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26.4.2.2. Set Minimum Outside Air Intake Correctly
 Outside air intake rates are often significantly 
higher than design values in existing buildings due to 
lack of accurate measurements, incorrect design calcu-
lations and balancing, and operation and maintenance 
problems. Excessive outside air intake is caused by the 
mixed air chamber pressure being lower than the de-
sign value, by signifi cant outside air leakage through 
the maximum outside air damper on systems with an 
economizer, by the minimum outside air intake being 
set to use minimum total airfl ow for a VAV system, or 
by lower than expected/designed occupancy.

26.4.2.3. Improve Static Pressure Setpoint and Schedule
 The supply air static pressure is often used to con-
trol fan speed and ensure adequate airfl ow to each zone. 
If the static pressure setpoint is lower than required, 
some zones may experience comfort problems due to 
lack of airfl ow. If the static pressure setpoint is too high, 
fan power will be excessive. In most existing terminal 
boxes, proportional controllers are used to maintain the 
airfl ow setpoint. When the static pressure is too high, the 
actual airfl ow is higher than its setpoint. The additional 
airfl ow depends on the setting of the control band. Field 
measurements19 have found that the excessive airfl ow 
can be as high as 20%. Excessive airfl ow can also occur 
when terminal box controllers are malfunctioning. For 
pressure dependent terminal boxes, high static pressure 
causes signifi cant excessive airfl ow. Consequently, high 
static pressure often causes unnecessary heating and 
cooling energy consumption. A higher than necessary 
static pressure setpoint is also the primary reason for 
noise problems in buildings.

26.4.2.4. Optimize Supply Air Temperatures
 Supply air temperatures (cooling coil discharge 
air temperature for single duct systems; cold deck and 
hot deck temperatures for dual duct systems) are the 
most important operation and control parameters for 
AHUs. If the cold air supply temperature is too low, 
the AHU may remove excessive moisture during the 
summer using mechanical cooling. The terminal boxes 
must then warm the over-cooled air before sending 
it to each individual diffuser for a single duct AHU. 
More hot air is required in dual duct air handlers. The 
lower air temperature consumes more thermal energy 
in either system. If the cold air supply temperature is 
too high, the building may lose comfort control. The fan 
must supply more air to the building during the cool-
ing season, so fan power will be higher than necessary. 
The goal of optimal supply air temperature schedules 
is to minimize combined fan power and thermal energy 
consumption or cost. Although developing optimal reset 
schedules requires a comprehensive engineering analy-
sis, improved (near optimal) schedules can be developed 
based on several simple rules. Guidelines for developing 
improved supply air temperature reset schedules are 
available for four major types of AHU systems20.

26.4.2.5. Improve Economizer Operation and Control
 An economizer is designed to eliminate mechani-
cal cooling when the outside air temperature is lower 
than the supply air temperature setpoint and decrease 
mechanical cooling when the outside air temperature is 
between the cold deck temperature and a high tempera-
ture limit, which is typically less than 70°F. Economizer 
control is often implemented so it controls mixed air 

Figure 26.5 Potential fan energy 
savings using fan speed limit-
ing16.
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temperature at the cold deck temperature or simply 
55°F. This control algorithm is far from optimum. It may, 
in fact, actually increase the building energy consump-
tion. The economizer operation can be improved using 
the following steps:

1. Integrate economizer control with optimal cold 
deck temperature reset. It is tempting to ignore 
cold deck reset when the economizer is operating, 
since the cooling is free. However, cold deck reset 
normally saves signifi cant heating.

2. For a draw-through AHU, set the mixed air tem-
perature 1°F lower than the cold deck temperature 
setpoint. For a blow-through unit, set the mixed air 
temperature at least 2°F lower than the supply air 
temperature setpoint. This will eliminate chilled 
water valve hunting and unnecessary mechanical 
cooling.

3. For a dual duct AHU, the economizer should be 
disabled if the hot air fl ow is higher than the cold 
air fl ow since the heating energy penalty is then 
typically higher than cooling energy savings.

4. Set the economizer operating range as wide as 
possible. For dry climates, the economizer should 
be activated when the outside air temperature is 
between 30°F and 75°F, between 30°F and 65°F for 
normal climates, and between 30°F and 60°F for 
humid climates. When proper return and outside 
air mixing can be achieved, the economizer can be 
activated even when the outside air temperature is 
below 30°F.

5. Measure the true mixed air temperature. Most 
mixing chambers do not achieve complete mixing 
of the return air and outside air before reaching 
the cooling coil. It is particularly important that 
mixed air temperature be measured accurately 
when an economizer is being used. An averaging 
temperature sensor should be used for the mixed 
air temperature measurement.

26.4.2.6. Improve Coupled Control AHU Operation
 Coupled control is often used in single-zone single-
duct, constant volume systems. Conceptually, this sys-
tem provides cooling or heating as needed to maintain 
the setpoint temperature in the zone and uses simulta-
neous heating and cooling only when the humidistat 
indicates that additional cooling (followed by reheat) 
is needed to provide humidity control. However, the 

humidistat is often disabled for a number of reasons. To 
control room relative humidity level, the control signals 
or spring ranges are overlapped. Simultaneous heating 
and cooling often occurs almost continuously.

26.4.2.7. Valve Off Hot Air Flow for Dual Duct AHUs 
During Summer
 During the summer, most commercial buildings do 
not need heating. Theoretically, hot air should be zero 
for dual duct VAV systems. However, hot air leakage 
through terminal boxes is often signifi cant due to exces-
sive static pressure on the hot air damper. For constant 
air volume systems, hot air fl ow is often up to 30% of 
the total airfl ow. During summer months, hot air tem-
peratures as high as 140°F have been observed due to 
hot water leakage through valves. The excessively high 
hot air temperature often causes hot complaints in some 
locations. Eliminating this hot air flow can improve 
building thermal comfort, reduce fan power, cooling 
consumption, and heating consumption.

26.4.2.8. Install VFD on Constant Air Volume Systems
 The building heating load and cooling load varies 
signifi cantly with both weather and internal occupancy 
conditions. In constant air volume systems, a signifi -
cant amount of energy is consumed unnecessarily due 
to humidity control requirements. Most of this energy 
waste can be avoided by simply installing a VFD on the 
fan without a major retrofi t effort. Guidelines for VFD 
installation are available for dual duct, multi-zone, and 
single duct systems21.

26.4.2.9. Airfl ow Control for VAV Systems
 Airfl ow control of VAV systems has been an impor-
tant design and research subject since the VAV system 
was introduced. An airflow control method should: 
(1) ensure suffi cient airfl ow to each space or zone; (2) 
control outside air intake properly; and (3) maintain a 
positive building pressure. These goals can be achieved 
using the variable speed drive volume tracking (VS-
DVT) method22,23.

26.4.2.10. Improve Terminal Box Operation
 The terminal box is the end device of the AHU sys-
tem. It directly controls room temperature and airfl ow. 
Improving the set up and operation are critical for room 
comfort and energy effi ciency. The following measures 
are suggested:
• Set minimum air damper position properly for 

pressure dependent terminal boxes.
• Use VAV control algorithm for constant air volume 

terminal boxes.
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• Use airfl ow reset.
• Integrate lighting and terminal box control.
• Integrate airfl ow and temperature reset.
• Improve terminal box control performance.

26.4.3 Case Study—AHU CC
 in a Previously Retrofi t Building24

26.4.3.1 Case Study Building Description
 The building studied in this paper is the 295,000 
gross ft2 (226,000 ft2 net) Zachry Engineering Center 
(ZEC), located on the Texas A&M University campus 
(30°N, 96°W) where the average January temperature 
is 50°F and average July temperature is 84°F, and pic-
tured in Figure 26.6. The building has four-fl oors plus 
an unconditioned basement parking level. It was con-
structed in the early 1970s and is a heavy structure with 
6 in. concrete fl oors and insulated exterior walls made 
of precast concrete and porcelain-plated steel panels. 
About 12% of the exterior wall area is covered with 
single-pane, bronze-tinted glazing. The windows are 
recessed approximately 24 in. from the exterior walls, 
which provides some shading. Approximately 2835 ft2

of northeast-facing clerestory windows admit daylight 
into the core of the building.
 The ZEC includes offi ces, classrooms, laboratories 
and computer rooms and is open 24 hours per day, 365 
days per year with heaviest occupancy during normal 
working hours between 8 a.m. and 6 p.m. on weekdays. 
Occupancy, electrical consumption and chilled water 
consumption show marked weekday/weekend differ-
ences with peak weekend electrical consumption less 
than 10% above the nightly minimum; weekday holiday 
occupancy is similar to weekend usage with intermedi-
ate usage on weekdays between semesters when class 

rooms are not in use, but laboratories and offi ces are 
occupied.
 HVAC Systems. Twelve identical dual-duct systems 
with 40 hp fans rated at 35,000 cfm and eight smaller air 
handlers (3 hp average) supply air to the zones in the 
building. Supply and return air ducts are located around 
the perimeter of the building. These were operated 
with a constant outdoor air intake at a nominal value 
of 10% of design fl ow. The large dual-duct constant air 
volume (DDCAV) systems were converted to dual-duct 
variable-air volume (DDVAV) systems accompanied 
by connection to the campus energy management and 
control system (EMCS) in 1991. This retrofi t successfully 
reduced fan power consumption by 44%, cooling con-
sumption by 23%, and heating consumption by 84%.
 Monitoring of energy use. In the engineering center 
about 50 channels of hourly data have been recorded 
and collected each week since May 1989. The sensors are 
scanned every 4 seconds and the values are integrated 
to give hourly totals or averages as appropriate. The im-
portant channels for savings measurement are those for 
air handler electricity consumption and whole-building 
heating and cooling energy use. Air handler electricity 
consumption is measured at the building’s motor control 
center (MCC) and represents all of the air-handling units 
and most of the heating, ventilating, and air-condition-
ing (HVAC)-related pumps in the building. Cooling and 
heating energy use are determined by a Btu meter which 
integrates the monitored fl uid fl ow rate and tempera-
ture difference across the supply and return lines of the 
chilled- and hot-water supply to the building. The ma-
jority of the 50 channels of monitored information come 
from one air handler that was highly instrumented.

