiently greater than the pool temperature, the water is diverted from the filter systems 
through the collector loop. The water bypasses the solar collectors during nighttime or cloudy periods. 
Some smaller systems are operated manually or with timers, but larger systems may be operated through 
electronic sensors. 

Strip, panel, and tube systems are the three major types of solar collectors available. All three perform to 
a more or less equal standard, although strip systems are the most commonly used type. 

Applicability 
Solar heating for swimming pools is feasible for all climate types, even those that experience sub-freezing 
temperatures. Waterways on strip systems can expand to accommodate the increased volume of frozen 
water. 

Most sloping roofs can be fitted with solar collectors. Relatively lightweight strip systems are suitable for 
sloping roofs. Strip collectors can be fitted to follow the roof contours and can be curved around 
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obstructions, such as chimneys and skylights. Panel collectors are limited by their rigid sheet design and 
can be applied to flat or plane roofs only. 

Integrated Design Implications 
Although solar heated swimming pools can easily be accommodated later in the design or construction 
phases, the following issues should be considered beforehand: 

 	Building aesthetics. Installing solar collectors on rooftops may conflict with building aesthetics. 
Consider placement and orientation of the collectors early in the design phase to avoid this conflict. 

 	Space availability. Solar collectors may occupy an area equivalent to 75% of the pool’s surface 
area. This roof area must be available near the location of the swimming pool for unobstructed 
access to sunlight (although it’s possible to mount the collectors at ground level). 

Cost Effectiveness 
Collectors made of copper are more expensive than those made of plastic, although they L 
last longer. Plastic collectors are less conductive than copper, but are inert to chemicals M 
and have about a 10-year lifespan. On an average, solar heating systems for pools cost H 
around $7.50/ft2 to $10/ft2 (installed). An unglazed solar heating system for an average L M  H 
600-ft2 pool, including separate pump and automatic controller, costs around $4,500 fully Benefits 
installed. The operating energy is practically free, as all the heating energy is solar. 

Pool covers for an average size 600 ft2-pool costs around $400 to $500 (not including the roller, which 
has a starting cost of around $300). Using the above figures for the cost of running a gas heater, heating 
the pool with solar energy can save from 3.8 tons to 5.1 tons of greenhouse gas emissions (CO2) per 
year. 

Benefits 
 	Since solar pool heating collectors operate just slightly above the ambient air temperature (80°F), 

such systems typically use inexpensive, unglazed, low-temperature collectors made from especially 
formulated plastic materials. 

 	The alternative system — a gas pool heater — has a starting price of around $2,000, plus additional 
heating costs varying from $600 to $900 per year. The solar heating system will therefore repay the 
extra cost in less than three to four years, and will have much lower running costs thereafter. 

 	A solar heating system requires very little or no maintenance since it has no burners or moving parts. 
A gas heater or heat pump requires far more maintenance and typically lasts only one-third the life 
span of a solar system. 

 	Solar heating systems' warranties are typically more inclusive and much longer (12 to 15 years) than 
warranties for gas heaters (five years) and heat pumps (typically 10 years). 

 	A good solar pool heating system can generally be expected to increase pool water temperature by 
9°F to 18°F above the unheated water temperature from October through March. However, 
temperatures will vary depending on local climate conditions. The graphs below show the 
temperature differences claimed by one manufacturer in two climate extremes. 

 	Attic insulation gets saturated with radiant heat from roof decks that increases air conditioning bills. 
Collectors mounted on the roof will considerably lower air conditioning costs for that space. 
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Table 1 – Cost comparison for gas and solar pool heaters in a heating-dominated climate 
Gas Pool Heater Solar Pool Heater 
Initial cost $2,400 Initial cost $3,495 
Five year operating cost $6,000 Five year operating cost $0 
Total five year cost $8,400 Total five year cost $3,495 

Design Tools 
Use the following simplified algorithm for arriving at the required collector area: 

A = Ap x O x S x Solins 

where, 


A = Area of solar collector, ft2


Ap = Effective area of pool (multiply the surface area of the pool with the 

shape multiplier from Table 2 below), ft2


O = Orientation multiplier (from Table 3 below) 

S = Shading multiplier (from Table 4 below) 

Solins = Solar insolation (from the figure below) 

Table 2 – Shape Multiplier Table 3 – Orientation Multiplier Table 4 – Shading Multiplier 

Shape Multiplier Orientation Multiplier Shading (from 9 Multiplier 
Rectangle 1.00 South facing 1.00 a.m. to 5 p.m.) 