4.3.2 Continuous Commissioning of the Zachry Engi-
neering Center
 The  Continuous Commissioning process was ap-
plied to the Zachry Engineering Center in 1996-97. In 
this case, the initial survey and specifi cation of monitor-
ing portions of the CC process were not performed since 
the university president had decided to implement CC 
on campus based on its success in numerous other loca-
tions rather than on the results of individual building 
surveys. Metering had been installed much earlier in the 
Zachry Engineering Center as part of the retrofi t process, 
so performance baselines were already available.

Conduct system measurements and develop proposed 
CC measures
 The facility survey found that the building control 
system set-up was far from optimum and found numer-
ous other problems in the building as well. The basic 

Figure 26.6 The Zachry Engineering Center on the 
Texas A&M campus25.
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control strategies found in the building are summarized 
in Table 26.3 in the column labeled “Pre-CC Control 
Practice.” The ranges shown for constant parameters 
refl ect different constant values for different individual 
air handlers.
 The control practices shown in the table are all 
widely used, but none are optimal for this building. The 
campus controls engineer worked closely with the CC 
engineers during the survey. The items shown in Table 
26.3 could all be determined by examination of the con-
trol system in the building, but the facility survey also 
examines a great deal of the equipment throughout the 
building and found numerous cases of valves that let too 
much hot or cold water fl ow, control settings that caused 
continuous motion and unnecessary wear on valves, air 
ducts that had blown off of the terminal boxes, kinks in 
air ducts that led to rooms that could not be properly 
heated or cooled, etc. Following the survey, the building 
performance was analyzed and CC measures includ-
ing optimum control schedules were developed for the 
building in cooperation with the campus controls engi-
neer.

Implement CC measures
 Following the survey, the building performance 
was analyzed and optimum control schedules were de-
veloped for the building in cooperation with the campus 
control engineer. The air handlers, pumps and terminal 

boxes had major control parameters changed to values 
shown in the “Post-CC” column of Table 26.3. Most of 
the control parameters were optimized to vary as a func-
tion of outside air temperature, Toa, as indicated.
 In addition to optimizing the control settings for the 
heating and cooling systems in the building, numerous 
problems specific to individual rooms, ducts, or termi-
nal boxes were diagnosed and resolved. These included 
items like damper motors that were disconnected, bent 
air ducts that could not supply enough air to properly 
control room temperature, leaking air dampers, dampers 
that indicated open when only partly open, etc.
 Problems of this sort often had led to occupant 
complaints that were partially resolved without fi xing 
the real problem. For example, if a duct was constricted 
so inadequate fl ow reached a room, the pressure in the 
air handler might be increased to get additional fl ow 
into the room. “Fixes” like this typically improve room 
comfort, but sometimes lead to additional heating and 
cooling consumption in every other room on the same 
air handler.

Document energy savings
 Implementation of these measures resulted in sig-
nifi cant additional savings beyond the original savings 
from the VAV retrofi t and controls upgrade as shown 
in Figures 26.7, 26.8 and 26.9. Figure 26.7 shows the 
motor control center power consumption as a func-

Figure 26.7 ZEC daily motor control center (MCC) electric consumption in 1990 before 
the retrofi t, in 1994 after the retrofi t, and in 1997 after CC26.
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tion of ambient temperature for 1990, 1994 and 1997. 
It is evident that the minimum fan power has been 
cut in half and there has been some reduction even at 
summer design conditions. Figure 26.9 shows the hot 
water consumption for 1990, 1994 and 1997, again as 
a function of daily average temperature. The retrofi t 
reduced the annual hot water (HW) consumption for 
heating to only 16% of the baseline, so there is little 
room for further reduction. However, it can be seen 
that the CC measures further reduced HW consump-
tion, particularly at low temperatures. The largest 
savings from the CC measures are seen in the chilled 
water consumption as shown in Figure 26.8. The largest 
fractional savings occur at low ambient temperatures, 
but the largest absolute savings occur at the highest 
ambient temperatures.
 The annualized consumption values for the base-
line, post-retrofit and post-CC conditions are shown 
in Table 26.4. The MCC consumption for 1997 was 
1,209,918 kWh, 74% of the 1994 consumption and only 
41% of the 1990 consumption. On an annual basis, the 

post-CC HW consumption normalized to 1994 weather 
was 1940 MMBtu, a reduction to only 10% of baseline 
consumption and a reduction of 34% from the 1994 
consumption. The CC measures reduced the post-CC 
chilled water (CHW) consumption to 17,400 MMBtu, a 
reduction of 17,800 MMBtu which is noticeably larger 
than the 13,900 MMBtu savings produced by the retrofi t. 
The CHW savings accounted for the largest portion of 
the CC savings in this cooling-dominated climate.

Generalized application of case study and conclusions
 The major energy savings from the CC activities in 
the case study building resulted from fi ve items.

1. Optimization of duct static pressures at lower 
levels. This reduces fan power and also reduces 
damper leakage that increases both heating and 
cooling consumption.

2. Optimization of cold air temperatures. Most build-
ings in our experience use a constant set-point for 

Table 26.3. Major control settings in the
Zachry Engineering Center before and after implementation of CC27.

——————————————————————————————————————————————
 Parameter Pre-CC Control Practice Post-CC Control Practice
——————————————————————————————————————————————
 Pressure in air ducts Constant at 2.5 - 3.5 in H2O 1- 2 inH2O as Toa increases
——————————————————————————————————————————————
 Cold air temperature Constant at 50°F - 55°F 60°F - 55°F as Toa increases
——————————————————————————————————————————————
 Hot air temperature Constant at 110°F - 120°F 90°F - 70°F as Toa increases
——————————————————————————————————————————————
 Air fl ow to rooms Variable - but ineffi cient Optimized min/max fl ow and

damper operation
——————————————————————————————————————————————
 Heating pump control Operated continuously On when Toa>55°F
——————————————————————————————————————————————
 Cooling pump control Variable speed with shut-off Pressure depends on fl ow
——————————————————————————————————————————————

Table 26.4. Consumption at the Zachry Engineering Center before and after retrofi t and after imple-
mentation of CC measures28.
——————————————————————————————————————————————
 Baseline Consumption Post-retrofi t Post-Retrofi t Post-CC Post-CC
——————————————————————————————————————————————
Fan Power 2,950,000 kWh 1,640,000 kWh 56% 1,210,000 kWh 41%
——————————————————————————————————————————————
Chilled Water 45,800 MMBtu 35,300 MMBtu 77% 17,400 MMBtu 37%
——————————————————————————————————————————————
Heating Water 18,800 MMBtu 2940 MMBtu 16% 1940 MMBtu 10%
——————————————————————————————————————————————
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the cold air temperature which is very ineffi cient. 
Even if this set-point is changed, it is seldom op-
timized.

3. Optimization of hot air temperatures. We find 
that most buildings modulate hot air temperature 
according to outside air temperature, but it is nor-
mally signifi cantly higher than necessary.

4. Optimize settings on VAV boxes. Most VAV termi-
nal boxes have minimum fl ow set-points at night 
that are too high.

5. Optimize pump control. Static pressure set-points 
on chilled water and hot water pumps are gener-
ally set higher than necessary.

 The CC process has been illustrated by application 
to a large building which had earlier had a major retrofi t 
performed. The post-CC consumption values represent 
41% of the pre-retrofi t fan and pump consumption, 10% 
of the pre-retrofi t hot water consumption, and 38% of 
the pre-retrofi t chilled water consumption. Using the 
baseline energy prices, the post-CC consumption refl ects 
an HVAC energy cost that is only 36% of the baseline 
HVAC cost and is only 65% of the HVAC cost after the 

retrofi t. The measures implemented in the case study 
building are quite typical of CC measures implemented 
in other buildings. These results are better than average 
for the process, but are not one-of-a-kind.