No shade 1.00K
Oval 0.90 Flat 1.10 25% shade 1.10 

Round 0.79 50% shade 1.25 
75% shade 1.50 
100% shade 1.75 

idney/Freeform 0.85 East or west facing 1.25 

Figure 2 – Solar Insolation Levels in the United States 

Free software is available from U.S. Department of Energy to analyze current energy consumption and 
project savings when implementing a variety of energy management systems from pool covers to solar 
systems. The Energy Smart Pools software uses hourly temperature and humidity data along with solar 
data to provide an accurate simulation of the heat losses and gains of a pool. Over 50 U.S. weather sites 
are currently available in the software. The program is intended to provide annualized simulation of 
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annual energy costs, other costs, savings, and payback of adding a pool cover system, as well as costs, 
savings, and payback of adding a solar heating system. 

Design Details 
As in all solar heating, the primary factor in determining the effectiveness of the system is exposure to the 
sun. The size and the location of the collector, controller efficiency, local climate, wind protection, and roof 
orientation all influence the functioning of solar pool heating systems. 

 	Use a minimum collector area that is 60% of the pool’s surface area. This applies only for ideal 
conditions (see the Design Tools section for simplified sizing). Whenever conditions are unfavorable, 
for example in colder climates, the size of the collector will need to be increased, with a minimum 
area of 80% recommended for such installations. Increase collector area to 75% of the pool surface 
area if collectors are laid flat or if collectors face west. Other orientations are not recommended. In 
general, for every 20% of the pool surface area that is installed as solar collector, a 3°F rise in water 
temperature can be expected (based on collector rating at 1,000 Btu/ft2 of collector area). 

 	A south-facing roof is the best location for these systems. Use a west orientation or a flat roof if south 
orientation is unavailable. 

 Ideally, tilt the south-facing collectors by 30° to 32°. 

 	Consider installing pool covers. They are the most cost effective measure for reducing heat loss, 
water evaporation, and chemical use. 

 Manual operation or a simple timer may be substituted for expensive automatic controls. 

 	 Indoor pools that are used year round require glazed flat plate collectors, which should slope between 
35° and 45°. 

Operation and Maintenance Issues 
Ensure that pools are manually and seasonally drained. In areas subject to winter freezing, the collectors 
and plumbing should be installed to allow all water to drain when the system is off. 

Paint all exposed PVC plumbing to protect it from damage due to solar energy. 

Commissioning 
Carefully check how long the manufacturer has been in business and what warranty services are 
available. Use the Florida Solar Energy Center rating system (see References for more information). 

References/Additional Information 
American Solar Energy Society, Inc. (ASES). 2400 Central Avenue, G-1, Boulder, CO 80301. Phone: 

(303) 443-3130; Fax: (303) 443-3212, Email: ases@ases.org. Web site: http://www.ases.org. 
National Spa & Pool Institute (NSPI). Phone: (800) 323-3996. Web site: http://www.nspi.org/. 
The Energy Efficiency and Renewable Energy Clearinghouse (EREC).. P.O. Box 3048, Merrifield, VA 

22116. Phone: (800) DOE-EREC (800-363-3732). Email: doe.erec@nciinc.com. Florida Solar 
Energy Center. 1679 Clearlake Rd., Cocoa, FL 32922. Phone: (407) 638-1000, Fax: (407) 638-
1010, Pamphlets available by mail - call for costs, Collector Thermal Performance Ratings
(publication FSEC-GP-16), Design and Installation Manual (publication FSEC-IN-21-82), System 
Sizing (publication FSEC GP-13). Web site: http://www.eren.doe.gov/consumerinfo. 

Solar Energy Industries Association (SEIA). 1616 H Street, NW, 8th Floor, Washington, DC 20006. 
Phone: (202) 628-7979, Fax: (202) 628-7779. http://www.seia.org/. 
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GUIDELINE RE4: WIND


Recommendation 
Small wind electric systems may be an option to provide 
some of the required electrical load from renewable 
energy for some schools. 

Description 
Wind is created by unequal heating of the Earth’s 
surface by the sun. Wind turbines convert the kinetic 
energy in wind into mechanical energy that powers a 
generator to produce clean electricity. Turbine blades 
are aerodynamically designed to capture the maximum 
energy from the wind. The wind turns the blades, which 
then spin a shaft connected to a generator that makes 
electricity. 

Applicability 
A small wind electric system may be an appropriate 
technology to provide renewable power to a school if the 
following conditions are met: 

 	There is enough wind where the school is located 
(usually average wind speeds of 14 mph or greater 
are needed for cost effectiveness). 

 Tall towers are allowed in the area. 

 Enough space exists on the site. 

 It makes financial sense for the school. 

Integrated Design Implications 
Before selecting a small electric wind system for the 
school, first make the building as energy efficient as 
possible. Reducing energy consumption will significantly 
lower the school’s energy bills and will reduce the size of 
the wind energy system needed. 

Cost Effectiveness 

Reducing energy consumption at the school before 
selecting a small electric wind system will significantly 

lower energy bills and the size of system needed. 
NREL/PIX 09043 

Applicable Climates 

Applicable Spaces When to Consider 
Classrooms  Programming 

Library  Schematic 
Multi-Purpose Design Dev. 

Gym  Contract Docs. 
Corridors  Construction 

Administration  Commissioning 
Toilets  Operation 
Other 
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MA small wind turbine can cost anywhere from $3,000 to $35,000 installed, depending on 
H size, application, and service agreements with the manufacturer. A general rule of thumb 

L M  Hfor estimating the size of a small wind system is $1,000/kW to $3,000/kW. Wind energy 
Benefitsbecomes more cost effective as the size of the turbine’s rotor increases. Although smaller 

turbines cost less in initial outlay, they are proportionally more expensive. 

Although wind energy systems involve a significant investment, they can be competitive with conventional 
energy sources when accounting for a lifetime of reduced or avoided utility costs. The length of the 
payback period depends on the system chosen, available wind resources, electricity costs, and how the 
wind system is utilized. 
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Benefits 
Depending on the wind resource, a small 
wind electric system can lower electricity 
bills by 50% to 90%, prevent power 
interruptions, and is non-polluting. A wind 
energy system can also be a good teaching 
tool. 

The economics are best when: 

 	There is a good wind resource (greater 
than 14 mph average annual wind 
speed at the hub). 

 	There is net billing with 50 kW cap or 
higher, preferably annual over monthly 
netting period. 

 	Electric rates are above average 
($0.08/kWh or greater). 

 	Large kWh usage allows larger wind 
turbines, which improves payback due 
to economies of scale. 

When Does Installing a Wind Turbine Make Sense? 

 When adequate wind exists at school location. 

 When the site has acceptable space. 

 When the state has policies that encourage 
renewable energy: 

o A good net billing law 

o Loan funds 

o Income tax credits 

o Buy down program 

o Property tax abatement 

 When electric rates are above average (typically 
$0.08/kWh or more). 

 Single part rate is more favorable than two part 
rate (demand and energy charges). 

Design Tools 
The formula for calculating the power from a wind turbine is: 

Power = Cр1/2 ρAV3 

where : 


Cр = Power coefficient, ranging from 0.2 – 0.4, dimensionless (theoretical max = 0.59)


ρ = air density, lb/ft3 

A = rotor swept area, or π D2/4 (D is the rotor diameter in feet, π = 3.1416) 

V = wind speed, mph. 

Figure 3 – Relative Size of Small Wind Turbines 

The figure above shows the actual size of rotor diameters in relation to the size of an average person. 
This can help when examining the view of the turbine on a landscape. 
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The Wind Energy Design Payback Period Workbook, found at http://www.nrel.gov/wind under consumer 
information, is a spreadsheet tool that can help analyze the economics of small wind electric systems. 

Design Details 
Mounting turbines on rooftops is not recommended. All wind turbines vibrate and transmit the vibration to 
the structure on which they are mounted. This can lead to noise and structural problems with the building. 

Figure 4 – Wind Speeds Increase with Height 

Average wind speeds increase with height and may be 15% to 25% greater at a typical wind turbine hub 
height of 80 ft than at a typical airport anemometer height. As V3 increases, power increases by 
approximately 60%. 

Operation and Maintenance Issues 
Although small wind turbines are sturdy machines, they do require some annual maintenance. Bolts and 
electrical connections should be checked and tightened. The machines should be checked for corrosion 
and the guy wires for proper tension. After 10 years, the blades or bearings may need to be replaced, but 
with proper installation and maintenance, the turbine should last 20 years or more. 

Tilt-down towers provide easy maintenance for turbines. 

Figure 5 – Tilt-Down Towers 

Commissioning 
None. 
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References/Additional Information 
Wind turbine manufacturers and dealers should be able to help size and install the system. A credible 
installer will provide many services, including permitting. State energy offices or local utilities can provide 
a list of local wind system installers. 