26.4.4 CC Measures for Water/Steam 
 Distribution Systems
  Distribution systems include central chilled water, 
hot water, and steam systems, that deliver thermal en-
ergy from central plants to buildings. In turn, the sys-
tem distributes the chilled water, hot water and steam 
to AHU coils and terminal boxes. Distribution systems 
mainly consist of pumps, pipes, control valves, and vari-
able speed pumping devices. This section focuses on the 
CC measures for optimal pressure control, water fl ow 
control, and general optimization.

26.4.4.1 Improve Building Chilled 
Water Pump Operation
 Most building chilled water pumping systems 
are equipped with variable speed devices (VSDs). If a 
VSD is not installed, retrofi t of a VSD is generally rec-
ommended. The discussion here is limited to systems 
where a VSD is installed. The goal of pumping optimi-
zation is to avoid excessive differential pressures across 
the control valves, while providing enough water to 

Figure 26.8. ZEC daily chilled water consumption for 1990 before the retrofi t, 1994 
after the retrofi t, and 1997 after CC29.



COMMISSIONING FOR ENERGY MANAGEMENT 691

each building, coil, or other end use. An optimal pump 
differential pressure schedule should be developed that 
provides adequate pressure across the hydraulically 
most remote coil in the system under all operating con-
ditions, but does not provide excess head.

26.4.4.2 Improve Secondary Loop Operation
 For buildings supplied by a secondary loop from 
a central plant, building loop optimization should be 
performed before the secondary loop optimization.

Source Distributed Systems: If there are no building 
pumps, the secondary pumps must provide the pressure 
head required to overcome both the secondary loop and 
the building loop pressure losses. In this case, the sec-
ondary loop is called a source distributed system. The 
secondary loop pumps should be controlled to provide 
enough pressure head for the most remote coil. If VFDs 
are installed, the differential pressure can be controlled 
by modulating pump speed. Otherwise, the differential 
pressure can be modulated by changing the number of 
pumps in operation.

Source Distributed Systems With Building Pumps: In 
most campus settings, each building has a pump. The 
optimal differential pressure setpoint should then be 
determined by optimizing the secondary loop pressure 

setpoint so the combined secondary pump and build-
ing pumping power is minimized. This can be done 
by developing a pressure reset schedule that requires 
maximum building pump power at the most hydrauli-
cally remote building on the secondary loop. This may 
occur with a negative differential pressure across the 
most remote building.

26.4.4.3 Improving Central Plant Water Loop Operation
 The central plant loop optimization should be per-
formed after secondary loop optimization.

Single Loop Systems: For most heating distribution sys-
tems and some chilled water systems, a single loop is 
used instead of primary and secondary systems. Under 
partial load conditions, fewer pumps can be used for 
both chillers and heat exchangers. This can result in less 
pump power consumption.

Primary-secondary Loop Systems: Primary-secondary 
systems are the most common chilled water distribution 
systems used with central chiller plants. This design is 
based on the assumption that the chilled water fl ow 
through the chiller must be maintained at the design 
level. This is seldom needed. Due to this incorrect as-
sumption, a signifi cant amount of pumping power is 
wasted in numerous central plants. Design engineers 

Figure 26.9. ZEC daily hot water consumption for 1990 before the retrofi t, 1994 after 
the retrofi t, and 1997 after CC30.
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may or may not include an isolation valve on the by-
pass line of the primary loop. Procedures are available 
to optimize pump operation for both cases31,32,33,34.

26.4.5 CC Measures for Central Chiller Plants
 The central chiller plant includes chillers, cool-
ing towers, a chilled water distribution system, and 
the condenser water distribution system. Although a 
secondary pumping system may be physically located 
inside the central plant, commissioning issues dealing 
with secondary loops are discussed in the previous 
section. The central chiller plant produces chilled water 
using electricity, steam, hot water, or gas. The detailed 
commissioning measures vary with the type of chiller 
and this section gives general commissioning measures 
that apply to a typical central cooling plant and that can 
produce signifi cant energy savings.

Use the Most Efficient Chillers: Most central chiller 
plants have several chillers with different performance 
factors or effi ciencies. The differences in performance 
may be due to the design, to performance degradation, 
age, or operational problems. One chiller may have a 
higher effi ciency at a high load ratio while another may 
have a higher effi ciency at a lower load ratio. Running 
chillers with the highest performance can result in sig-
nifi cant energy savings because you will be providing 
the greatest output for the least input.

Reset the Supply Water Temperature: Increasing the 
chilled water supply temperature can decrease chiller 
electricity consumption signifi cantly. The general rule-
of-thumb is that a one degree Fahrenheit increase 
corresponds to a decrease in compressor electricity con-
sumption of 1.7%. The chilled water supply temperature 
can be reset based on either cooling load or ambient 
conditions.

Reset Condenser Return Water Temperature: Decreasing 
cooling tower return water temperature has the same ef-
fect as increasing the chilled water supply temperature. 
The cooling tower return temperature should be reset 
based on weather conditions. The following provides 
general guidelines:
• The cooling tower return water temperature 

setpoint should be at least 5°F (adjustable based 
on tower design “approach”) higher than the ambi-
ent wet bulb temperature. This prevents excessive 
cooling tower fan power consumption.

• The cooling tower water return temperature 
should not be lower than 65°F for chillers made 
before 1999, and should not be lower than 55°F 

for newer chillers. It is also recommended that you 
consult the chiller manufacturer for specifi c limits 
on allowable condenser water temperature.

 The cooling tower return water temperature reset 
can be implemented using the BAS. If it cannot be imple-
mented using the BAS, operators can reset the setpoint 
daily using the daily maximum wet bulb or dry bulb 
temperature.
 Decreasing the cooling tower return temperature 
may increase fan power consumption. However, fan pow-
er may not necessarily increase with lower cooling tower 
return water temperature. The following tips can help.
• Use all towers. For example, use all three towers 

when one of the three chillers is used. This may 
eliminate fan power consumption entirely. The 
pump power may actually stay the same. Be sure 
to keep the other two tower pumps off.

• Never turn on the cooling tower fan before the by-
pass valve is totally closed. If the by-pass valve is 
not totally closed, the additional cooling provided 
by the fan is not needed and will not be used. Save 
the fan power!

• Balance the water distribution to the towers and 
within the towers. Towers are often seen where 
water is fl owing down only one side of the tower, 
or one tower may have twice the fl ow of another. 
This signifi cantly increases the water return tem-
perature from the towers.

Increase Chilled Water Return Temperature: Increasing 
chilled water return temperature has the same effect as 
increasing chilled water supply temperature. It can also 
signifi cantly decrease the secondary pump power since 
the higher the return water temperature (for a given sup-
ply temperature), the lower the differential temperature, 
and the lower the chilled water fl ow. Maximizing chilled 
water return temperature is much more important than 
optimizing supply water temperature since it often pro-
vides much more savings potential. It is hard to increase 
supply temperature 5°F above the design setpoint. It is 
often easy to increase the return water temperature as 
much as 7°F by conducting water balance and shutting 
off by-pass of three-way valves.

Use Variable Flow under Partial Load Conditions:
Typical central plants use primary-secondary loops. A 
constant speed primary pump is often dedicated to a 
particular chiller. When the chiller is turned on, the 
pump is on. Chilled water fl ow through each chiller 
is maintained at the design fl ow rate by this operating 
schedule. When the building-loop fl ow is less than the 
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chiller loop fl ow, part of the chiller fl ow by-passes the 
building and returns to the chiller. This practice causes 
excessive primary pump power consumption and ex-
cessively low entering water tem perature to the chiller, 
which i ncreases th e compressor power consumption.
 It is generally perceived that chilled water fl ows 
must remain constant for chiller operational safety. 
Actually, most new chillers allow chilled water fl ow as 
low as 30% of the design value. The chilled water fl ow 
can be decreased to be as low as 50% for most existing 
chillers if the proper procedures are followed35.
 Varying chilled water fl ow through a chiller can 
result in signifi cant pump power savings. Although the 
primary pumps are kept on all the time, the secondary 
pump power consumption is decreased significantly 
when compared to the conventional primary and sec-
ondary system operation. Varying chilled water fl ow 
through the chillers will also increase the chiller ef-
fi ciency when compared to constant water fl ow with 
chilled water by-pass. More information can be found 
in a paper by Liu36.

Optimize Chiller Staging: For most chillers, the kW/ton 
decreases (COP increases) as the load ratio increases 
from 40% to 80%. When the load ratio is too low, the ca-
pacity modulation device in the chiller lowers the chiller 
effi ciency. When the chiller has a moderate load, the 
capacity modulation device has reasonable effi ciency. 
The condenser and evaporator are oversized for the load 
under this condition so the chiller effi ciency is higher. 
When the chiller is at maximum load, the evaporator 
and condenser are marginally sized, reducing the chiller 
effi ciency below its maximum value. Running chillers 
in the high efficiency range can result in significant 
electrical energy savings and can improve the reliability 
of plant operation. Optimal chiller staging should be 
developed using the following procedures:
• Determine and understand the optimal load range 

for each chiller. This information should be avail-
able from the chiller manufacturer. For example, 
chiller kW/ton typically has a minimum value 
(best efficiency) when the chiller load is some-
where between 50% and 70% of the design value.

• Turn on the most effi cient chiller fi rst. Optimize the 
pump and fan operation accordingly.

• Turn on more chillers to maintain the load ratio 
(chiller load over the design load) within the opti-
mal effi ciency range for each chiller. This assumes 
that the building by-pass is closed. If the building 
by-pass cannot be closed, the minimum chiller 
load ratio should be maintained at 50% or higher 
to limit primary pumping power increases

Maintain Good Operating Practices: The operating 
procedures recommended by the manufacturer should 
be followed. It is important to calibrate the temperature, 
pressure, and current sensors and the flow switches 
periodically. The temperature sensors are especially 
important for maintaining effi cient operation. Control 
parameters must be set properly, particularly the time 
delay relay.

26.4.6 CC Measures for Central Heating Plants
 Central heating plants produce hot water, steam, 
or both, typically using either natural gas, coal or oil as 
fuel. Steam, hot water, or both are distributed to build-
ings for HVAC systems and other end uses, such as 
cooking, cleaning, sterilization and experiments. Boiler 
plant operation involves complex chemical, mechanical 
and control processes. Energy performance and op-
erational reliability can be improved through numerous 
measures. However, the CC measures discussed in this 
section are limited to those that can be implemented by 
an operating technician, operating engineers, and CC 
engineers.

26.4.6.1 Optimize Supply Water Temperature and Steam 
Pressure
 Steam pressure and hot water temperature are the 
most important safety parameters for a central heating 
plant. Reducing the boiler steam pressure and hot water 
temperature has the following advantages:
• Improves plant safety
• Increases boiler effi ciency and decreases fuel con-

sumption
• Increases condensate return from buildings and 

improves building automation system perfor-
mance

• Reduces hot water and steam leakage through 
malfunctioning valves

26.4.6.2 Optimize Feed Water Pump Operation
 The feed water pump is sized based on boiler 
design pressure. Since most boilers operate below the 
design pressure, the feed water pump head is often 
signifi cantly higher than required. This excessive pump 
head is often dropped across pressure reducing valves 
and manual valves. Installing a VSD on the feed water 
pump in such cases can decrease pump power consump-
tion and improve control performance. Trimming the 
impeller or changing feed water pumps may also be 
feasible, and the cost may be lower. However, the VSD 
provides more fl exibility, and it can be adjusted to any 
level. Consequently, it maximizes the savings and can 
be adjusted to future changes as well.
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26.4.6.3 Optimize Airside Operation
 The key issues are excessive airfl ow and fl u gas 
temperature control. Some excess airfl ow is required 
to improve the combustion effi ciency and avoid hav-
ing insuffi cient combustion air during fl uctuations in 
airfl ow. However, excessive airfl ow will consume more 
thermal energy since it has to be heated from the outside 
air temperature to the fl ue gas temperature. The boiler 
effi ciency goes down as excessive airfl ow increases. The 
fl ue gas temperature should be controlled properly. If 
the fl ue gas temperature is too low, acid condensation 
can occur in the fl ue. If the fl ue gas temperature is too 
high, it carries out too much thermal energy. The airside 
optimization starts with a combustion analysis, that 
determines the combustion effi ciency based on the fl u 
gas composition, fl u gas temperature, and fuel composi-
tion. The typical combustion effi ciency should be higher 
than 80%. If the combustion effi ciency is lower than 
this value, available procedures37,38 should be used to 
determine the reasons.

26.4.6.4 Optimize Boiler Staging
 Most central plants have more than one boiler. Us-
ing optimal staging can improve plant energy effi ciency 
and reduce maintenance cost. The optimal staging 
should be developed using the following guidelines:
• Measure boiler effi ciency.
• Run the higher efficiency boiler as the primary 

system and run the lower effi ciency boiler as the 
back up system.

• Avoid running any boiler at a load ratio less than 
40% or higher than 90%.

• If two boilers are running at average load ratios 
less than 60%, no stand-by boiler is necessary. If 
three boilers are running at loads of less than 80%, 
no stand by boiler is necessary.

 Boiler staging involves boiler shut off, start up, 
and standby. Realizing the large thermal inertial and 
the temperature changes between shut off, standby, 
and normal operation, precautions must be taken to 
prevent corrosion damage and expansion damage. 
Generally speaking, short-term (monthly) turn on/off 
should be avoided for steam boilers. Hot water boilers 
are sometimes operated to provide water temperatures 
as low as 80°F. This improves distribution effi ciency, but 
may lead to acid condensate in the fl ue. The hot water 
temperature must be kept high enough to prevent this 
condensation.

26.4.6.5 Improve Multiple Heat Exchanger Operation
 Heat exchangers are often used in central plants or 

buildings to convert steam to hot water or high tempera-
ture hot water to lower temperature hot water. If more 
than one heat exchanger is installed, use as many heat 
exchangers as possible provided the average load ratio 
is 30% or higher. This approach provides the following 
benefi ts:
• Lower pumping power. For example, if two heat 

exchangers are used instead of one under 100% 
load, the pressure loss through the heat exchanger 
system will be decreased by 75%. The pumping 
power will also be decreased by 75%.

• Lower leaving temperature on the heat source. The 
condensate should be super-cooled when the heat 
exchangers are operated at low load ratio. The exit 
hot water temperature will be lower than the design 
value under the partial load condition. This will 
result in less water or steam fl ow and more energy 
extracted from each pound of water or steam. For 
example, the condensate water may be sub-cooled 
from 215°F to 150°F under low heat exchanger 
loads. Compared with leaving the heat exchanger 
at 215°F, each pound of steam delivers 65 Btu more 
thermal energy to the heat exchanger.

 Using more heat exchangers will result in more 
surface heat loss. If the load ratio is higher than 30%, 
the benefi ts mentioned above normally outweigh the 
heat loss. More information can be found in a paper by 
Liu et al.39

26.4.6.6 Maintain Good Operating Practices:
 Central plant operation involves both energy effi -
ciency and safety issues. Proper safety and maintenance 
guidelines should be followed. The following mainte-
nance issues should be carefully addressed:
• Blowdown: check blowdown setup if a boiler is 

operating at partial load most of the time. The 
purpose of blowdown is to remove the mineral de-
posits in the drum. This deposit is proportional to 
the cumulative make-up water fl ow, which is then 
proportional to the steam or hot water production. 
The blowdown can often be set back signifi cantly. 
If the load ratio is 40% or higher, the blowdown 
can be reset proportional to the load ratio. If the 
load ratio is less than 40%, keep the blowdown rate 
at 40% of the design blowdown rate.

• Steam traps: check steam traps frequently. Steam 
traps have a tendency to fail, failed position is usu-
ally open, and leakage costs can be signifi cant. A 
steam trap maintenance program is recommended. 
Consult the manufacturer and other manuals for 
proper procedures and methods.
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• Condensate return: inspect the condensate return 
frequently. Make sure you are returning as much 
condensate as possible. This is very expensive wa-
ter. It has high energy content and is treated water. 
When you lose condensate, you have to pay for the 
make-up water, chemicals, fuel, and, in some cases, 
sewage costs.

26.4.7 Continuous Commissioning Guidelines
 Guidelines can be used to assist in carrying the 
CC process out in an orderly manner. An abbreviated 
sample set is provided in Appendix A that provides a 
basic check list, procedures, and documentation require-
ments.

26.5 ENSURING OPTIMUM 
 BUILDING PERFORMANCE

 The CC activities described in the previous sections 
will optimize building system operation and reduce en-
ergy consumption. To ensure excellent long-term perfor-
mance, the following activities should be conducted.
1. Document CC activities,
2. Measure energy and maintenance cost savings,
3. Train operating and maintenance staff,
4. Measure energy data, and continuously measure 

energy performance, and
5. Obtain on-going assistance from CC engineers.
This section discusses guidelines to perform these 
tasks.

26.5.1 Document the CC Project
 The documentation should be brief and accurate. 
The operating sequences should be documented accurately 
and carefully. This documentation should not repeat the 
existing building documentation. It should describe the 
procedures implemented, including control algorithms, 
and briefl y give the reasons behind these procedures. 
The emphasis is on accurate and usable documentation. 
The documentation should be easily used by operat-
ing staff. For example, operating staff should be able 
to create operating manuals and procedures from the 
document.
 The CC project report should include accurate 
documentation of current energy performance, building 
data, AHUs and terminal boxes, water loops and pumps, 
control system, and performance improvements.