More detailed wind resource information, including the Wind Energy Resource Atlas of the United States, 
published by the U.S. Department of Energy can be obtained at the National Wind Technology Center 
website at: http://www.nrel.gov/wind and the Windpowering America website at 
http://www.eren.doe.gov/windpoweringamerica. These sites also contain information on educational 
curriculum for teachers and students. 

Figure 6 – Wind Resource Map 
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GUIDELINE RE5: GEOTHERMAL HEAT PUMPS 


Recommendation 
Consider ground source heat pump (GSHP) systems 
in locations with considerable heating and/or cooling 
loads, or when heating fuel is expensive. 

Description 
GSHP systems are known by many names, including 
geothermal, earth-coupled, geoexchange, water-
coupled, groundwater, ground-coupled, closed-loop, 
coiled, open- and water-source heat pump systems. 

GSHP systems use a refrigeration cycle to extract and 
transfer heat. A ground source heat pump uses the 
earth as a source of heat in the winter and as a tool for 
heat removal from the building space in the summer. 

GSHP systems can be grouped into two types: closed-
loop and open systems, such as standing wells. The 
selection of the type of system depends on many 
factors, including the availability of groundwater and 
surface water, soil type, energy requirements, size of 
lot, and the experience of the designer and contractor. 

An open-loop system takes water directly from a well, 
a lake, a stream, or other source, then filters it and 
passes it directly through the condenser loop of the 
heat pump system. When in a cooling mode, the water 
is warmed; and in a heating mode the water is cooled. 
The heated or cooled water is then released into 
another well or stream. Open systems are not 
permitted in most areas. 

The closed-loop systems circulate a fluid (usually an 
antifreeze solution) through a subsurface loop of pipe 
to a heat pump. The system uses a subsurface loop 
and a refrigerant loop. The subsurface loop typically 

Geothermal heat pump systems reduce peak energy 
demand and reduce the heat island effect, since waste heat 

is returned to the ground instead of the outside air. 
NREL/PIX 07191 

Applicable Climates 

Applicable Spaces When to Consider 
Classrooms  Programming 

Library  Schematic 
Multi-Purpose /  Design Dev. 

Gym  Contract Docs. 
Corridors  Construction 

Administration  Commissioning 
Toilets  Operation 
Other 

consists of polyethylene pipe, which is placed horizontally in a trench or vertically in a bore hole. This thin-
walled pipe is a heat exchanger, transferring heat to and from the earth. Fluids inside the pipe circulate to 
the heat exchanger of an indoor heat pump where they exchange heat with the refrigerant. The 
refrigerant loop typically consists of copper pipes that contain a refrigerant. 

Applicability 
These systems are applicable to all interior school spaces, including classrooms and administration 
facilities. The systems can also be used to heat water for the facility. 

Integrated Design Implications 
With a good design that includes elements like daylighting, thermal mass, and photovoltaic systems, 
GSHP systems can help a building become a “net-zero” facility, where all energy needs are supported 
on-site. 
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Cost Effectiveness 
Large systems tend to have first costs that are similar, or slightly higher, to other high-

L quality HVAC systems with conventional energy sources. However, when compared to 
traditional HVAC systems, the energy savings offset the initial higher cost. GSHP systems M 

can have 20% to 50% energy cost savings over conventional systems, with maintenance H 

savings of approximately 30%. L M  H 
Benefits 

Also, the payback period for the GSHP systems generally falls between 5 to 10 years. 
Some utilities offer incentives that make the systems more affordable. 

Benefits 
Energy use and fossil-fuel consumption in GSHP systems is reduced by 40% to 70% compared to 
systems that use air instead of the Earth to provide temperature control. Water consumption is also 
reduced since no cooling towers or water-cooled condensers are needed. 

The systems reduce peak energy demand and reduce the heat island effect, since waste heat is returned 
to the ground, not the outside air. 

The seasonal energy efficiency ratio (SEER) compares rejected heat to energy consumed to rate cooling 
efficiency. Higher numbers indicate more efficiency; values greater than eight are preferred. According to 
the Pennsylvania Ground Source Heat Pump Manual, advanced GSHPs are reaching SEER values of 
greater than 17. 

Waste heat from the system can be used to heat water when the system is cooling the building. 