26.5.2 Measure Energy Savings
 Most building owners expect the CC project to pay 
for itself through energy savings. Measurement of en-

ergy savings is one of the most important issues for CC 
projects. The measurements should follow the procedures 
described in Chapter 27 (Measurement and Verifi cation) 
of this handbook. Chapter 27 describes procedures from 
the International Performance Measurement and Verifi cation 
Protocol40 (IPMVP). This section will provide a very brief 
description of these procedures, emphasizing issues that 
are important in M&V for CC projects.
 The process for determining savings as adopted in 
the IPMVP defi nes energy savings, Esave, as:

  ESave = Ebase – Epost

where Ebase is the “baseline” energy consumption before 
the CC measures were implemented, and Epost is the 
measured consumption following implementation of the 
CC measures.
 Figure 26.10 shows the daily electricity consump-
tion of the air handlers in a large building in which the 
HVAC systems were converted from constant volume 
systems to VAV systems using variable frequency drives. 
Consumption is shown for slightly over a year before 
the VFDs were installed (Pre), for about three months 
of construction and for about two years after installation 
(Post). In this case, the base daily electricity consump-
tion is 8,300 kWh/day. The post-retrofi t electricity con-
sumption is 4,000 kWh/day, corresponding to electricity 
savings of 4,300 kWh/day. During the construction pe-
riod, the savings are slightly lower.
 However, in most cases, consumption shows more 
variation from day to day and month to month than that 
shown by the fan power for these constant speed fans. 
Hence, determination of the baseline must consider a 
number of factors, including weather changes, changes 
in occupancy schedule, changes in number of occupants, 
remodeling of the spaces, equipment changes, etc.
 In the IPMVP, the baseline energy use, Ebase, is de-
termined either from direct measurements, utility bills, or 
from a model of the building operation before the retrofi t 
(or commissioning). The post-installation energy use is 
generally simply the measured energy use, but it may be 
determined from a model if measured data are not avail-
able. Before and after comparisons are often normalized 
with factors such as weather, occupancy, etc.
 The IPMVP includes four different M&V tech-
niques or options. These options, may be summarized as 
Option A—some measurements, but mostly stipulated 
savings, Option B: measurement at the system or device 
level, Option C—measurement at the whole-building 
or facility level, and Option D—determination from 
calibrated simulation. Each option has its advantages 
for some special applications.
 The cost savings must also consider changes in 
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utility rates. It is generally recommended that the utility 
rates in place before the retrofi t or CC measures were 
implemented be used if any savings projections were 
made, since those projections were made based on the 
rates in effect at that time.
 In general, the least expensive M&V method that 
will provide the accuracy required should be used. Util-
ity billing data will be the least expensive data whenever 
it is available. It will sometimes provide the required 
accuracy for CC projects, but has the disadvantage 
that it may take considerable time before the improved 
performance is clearly evident. The discussion below 
generally assumes that higher frequency data is being 
used.

26.5.2.1 Option A - Stipulated Savings
(Involving some measurements)
 The stipulated option determines savings by mea-
suring the capacity or the effi ciency of a system before 
and after retrofi t or commissioning, and then multiplies 
the difference by an agreed upon or “stipulated” factor 
such as the hours of operation, or the load on the sys-
tem. This option focuses on a physical determination of 
equipment changes to ensure that the installation meets 
contract specifi cations. Key performance factors (e.g. 
lighting wattage) are determined with spot or short-

term measurements and operational factors (e.g. lighting 
operating hours) are stipulated based on historical data 
or spot measurement. Performance factors are measured 
or checked yearly. This method provides reliable savings 
estimation for applications where the energy savings are 
independent of weather and occupancy conditions.
 For example, during the CC process, the fan pulley 
was decreased from 18” to 16” for a constant volume 
AHU. The fan power savings can be determined using 
the following method:
• Measure the fan power consumption before chang-

ing the pulley and the power consumption after 
changing the pulley.

• Determine the number of hours in operation.
• Determine the fan power savings as the product 

of the hourly fan power energy savings and the 
number of hours in operation.

 If the energy consumption varies with occupancy 
and weather conditions, this option should not be used. 
For example, the minimum airfl ow setting was adjusted 
from 50% to 0% for 100 VAV terminal boxes at  night and 
during weekends. Since the airfl ow depends on both 
internal and external loads, and the airfl ow may not be 
0% even if the minimum fl ow setting is 0%, this method 
cannot be used to determine savings.

Figure 26.10 Daily electricity consumption for approximately one year before a retrofi t 
and two years after the retrofi t41.
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 If Option A can provide the required accuracy, it 
will generally be the second least expensive method, 
after utility data.

26.5.2.2 Option B - Device/System Level Measurement
 Within Option B, savings are determined by con-
tinuous measurements taken throughout the project 
term at the device or system level. Individual loads or 
end-uses are monitored continuously to determine per-
formance and the long-term persistence of the measures 
installed. The base line model can be developed using 
the measured energy consumption and other param-
eters. The energy savings can be determined as the dif-
ference between baseline energy consumption and the 
measured energy consumption. This method provides 
the best saving estimation for an individual device or 
system.
 The data collected can also be used to improve or 
optimize the system operation, and as such is particu-
larly valuable for continuous commissioning projects. 
Since measurements are taken throughout the project 
term, the cost is higher than option A.

26.5.2.3 Option C - Whole Building Level Measurement
 Determines savings by analyzing “whole-build-
ing” or facility level data measured during the baseline 
period and the post-installation period. This option is 
required when it is desired to measure interaction ef-
fects, e.g. the impact of a lighting retrofi t on the cooling 
consumption as well as savings in lighting energy. The 
data used may be utility data, or sub-metered data.
 The minimum number of measurement channels 
recommended for performance assurance or savings 
measurement will be the number needed to separate 
heating, cooling and other electric uses. The actual num-
ber of channels will vary, depending on whether pulses 
are taken from utility meters, or if two or three current 
transformers are installed to measure the three phase 
power going into a chiller. Other channels may need to 
be added, depending on the specifi c measures that are 
being evaluated.
 Option C requires that installation of the proper 
systems/equipment and proper operating practices 
must be confi rmed. It determines savings from metered 
data taken throughout the project term. The major limi-
tation in the use of Option C for savings determination 
is that the size of the savings must be larger than the 
error in the baseline model. The major challenge is ac-
counting for changes other than those associated with 
the ECMs or the commissioning changes implemented.
 Accurate determination of savings using Option C 
normally requires 12 months of continuous data before 

a retrofi t and continuous data after retrofi t. However, 
for commissioning applications, a shorter period of data 
during which daily average ambient conditions cover 
a large fraction of normal yearly variation is often ad-
equate.

26.5.2.4 Option D - Calibrated Simulation
 Savings are determined through simulation of 
the facility components and/or the whole facility. The 
most powerful application of this approach calibrates 
a simulation model to baseline consumption data. For 
commissioning applications, it is recommended that 
calibration be to daily or hourly data. This type of 
calibration may be carried out most rapidly if simu-
lated data is compared to measured data as a function 
of ambient temperature. Wei et al.42 have developed 
“energy signatures” that greatly aid this process. More 
information can be found in Liu and Claridge43 and a 
manual providing instructions on use of the method is 
available44.
 Just as for the other options, the implementation 
of proper operating practices should be confi rmed. It 
is particularly important that personnel experienced 
in the use of the particular simulation tool conduct 
the analysis. The simulation analysis needs to be well 
documented, with electronic and hard copies of the 
simulation program input and output preserved.

26.5.2.5 Data Used to Determine Savings
 Note that monthly bills may be used to estimate 
the energy savings. This method is one version of Op-
tion C described above. It is typically the least expensive 
method of verifi cation. It will work fi ne if the following 
conditions are met:
1. Signifi cant savings are expected at the utility meter 

level
2. Savings are too small to cost-justify more data
3. There will be no changes in

a. Equipment
b. Schedules
c. Occupancy
d. Space utilization

 The case shown in Figure 26.11 is an example 
where monthly bills clearly show the savings. The sav-
ings were large and consistent following the retrofi t until 
June. At this point, a major deviation occurred. The pres-
ence of other metering at this site showed that the utility 
bill was incorrect. Further investigation showed that the 
utility meter had been changed and this had not been 
considered in the bill sent. The consumption included 
in this bill was greater than the site would have used 
if it had used the peak demand recorded on the utility 
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meter for every hour of the billing period!
 However, daily or hourly data will show the re-
sults of commissioning measures much more quickly 
and are an extremely valuable diagnostic tool when 
problems arise as described in Section 26.5.4. Hence it 
is recommended that such data be used for savings de-
termination and follow-up tracking whenever possible.

26.5.3 Trained Operating and Maintenance Staff
 Effi cient building operation begins with a qualifi ed 
and committed staff. Since the CC process generally 
makes changes in the way a building is operated to im-
prove comfort and effi ciency, it is essential that the op-
erators be a part of the commissioning team. They need 
to work with the CC engineers, propose CC measures 
and implement or help implement them. In addition to 
actively participating in the CC process, formal technical 
training should be provided to ensure that the operating 
staff understands the procedures implemented so they 
can perform trouble-shooting properly.

26.5.4 Continuously Measure Energy Performance
 The measurement of energy consumption data is 
very important to maintain building performance and 
maintain CC savings. The metered data can be used to:
1. Identify and solve problems. Metered consumption 

data is needed to be sure that the building is still 
operating properly. If there is a component failure 

or an operating change that makes such a small 
change in comfort or operating effi ciency that it is 
not visible in metered consumption data, it gener-
ally isn’t worth worrying about. If it does show 
up as even a marginal increase in consumption, 
trouble-shooting should be initiated.