Systems can be designed to use multiple heat pumps with dual-speed controls to improve part-load 
performance. Teachers can control the temperature in each classroom. Also, facilities staff can shut off 
unused zones during peak demand periods while allowing critical zones to operate normally without any 
decreased performance. 

Since piping and pumps are buried or enclosed in the building, damage caused by inclement weather, 
insects, and vandalism can be greatly reduced. 

Systems promote better aesthetics since no equipment needs to be placed on rooftops or outside the 
building envelope. They can be used with sloped roofs and work well with historic buildings, since the 
equipment is easily hidden from view. 

Design Tools 
Design tools available for GSHP systems include: 

 HEATMAP© Geo, Washington State University Energy Program. 

 	GchpCalc Design Software for vertical ground-coupled heat pump systems design for commercial 
and institutional buildings, Version 3.1, Energy Information Services, Tuscaloosa, AL. 

 Cycle Analysis Software Tool, National Renewable Energy Laboratory. 

 Geocrack2D, Kansas State University. 

 	GEOCALC, Design Software, developed by Ferris State University, released by Thermal Works 
Software, Grand Rapids, Michigan. 

 Wright Soft Geothermal Heat Pump Software, Lexington, MA. 

 GL/GW-Source, Design Software, Kansas Electric Utilities Research Program. 

 Geothermal Heat Pump Pipe and Fitting Program, Geothermal Heat Pump Consortium. 

 Energy-Smart Choice for Schools, HVAC comparison tool, Geothermal Heat Pump Consortium. 

 BuilderGuide, National Renewable Energy Laboratory, Golden, CO. 
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Design Details 
In addition to the details below, it is recommended that the standards established by the International 
Ground Source Heat Pump Association (IGSHPA) for GSHP systems be followed. 

Closed-loop systems 
The heat transfer between the loop and the surrounding soil or rock depends on thermal conductivity, 
which is an important consideration when designing closed-loop systems. Consult a geological expert 
to evaluate the soil conditions at the site. 

Non-toxic, biodegradable circulating fluids, such as food-grade propylene glycol or potassium acetate, 
are recommended for use in GSHP systems. 

Loops should be at least 25 ft from any septic systems. 

Configuration of subsurface loops can be almost any shape, including long trenches, parallel shorter 
trenches, radiating, coiled, and vertical borings. 

Backfilling or grouting must be done at the end of the installation process to help provide good thermal 
contact and to protect the pipes. 

Open ground systems 
For standing column wells, the largest quantities of water will be produced during the coldest part of the 
winter, so the system must be sized to accommodate such a volume as well as handle extreme 
temperatures. 

Selecting the appropriate groundwater pump size is important for open systems. The pump must be 
large enough to overcome the friction in the piping and to supply enough water for the heat pump and 
other uses. However, the pump must be small enough to be efficient in energy usage. 

Subsurface disposal and recycling of water in a standing column well conserves groundwater and limits 
environmental problems. 

At least 100 ft should separate wells from contamination sources such as septic tanks and livestock 
pens. Landfills should be separated by an even greater distance. 

Acceptable drilling methods for wells include rotary, cable tool, and auger. The driller’s method should 
be environmentally sound and prevent the introduction of any contamination. 

Casing should be used when necessary to prevent collapse of the hole and the migration of surface 
pollutants into the drill hole. 

Grout should be placed in the entire annular space between the surface casing and the drill hole. 

Operation and Maintenance Issues 
GSHP systems require little maintenance aside from regular cleanings of heat exchanger coils and 
strainers that filter the ground water, as well as regular air filter changes. These systems generally have 
an expected 25- to 30-year life cycle. 

If a closed system is properly designed and installed, soil-freezing conditions do not create any system 
problems. At a soil temperature of 30°F, latent heat moisture in the soil adds considerably to the capacity 
of the system, allowing for very successful performance in northern climates. 

However, aging, poorly installed, or improperly operated GSHP systems have a greater risk for system 
failure. 
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Commissioning 

Closed loop 
Flushing the loops will help to ensure the system is in good operating order. This process consists of 
debris flushing, air purging, pressure testing, and final charging of the system with antifreeze. 

Also, the system “heat of extraction” and/or “heat of rejection” needs to be calculated, which can be 
done by non-technical staff using a probe thermometer and a probe pressure gauge. By measuring the 
temperature and pressure across the source heat exchanger and performing some basic calculations, 
the operating capacity of the system is determined. This capacity value is then compared with the 
manufacturer’s printed capacity value.  

References/Additional Information 
American Society of Heating, Refrigerating and Air-Conditioning Engineers. Design of Geothermal 

Systems for Commercial and Institutional Buildings. 1997. 
http://www.ashrae.org/BOOK/bookshop.htm. 

Ankeny Elementary School, Ankeny, IA.   
Carlson, Steven. “Ground Source Heat Pumps” presentation. CDH Energy Corp. 

http://www.cdhenergy.com/. 
Commonwealth of Pennsylvania Department of Environmental Protection. Ground Source Heat Pump 

Manual, August 2000. http://www.dep.state.pa.us/. 
Energy Center of Wisconsin. “Report Summary: Market Assessment of New Heat Pump Technologies.” 

1999. www.ecw.org. 
Geothermal Heat Pump Consortium. Earth Comfort Update, Vol. 8, Issue 5. September/October 2001. 

http://www.geoexchange.org/. 
Geothermal Heat Pump Consortium and the Association for Efficient Environmental Energy Systems. 

Proposal for the California Building Energy Efficiency Standards – Revisions for July 2003 
Adoption. November 2001. 

International Ground Source Heat Pump Association, Oklahoma State University, Stillwater, OK. 
http://www.igshpa.okstate.edu/. 

Manheim Township School District, Lancaster, PA. 
National Renewable Energy Laboratory’s Geothermal Technologies Program. 

http://www.nrel.gov/geothermal/. 
Oak Ridge National Laboratory. “Geothermal Heat Pumps in K-12 Schools: A Case Study of the 

Lincoln, Nebraska, Schools. http://www.ornl.gov/femp/pdfs/ghpsinschools.pdf. 
Paint Lick Elementary School, Lancaster, KY. 
West Central Secondary School, Barrett, MN. 
U.S. Department of Energy’s Federal Energy Management Program. Geothermal Heat Pump Technical 

Resources. http://www.eren.doe.gov/femp/financing/ghpresources.html. 
U.S. Department of Energy’s Geothermal Energy Program. http://www.eren.doe.gov/geothermal/. 
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GUIDELINE RE6: PHOTOVOLTAICS 
Recommendation 
Install photovoltaic (PV) arrays to convert radiant 
energy from the sun to electricity. PV is ideal for 
isolated or stand-alone tasks, and can serve as an 
excellent teaching tool. 

Description 
PV converts radiant energy from the sun into direct 
current electricity, without any environmental costs 
(greenhouse or acid gas emissions) associated with 
other methods of electricity generation.  

PV produces electricity from an abundant, reliable, 
and clean source. In fact, the amount of solar energy 
striking the earth is greater than the worldwide 
energy demand each year. 

 
Figure 7 – Photovoltaic Module 

The basic component of a PV system is a solar cell. Most solar cells are made of specially treated silicon 
semiconductor materials. Sunlight striking the cells generates a flow of electrons. This flow is directly 
proportional to the surface area of the cells and the intensity of the radiation (a cell of area 6.25 in.2 will 
produce 3.5 amperes in bright sunlight). Each solar cell produces approximately 0.5 volts. Higher 
voltages are obtained by connecting the solar cells in series. Solar cells are laminated; most have a 
tempered glass cover and a soft plastic backing sheet. This sealing protects the lodged electrical circuits 
from the outside elements and makes solar cells durable. Modules may be connected in series for higher 
voltages and in parallel for higher currents. The typical photovoltaic module uses 36 silicon solar cells, 
connected in series to provide enough voltage to charge a 12-volt battery. However, most schools do not 
require battery storage and can use grid-tied PV systems. A grid-tied system can provide electricity 
savings as well as provide additional shading or cooling benefit. Most schools can switch to a net 
metering rate schedule where utilities give credit for surplus electricity produced by PV systems. 

 
Photovoltaics are most cost effective in remote locations that 
are at a distance from an electrical grid, but they have zero 

environmental costs.  NREL/PIX00006 

Applicable Climates 

 
Applicable Spaces When to Consider

Classrooms Programming
Library Schematic

Multi-Purpose Design Dev.
Gym Contract Docs.

Corridors Construction
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Individual modules may be further combined into panels, sub arrays, and arrays. PV arrays with storage 
batteries are sources for uninterrupted power supply. Schools requiring emergency backup for 
communication systems in the case of an earthquake or rolling blackout can use this type of stand-alone 
system with batteries. Batteries store energy collected during the day for nighttime use. A battery charger 
controller may be included to avoid overcharging the battery. In addition, all systems include wire, 
connectors, switches, and electrical protective components. If the load requires alternating current (AC), 
an inverter is used to convert the direct current (DC) power to AC power. The energy collected during the 
day is stored for use during the night. 