2. Trend/measure energy consumption data. This con-
tinuing activity is the fi rst line of defense against 
declining performance. The same procedures used 
to establish a pre-CC baseline can be used to es-
tablish a baseline for post-CC performance, and 
this post-CC baseline can be used as a standard 
against which future performance is compared. 
Consumption that exceeds this baseline for a few 
days, or even a month may not be signifi cant, but 
if it persists much more than a month, trouble-
shooting should be used to fi nd out what has led 
to the increase. If it is the result of a malfunctioning 
valve, you can fi x it. If it is the result of 100 new 
computers added to the building, you will adjust 
the baseline accordingly.

3. Trend and check major operating parameters. Param-
eters such as cold-deck temperatures, zone supply 
temperatures, etc. should be trended periodically 
for comparison with historic levels. This can be 
extremely valuable when trouble-shooting and 

Figure 26.11 Comparison of monthly utility bills before (top line) and after (bottom 
line) a retrofi t45.
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when investigating consumption above the post-
CC baseline.

4. Find the real problems when the system needs to be 
repaired or fi xed. It is essential that the same fun-
damental approach used to fi nd and fi x problems 
while the CC process is initiated be used whenever 
new hot calls or cold calls are received.

26.5.5 Utilize Expert Support as Needed
 It is inevitable that a problem will come up which, 
even after careful trouble-shooting points toward a prob-
lem with one or more of the CC measures that have 
been implemented. Ask the CC providers for help in 
solving such problems before undoing an implemented 
CC measure. Sometimes it will be necessary to modify a 
measure that has been implemented. The CC engineers 
will often be able to help with fi nding the most effi cient 
solution, and they will sometimes be able to help you 
fi nd another explanation, so the problem can be rem-
edied without changing the measure.
 Ask help from the CC providers when you run into 
a new problem or situation. Problems occasionally crop 
up that defy logical explanation. These are the prob-
lems that generally get resolved by trying one of three 
things that seem like possible solutions, and playing 

with system settings until the problem goes away. This 
is one of the most important situations in which expert 
help is needed. Without the expert’s help, these kinds of 
problems—and the trial and error solutions—can undo 
the measure’s savings potential.

26.5.6 How Well Do Commissioning Savings Persist?
 The Energy Systems Laboratory at Texas A&M has 
conducted a study of 10 buildings on the Texas A&M 
campus that had CC measures implemented in 1996-
9746,47. Table 26.5 shows the baseline cost of combined 
heating, cooling and electricity use of each building 
and the commissioning savings for 1998 and 2000. The 
baseline consumption and savings for each year were 
normalized to remove any differences due to weather.
 Looking at the totals for the group of 10 buildings, 
heating and cooling consumption increased by $207,258 
(12.1%) from 1998 to 2000, but savings from the earlier 
commissioning work were still $985,626. However, it 
may also be observed that almost three-fourths of this 
consumption increase occurred in two buildings, the 
Kleberg Building, and G. Rollie White Coliseum. The in-
creased consumption of the Kleberg Building was due to 
a combination of component failures and control prob-
lems as described in the case study in Section 26.5.6.1. 
The increased consumption in G. Rollie White Coliseum 

Table 26.5. Commissioning savings in 1998 and 2000 for 10 buildings on the Texas A&M cam-
pus48.
———————————————————————————————————————————
  Building Baseline Use 1998 Savings 2000

($/Yr) ($/Yr) Savings($/yr)
———————————————————————————————————————————
  Kleberg Building $484,899 $313,958 $247,415
———————————————————————————————————————————
  G.R. White Coliseum $229,881 $154,973 $71,809
———————————————————————————————————————————
  Blocker Building $283,407 $76,003 $56,738
———————————————————————————————————————————
  Eller O&M Building $315,404 $120,339 $89,934
———————————————————————————————————————————
  Harrington Tower $ 145,420 $64,498 $48,816
———————————————————————————————————————————
  Koldus Building $ 192,019 $57,076 $61,540
———————————————————————————————————————————
  Richardson Petroleum Building $273,687 $120,745 $120,666
———————————————————————————————————————————
  Veterinary Medical Center $324,624 $87,059 $92,942
  Addition
———————————————————————————————————————————
  Welmer Business Building $224,481 $47,834 $68,145
———————————————————————————————————————————
  Zachry Engineering Center $436,265 $150,400 $127,620
———————————————————————————————————————————
  Totals $2,910,087 $ 1,192,884 $985,626
———————————————————————————————————————————
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was due to different specifi c failures and changes, but 
was qualitatively similar to Kleberg since it resulted 
from a combination of component failures and control 
changes. The fi ve buildings that showed consumption 
changes of more than 5% from 1998 to 2000 were all 
found to have different control settings that appear to 
account for the changed consumption (including the 
decrease in the Wehner Business Building).
 These data suggest that commissioning savings 
generally persist, but tracking can subsequently uncover 
problems that did not cause comfort problems, but have 
increased consumption by $10,000-$100,000 per year in 
large buildings.

26.5.6.1 Commissioning persistence case study - Kleberg 
Building49

 The Kleberg Building is a teaching/research facil-
ity on the Texas A&M campus consisting of classrooms, 
offi ces and laboratories, with a total fl oor area of ap-
proximately 165,030 ft2. Ninety percent of the building 
is heated and cooled by two (2) single duct variable air 
volume (VAV) air handling units (AHU) each having 
a pre-heat coil, a cooling coil, one supply air fan (100 
hp), and a return air fan (25 hp). Two smaller constant 
volume units handle the teaching/lecture rooms in the 
building. The campus plant provides chilled water and 
hot water to the building. The two (2) parallel chilled 
water pumps (2 × 20 hp) have variable frequency drive 
control. There are 120 fan-powered VAV boxes with 
terminal reheat in 12 laboratory zones and 100 fan-pow-
ered VAV boxes with terminal reheat in the offi ces. There 
are six (6) exhaust fans (10-20 hp, total 90 hp) for fume 
hoods and laboratory general exhaust. The air handling 
units, chilled water pumps and 12 laboratory zones are 
controlled by a direct digital control (DDC) system. DDC 

controllers modulate dampers to control exhaust airfl ow 
from fume hoods and laboratory general exhaust.
 A CC investigation was initiated in the summer 
of 1996 due to the extremely high level of simultaneous 
heating and cooling observed in the building (Abbas, 
1996). Figures 26.12 and 26.13 show daily heating and 
cooling consumption (expressed in average kBtu/hr) 
as functions of daily average temperature. The Pre-CC 
heating consumption data given in Figure 26.13 shows 
very little temperature dependence as indicted by the 
regression line derived from the data. Data values were 
typically between 5 and 6 MMBtu/hr with occasional 
lower values. The cooling data (Figure 26.12) shows 
more temperature dependence and the regression line 
indicates that average consumption on a design day 
would exceed 10 MMBtu/hr. This corresponds to only 
198 sq.ft./ton based on average load, which is a high 
cooling density.
 It was soon found that the preheat was operating 
continuously, heating the mixed air entering the cooling 
coil to approximately 105˚F, instituted in response to 
a humidity problem in the building. The preheat was 
turned off and heating and cooling consumption both 
dropped by about 2 MMBtu/hour as shown by the 
middle clouds of data in Figures 26.12 and 26.13. Sub-
sequently, the building was thoroughly examined and 
a comprehensive list of commissioning measures was 
developed and implemented. The principal measures 
implemented that led to reduced heating and cooling 
consumption were:

• Preheat to 105˚F was changed to preheat to 40˚F
• Cold deck schedule changed from 55˚F fi xed to 

vary from 62˚F to 57˚F as ambient temperature 
varies from 40˚F to 60˚F

Figure 26.12 Pre-CC and post-CC heat-
ing water consumption at the Kleberg 
Building vs. daily average outdoor 
temperature50.
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• Economizer—set to maintain mixed air at 57˚F
whenever outside air below 60˚F

• Static pressure control—reduced from 1.5 inH2O to 
1.0 inH2O and implemented night-time set back to 
0.5 inH2O

• Replaced or repaired a number of broken VFD 
boxes

• Chilled water pump VFDs were turned on.

 Additional measures implemented included 
changes in CHW pump control—changed so one pump 
modulates to full speed before the second pump comes 
on instead of operating both pumps in parallel at all 
times, building static pressure was reduced from 0.05 in. 
w.c. to 0.02 in. w.c., and control changes were made to 
eliminate hunting in several valves. It was also observed 
that there was a vibration at a particular frequency in the 
pump VFDs that infl uenced the operators to place these 
VFDs in the manual mode, so it was recommended that 
the mountings be modifi ed to solve this problem.
 These changes further reduced chilled water and 
heating hot water use as shown in Figures 26.12 and 
26.13 for a total annualized reduction of 63% in chilled 
water use and 84% in hot water use. Additional follow-
up conducted from June 1998 through April 1999 focused 
on air balance in the 12 laboratory zones, general exhaust 
system rescheduling, VAV terminal box calibration, ad-
justing the actuators and dampers, and calibrating fume 
hoods and return bypass devices to remote DDC control52

(Lewis, et al. 1999). These changes reduced electricity 
consumption by about 7% or 30,000 kWh/mo.
 In 2001 it was observed that chilled water savings 
for 2000 had declined to 38% and hot water savings to 

62% as shown in Table 26.6. Chilled water data for 2001 
and the fi rst three months of 2002 are shown in Figure 
26.14. The two lines shown are the regression fi ts to the 
chilled water data before CC implementation and after 
implementation of CC measures in 1996 as shown in 
Figure 26.13. It is evident that consumption during 2001 
is generally appreciably higher than immediately fol-
lowing implementation of CC measures. The CC group 
performed fi eld tests and analyses that soon focused on 
two single-duct VAV AHU systems, two chilled water 
pumps, and the Energy Management Control System 
(EMCS) control algorithms as described in Chen et al.53

Several problems were observed as noted below.