Applicability 
 PV is very suitable for remote facilities that are more than one-third of a mile away from the electrical 

grid.  

 PV is ideal for climates where plenty of sunlight is available. PV is also suitable for climates that may 
experience cloudy days periodically but have sunlight available on most other days. However, the 
availability of sunlight will influence the size and cost of the system. For example, a very small PV 
system designed to operate a 72-W load for eight hours/day would require a 120-W PV module in 
southern Arizona, as compared to a 240-W module in Wisconsin. This difference results from the fact 
that the daily solar insolation levels in southern Arizona are roughly twice the insolation levels in 
Wisconsin. Although applicable to a whole range of climates, including Hot and Dry and Cool and 
Dry, PV is more feasible in climates with high insolation levels. The Solar Radiation Data Manual for 
Flat-Plate and Concentrating Collectors, published by the National Renewable Energy Laboratory, 
provides an accurate assessment of available insolation for 239 U.S. locations.  

 PV is ideal for providing power to exterior and parking lot lighting, and for school zone flashers. 

Integrated Design Implications 
Building aesthetics. In the early design stage, consider mounting PV on rooftops for best results. 

System integration. Since PV is most likely to be used in hybrid systems, the mechanical engineer 
needs to perform detailed planning in the early design stages. 

Cost Effectiveness 
PV panels typically cost anywhere between $3.50/W to $6/W for modules and $5/W to 
$20/W for the system, depending on the size and capacity of the installation (each W of 
PV array will produce 2 Wh to 6 Wh of energy depending on availability of sunlight). One-
hundred-W installations will cost between $10/W to $12/W. Using typical borrowing costs 
and equipment life, the life-cycle cost of PV-generated energy generally ranges from 
$0.25/kWh to $1/kWh. The simple payback period for this system is 25 to 30 years. 

Benefits 
 PV is most cost effective in remote locations that are at a distance from an electrical grid. PV is 

typically three to six times more expensive than utility-supplied electricity. However, this figure does 
not take into account the “real” or environmental cost of utility-generated electricity or local rebates. 

 PV is environmentally benign during use and does not produce any greenhouse gases or acid gas 
emissions associated with other methods of generating electricity. It has zero environmental costs. 

 PV produces electricity from an abundant and reliable ”fuel” — sunlight. Coupled with storage 
batteries, PV is capable of supplying uninterrupted power. 

 PV is available in modular building blocks; more arrays may be added as the demand for power 
increases.  

 Wear and tear is minimized for PV, since it has no moving parts and produces power silently.  

 Although PV may be combined with other power sources in hybrid systems to increase system 
reliability, PV itself requires no connection to an existing power source or fuel supply.  
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 For grid-tied PV systems, net metering allows schools to receive utility credits for the surplus 
electricity generated by PV systems. 

 PV can withstand severe weather conditions including snow and ice.  

 PV can be combined with other types of electric generators (wind, hydro, and diesel, for example) to 
charge batteries and provide power on demand. 

 By putting power back into the electrical grid and shaving peak loads, PV can have far-reaching 
implications. 

Design Tools 
Most PV dealers will work with designers to engineer the best-customized system for the school. System 
requirements are determined by: 

 Estimating the daily load demand.  

 Determining the solar resource in the location.  

 Calculating the battery size. (Note: A lead-acid battery is not a viable option.) 

 Calculating the number of PV modules required. 

For first estimates of the array size needed, consider the following variables that effect the production of 
power in an array: 

 Outside air temperature. Use average annual temperatures. 

 Amount of sunlight received, or Incident Solar Radiation, which depends on latitude, cloud cover, and 
angle of the array.  

 Efficiency of the photovoltaic cells. This information should be available from the manufacturer and 
varies between 13% at unfavorable conditions to 30% under lab conditions. 

P = (Solins + ∆t) x A x Eff 

where, 

P = Power generated, W 

Solins = Incident solar radiation, Wh/ft2 

∆t = Difference between the control and design temperatures (use zero if the 
design temperature is between 50°F and 60°F; for control temperature, use 50°F for 
colder weather and 60°F for warm weather) 

A = Area of the array, ft2 

Eff = Efficiency of the system (multiply cell efficiency by efficiency of the 
storage unit) 

A Macintosh software program is available for PV design and sizing, wherein designers can specify 
appliances and AC/DC loads, inverter efficiency, and site location. Based on these variables, the software 
recommends the number of solar modules and batteries. The software costs about $15. 