Problems Identifi ed
• The majority of the VFDs were running at a con-

stant speed near 100% speed.

• VFD control on two chilled water pumps was 
again bypassed to run at full speed.

• Two chilled water control valves were leaking bad-
ly. Combined with a failed electronic to pneumatic 
switch and the high water pressure noted above, 
this resulted in discharge air temperatures of 50°F 
and lower and activated preheat continuously.

• A failed pressure sensor and two failed CO2 sen-
sors put all outside air dampers to the full open 
position.

• The damper actuators were leaking and unable to 
maintain pressure in some of the VAV boxes. This 

Figure 26.13 Pre-CC and post-CC 
chilled water consumption at the 
Kleberg Building vs. daily aver-
age outdoor temperature51.



702 ENERGY MANAGEMENT HANDBOOK

caused cold air to fl ow through the boxes even 
when they were in the heating mode, resulting in 
simultaneous heating and cooling. Furthermore 
some of the reheat valves were malfunctioning. 
This caused the reheat to remain on continuously 
in some cases.

• Additional problems identifi ed from the fi eld sur-
vey included the following: 1) high air resistance 
from the fi lters and coils, 2) errors in a temperature 
sensor and static pressure sensor, 3) high static 
pressure setpoints in AHU1 and AHU2.

 This combination of equipment failure compound-
ed by control changes that returned several pumps and 
fans to constant speed operation had the consequence 
of increasing chilled water use by 18,894 MMBtu and 
hot water use by 9,510 MMBtu. This amounted to an 
increase of 71% in chilled water use and more than 
doubled hot water use from two years earlier
 These problems have now been corrected and build-
ing performance has returned to previously low levels as 
illustrated by the data for April-June 2002 in Figure 26.4. 
These data are all below the lower of the two regression 
lines and is comparable to the level achieved after addi-
tional CC measures were implemented in 1998-99.

26.6 COMMISSIONING NEW BUILDINGS
 FOR ENERGY MANAGEMENT

 The energy manager’s effort is generally directed 
toward the improving the effi ciency of existing build-
ings. However, whenever the organization initiates 
design and construction of a new building that will 
become part of the energy manager’s portfolio of build-
ings, it is extremely important that the energy manager 
become an active part of the design and construction 
team to ensure that the building incorporates all ap-
propriate energy efficiency technologies. It is just as 

important that the perspective of operational personnel 
be included in the design process so it will be possible 
to effectively and effi ciently operate the building. One 
of the best ways to accomplish these objectives is to 
commission the building as it is designed and built.
 The primary motivation for commissioning HVAC 
systems is generally to achieve HVAC systems that work 
properly to provide comfort to building occupants at 
low cost. In principle, all building systems should be 
designed, installed, documented, tested, and build-
ing staff trained in their use. In practice, competitive 
pressures and fee structures, and fi nancial pressures to 
occupy new buildings as quickly as possible generally 
result in buildings that are handed over to the owners 
with minimal contact between designers and operators, 
minimal functional testing of systems, documentation 
that largely consists of manufacturers system compo-
nent manuals, and little or no training for operators. 
This in turn leads to problems such as mold growth in 
walls of new buildings, rooms that never cool properly, 
air quality problems, etc. Such experiences were doubt-
less the motivation for the facility manager for a large 
university medical center who stated a few years ago 
that he didn’t want to get any new buildings. He only 

Table 26.6. Chilled water and heating water usage and saving in the Kleberg Building for three 
different years normalized to 1995 weather54.

——————————————————————————————————————————————

 Type Pre-CC Post-CC Use/Savings 2000 Use/Savings

  Baseline Use Savings % Use Savings (%)
  (MMBtu/yr) (MMBtu/yr)  (MMBtu/yr)
——————————————————————————————————————————————
 CHW 72935 26537 63.6% 45431 37.7%
——————————————————————————————————————————————
 HW 43296 6841 84.2% 16351 62.2%
——————————————————————————————————————————————

Figure 26.14 ChW data for the Kleberg Building for 
January 2001- June 200255.
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wanted three-year old buildings in which the problems 
had been fi xed.
 Although commissioning provides higher quality 
buildings and results in fewer initial and subsequent 
operational problems, most owners will include com-
missioning in the design and construction process only 
if they believe they will benefi t fi nancially from com-
missioning. It is much more diffi cult to document the 
energy cost savings from commissioning a new building 
than an existing building. There is no historical use pat-
tern to use as a baseline. However, it has been estimated 
that new building commissioning will save 8% in energy 
cost alone compared with the average building which is 
not commissioned56. This offers a payback for the cost of 
commissioning in just over four years from the energy 
savings alone and also provides improved comfort and 
air quality.
 Commissioning is often considered to be a punch-
list process that ensures that the systems in a building 
function before the building is turned over to the owner. 
However, the process outlined in Table 26.7 shows the 
process beginning in the pre-design phase. It is most ef-
fective if allowed to infl uence both design and construc-
tion. It is essential that the energy manager be involved 
in the commissioning process on the owner’s team no 
later than the design phase of the construction process. 
This permits input into the design process that can have 
major impact on the effi ciency of the building as built 
and can lead to a building that has far fewer operational 
problems.

26.7 SUMMARY

 Commissioning of existing buildings is emerging 
as one of the most cost effective ways for an energy 
manager to lower operating costs, and typically does 
so with no capital investment, or with a very minimal 
amount. It has been successfully implemented in several 
hundred buildings and provides typical paybacks of one 
to three years.
 It is much more than the typical O&M program. It 
does not ensure that the systems function as originally 
designed, but focuses on improving overall system con-
trol and operations for the building as it is currently 
utilized and on meeting existing facility needs. During 
the CC process, a comprehensive engineering evaluation 
is conducted for both building functionality and sys-
tem functions. The optimal operational parameters and 
schedules are developed based on actual building con-
ditions. An integrated approach is used to implement 
these optimal schedules to ensure practical local and 

global system optimization and to ensure persistence of 
the improved operational schedules.
 The approach presented in this chapter begins by 
conducting a thorough examination of all problem areas 
or operating problems in the building, diagnoses these 
problems, and develops solutions that solve these prob-
lems while almost always reducing operating costs at 
the same time. Equipment upgrades or retrofi ts may be 
implemented as well, but have not been a factor in the 
case studies presented, except where the commission-
ing was used to fi nance equipment upgrades. This is in 
sharp contrast to the more usual approach to improving 

Table 26.7. The commissioning process for new build-
ings57.
—————————————————————————
1. Conception or pre-design phase

(a) Develop commissioning objectives
(b) Hire commissioning provider
(c) Develop design phase commissioning require-

ments
(d) Choose the design team

—————————————————————————
2. Design phase

(a) Commissioning review of design intent
(b) Write commissioning specifications for bid 

documents
(c) Award job to contractor
(d) Develop commissioning plan

—————————————————————————
3. Construction/Installation phase

(a) Gather and review documentation
(b) Hold commissioning scoping meeting and fi -

nalize plan
(c) Develop pre-test checklists
(d) Start up equipment or perform pre-test check-

lists to ensure readiness for functional testing 
during acceptance

—————————————————————————
4. Acceptance phase

(a) Execute functional test and diagnostics
(b) Fix defi ciencies
(c) Retest and monitor as needed
(d) Verify operator training
(e) Review O&M manuals
(f) Building accepted by owner

—————————————————————————
5. Post-acceptance phase

(a) Prepare and submit fi nal report
(b) Perform deferred tests (if needed)
(c) Develop recommissioning plan/schedule

—————————————————————————
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the effi ciency of HVAC systems and cutting operating 
costs that primarily emphasizes system upgrades or 
retrofi ts to improve effi ciency.
 Commissioning of new buildings is also an im-
portant option for the energy manager, offering an op-
portunity to help ensure that new buildings have the 
energy effi ciency and operational features that are most 
needed.