PVWatts is another PV software program. Researchers at NREL developed PVWatts to allow non-experts 
to quickly obtain performance estimates for grid-connected PV systems at no cost.  

Trnsys, a program developed at the University of Wisconsin, also helps size and locate PV systems. See 
the References section at the end of this guideline for more information.  
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Design Details 
 

 
Figure 8 – PV Siting, Elevated 

Source: Renewable Energy Project Analysis Software 

 The most important aspect of installing PVs is siting. Shading can significantly reduce the output of 
solar cells. Mount PV arrays at an elevation or on roof tops. Consider both summer and winter sun 
paths and ensure that trees, neighboring buildings, or other obstructions do not shade any portion of 
the array between 10:00 AM and 3:00 PM. 

 Mount the system for maximum southern exposure. The exact mounting angle will differ from site to 
site. 

 Flat, grassy sites work better than steep, rocky sites. 

 Use arrays as building components to economize to building materials and for unobtrusive design 
solutions. Arrays can be used as a finishing material on structures to create attractive roofs or 
skylights. Arrays can be used to break up and add interest to a large, uniform roof surface. They can 
double as shading devices, which not only block the sun but also capture it. Transparent arrays can 
be used as structural glazing instead of glass. Arrays can also be part of a curtain wall system. 

Operation and Maintenance Issues 
 PV systems require occasional cleaning to remove dust and debris. In cold, snowy climates, care 

must be taken to keep the array surface clear of snow.  

 Some PV systems contain storage batteries that may require some watering and maintenance similar 
to that required by batteries in automobiles. 

 PV modules are the longest living components of a PV system (20 to 30 years) and will likely outlive 
the batteries. Batteries may need replacement every six or seven years. 

 No PV system is maintenance-free. Schedule regular inspections of the system to ensure that the 
wiring and contacts are free from corrosion, the modules are clear of debris, and the mounting 
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equipment has tight fasteners. Roof-integrated systems should be designed to facilitate regular 
inspection and maintenance. 

 Monitor the power output of PV modules, the state-of-charge and electrolyte level of the batteries, 
and the actual amount of power that building loads use. Writing this information in a notebook helps 
to track the system's performance and determine whether the system is operating as designed. 
Monitoring will also help understand the relationships between the system's power production, 
storage capability, and load requirements.  

 Roof-integrated systems should be designed to allow easy removal if roof replacement is required. 

Commissioning 
Do not compromise on the initial module cost of PV systems. Skimping on first costs results in having to 
pay later, in terms of higher operation ($/kWh) costs that amount to a much higher figure over the lifespan 
of a system. 

Purchase PV systems from established and knowledgeable dealers who can help determine 
requirements specific to the site. Look for warranties of 20 years or more. Thoroughly check the rating 
system that the dealer/manufacturer is using for reliability. 

Always engage a professional to design and install PV systems. A preliminary design is a necessity to 
determine the size, layout, and potential energy output of the PV modules. This design can be performed 
with computer simulation tools using estimated hourly weather, solar resource, and load data. The time 
required to prepare the preliminary design and detailed cost estimate typically falls between 30 and 60 
hours, with fees ranging from $40/hour to $100/hour. Smaller scale projects with simple structural 
requirements fall at the low end of this time range. Larger scale projects requiring more difficult structural 
integration into existing buildings will be at the high end of this time range. 

Fully commission panels and the entire array to confirm rated power is achieved. 

References/Additional Information 
U.S. Department of Energy, Energy Efficiency and Renewable Energy Network. 
Maryland Solar Schools Program Plan. http://www.energy.state.md.us/executiv.htm. 
Solar Engineering Laboratory, University of Wisconsin-Madison,1500 Engineering Drive, Madison, WI 

53706, Phone: (608)  263-1589; Fax: (608) 262-8464, Email: trnsys@sel.me.wisc.edu, Web site: 
http://sel.me.wisc.edu/trnsys. 

Solar Schoolhouse. Developed by the Rahus Institute, this web site contains information on PV 
systems, a database on schools using solar power, DSA approval checklists, lesson plans, etc. 
Site is expected to launch in June 2002. Web site: http://www.solarschoolhouse.org/. 

Stand-Alone Photovoltaic Systems: Handbook of Recommended Design Practices, Sandia National 
Laboratory. 
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