26.8. FOR ADDITIONAL INFORMATION

 Two major sources of information on commis-
sioning existing buildings are the Continuous Commis-
sioningSM Guidebook: Maximizing Building Energy 
Efficiency and Comfort (Liu, M., Claridge, D.E. and 
Turner, W.D., Federal Energy Management Program, 
U.S. Dept. of Energy, 144 pp., 2002) and A Practical Guide 
for Commissioning Existing Buildings (Haasl, T. and Sharp, 
T., Portland Energy Conservation, Inc. and Oak Ridge 
National Laboratory for U.S. DOE, ORNL/TM-1999/34, 
69 pp. + App., 1999). Much of this chapter has been 
abridged and adapted from the CC Guidebook.
 There are a much wider range of materials avail-
able that treat commissioning of new buildings. Two 
documents that provide a good starting point are 
ASHRAE Guideline 1-1996: The HVAC Commissioning 
Process (American Society of Heating, Refrigerating and 
Air-Conditioning Engineers, Atlanta, GA, 1996) and the 
Building Commissioning Guide—Version 2.2 (U.S. GSA 
and U.S. DOE, 1998 by McNeil Technologies, Inc. and 
Enviro-Management & Research, Inc. available at www.
emrinc.com).
 The case studies in this chapter have been largely 
abridged and adapted from the following three pa-
pers:
 Claridge, D.E., Liu, M., Deng, S., Turner, W.D., 
Haberl, J.S., Lee, S.U., Abbas, M., Bruner, H., and Veteto, 
B., “Cutting Heating and Cooling Use Almost in Half 
Without Capital Expenditure in a Previously Retrofi t 
Building,” Proc. of 2001 ECEEE Summer Study, Mandeliu, 
France, Vol. 2, pp. 74-85, June 11-16, 2001.
 Turner, W.D., Claridge, D.E., Deng, S. and Wei, G., 
“The Use of Continuous CommissioningSM As An Energy 
Conservation Measure (ECM) for Energy Effi ciency Retro-
fi ts,” Proc. of 11th National Conference on Building Com-
missioning, Palm Springs, CA, CD, May  20-22, 2003.
 Claridge, D.E., Turner, W.D., Liu, M., Deng, S., Wei, 
G., Culp, C., Chen, H. and Cho, S.Y., “Is Commissioning 
Once Enough?,” Solutions for Energy Security & Facility 
Management Challenges: Proc. of the 25th WEEC, Atlanta, 
GA, pp. 29-36, Oct. 9-11, 2002.
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27.1 INTRODUCTION

27.1.1 M&V Method Selection
  Measurement and verifi cation (M&V) has a dual 
role. First, M&V quantifi es the  savings being obtained. 
This applies to the initial savings and the long-term sav-
ings. Since the persistence of savings has been shown 
to decrease with time,1 long term M&V provides data 
to make these savings sustainable. Second, M&V must 
be cost effective so that the cost of measurement and 
the analysis does not consume the savings.2,3 The 1997 
International Performance Measurement and Verifi cation 
Protocol (IPMVP) set the target costs for M&V to be in the 
range of 1% to 10%, depending upon the Option selected, 
of the construction cost for the life of the ECM. Most 
approaches fall in the recommended range of 3% to 10% 
of the construction cost. The IPVMP 2001 removed this 
guidance on the recommended costs for M&V. Currently, 
a goal of about 5% of the savings per year has evolved 
as a preferred criterion for costing M&V, since the cost 
justifi cation directly results from the calculation.
 A general procedure for selecting an approach can 
be summarized by the following fi ve steps:
a) In general one wants to try to... Perform Monthly 

Utility Bill Before/After Analysis.
b) And if this does not work, then… Perform Daily or 

Hourly Before/After Analysis.
c) And if this does not work, then… Perform Compo-

nent Isolation Analysis.
d) And if this does not work, then… Perform Calibrated 

Simulation Analysis.
e) Then… Report savings and Finish Analysis.

27.1.2 History of M&V
27.1.2.1 History of Building Energy Measurement.
 The history of the measurement of building energy 
use can be traced back to the 19th century for electric-
ity, and earlier for fuels such as coal and wood, which 
were used to heat buildings.4,5,6,7 By the 1890s, although 
electricity was common in many new commercial build-

ings, its use was primarily for incandescent lighting and, 
to a lesser extent, for the electric motors associated with 
ventilating buildings since most of the work in offi ce 
buildings was carried out during daylight hours. The 
metering of electricity closely paralleled the spread of 
electricity into cities as its inventors needed to recover 
the cost of its production through the collection of pay-
ments from electric utility customers.8,9 Commercial me-
ters for the measurement of fl owing liquids in pipes can 
be traced back to the same period, beginning with the 
invention of the fi rst commercial fl ow meter by Clemens 
Herschel in 1887, which used principles based on the 
pitot tube and venturi fl ow meter, invented in 1732 and 
1797 by their respective namesakes.10 Commercial me-
ters for the measurement of natural gas can likewise be 
traced to the sale and distribution of natural gas, which 
paralleled the development of the electric meters.

27.1.2.2 History of M&V in the U.S.
27.1.2.2.1 History of M&V
 The history of the measurement and verifi cation of 
building energy use parallels the development and use 
of computerized energy calculations in the 1960s, with a 
much accelerated awareness in 1973, when the embargo 
on Mideast oil made energy a front page issue.11,12 Dur-
ing the 1950s and 1960s most engineering calculations 
were performed using slide rules, engineering tables 
and desktop calculators that could only add, subtract, 
multiply and divide. Since the public was led to believe 
energy was cheap and abundant,13 the measurement 
and verifi cation of the energy use in a building was lim-
ited for the most part to simple, unadjusted comparisons 
of monthly utility bills.
 In the 1960s several efforts were initiated to for-
mulate and codify equations that could predict dynamic 
heating and cooling loads, including efforts at the Na-
tional Bureau of Standards to predict temperatures in 
fallout shelters,14 and the 1967 HCC program developed 
by a group of mechanical engineering consultants,15

which used the Total Equivalent Temperature Differ-
ence/Time Averaging (TETD/TA) method. The popular-
ity of this program prompted the American Society of 
Heating, Refrigeration and Air-Conditioning Engineers 
(ASHRAE) to embark on a series of efforts that eventu-
ally delivered today’s modern, general purpose simula-
tion programs16 (i.e., DOE-2, BLAST, EnergyPlus, etc.), 
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which utilize thermal response factors,17,18 as well as 
algorithms for simulation of the quasi-steady-state per-
formance of primary and secondary equipment.19 One 
of these efforts was to validate the hourly calculations 
with fi eld measurements at the Legal Aid Building on 
the Ohio State University campus,20 which is probably 
the first application of a calibrated, building energy 
simulation program.
 Some of the earliest efforts to develop standardized 
methods for the M&V of building energy use began 
with efforts to normalize residential heating energy use 
in single-family and multi-family buildings,21 which 
include the Princeton Scorekeeping Method (PRISM),22

a forerunner to ASHRAE’s Variable-based Degree Day 
(VBDD) calculation method. In commercial build-
ings, numerous methods have been reported over the 
years23,24,25 varying from weather normalization using 
monthly utility billing data,26,27,28 daily and hourly 
methods,29 and even dynamic inverse models using 
resistance-capacitance (RC) networks.30 Procedures and 
methodologies to baseline energy use in commercial 
buildings began to appear in several publications in 
the 1980s31,32,33 and the early 1990s.34,35,36 Modeling 
toolkits and software have been developed that are use-
ful in developing performance metrics for buildings, as 
well HVAC system components. These efforts include 

the Princeton Scorekeeping Software (PRISM),37 which 
is useful for developing variable-based degree day 
models of monthly or daily data, ASHRAE’s HVAC01 
software for modeling primary HVAC systems such as 
boilers, and chillers,38 ASHRAE’s HVAC02 software for 
modeling secondary HVAC systems including air-han-
dlers, blowers, cooling coils and terminal boxes,39 and 
ASHRAE’s Research Projects 827-RP for in-situ measure-
ment of chillers, pumps, and blowers,40 Research Project 
1004-RP for in-situ measurement of thermal storage 
systems,41 Research Project 1050-RP Toolkit for Calcu-
lating Linear, Change-point Linear and Multiple-Linear 
Inverse Building Energy Analysis Models, and Research 
Project 1093-RP toolkit for calculating diversity factors 
for energy and cooling loads.43

 In 1989, a report by Oak Ridge National Labora-
tory44 classifi ed the diverse commercial building analy-
sis methods into fi ve categories, including: annual total 
energy and energy intensity comparisons, linear regres-
sion and component models, multiple linear regression, 
building simulation, and dynamic (inverse) thermal per-
formance models. In 1997 a reorganized and expanded 
version of this classifi cation appeared in the ASHRAE
Handbook of Fundamentals, and is shown in Tables 27.1 
and 27.2. In Table 27.1 different methods of analyzing 
building energy are presented, which have been clas-

Table 27.1 ASHRAE’s 1997 Classifi cation of Methods for the Thermal Analysis of Buildings.57
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sified according to model type, including: forward, 
inverse, and hybrid models.45

 In the fi rst method, forward modeling, a thermody-
namic model is created of a building using fundamental 
engineering principles to predict the hypothetical energy 
use of a building for 8,760 hours of the year given the 
location, and weather conditions. This requires a com-
plete description of the building, system, or component 
of interest, as well as the physical description of the 
building geometry, geographical location, system type, 
wall insulation value, etc. Forward models are normally 
used to design and size HVAC systems, and have begun 
to be used to model existing building, using a technique 
referred to as calibrated simulation.
 In the second method, inverse modeling, an em-
pirical analysis is conducted on the behavior of the 
building as it relates to one or more driving forces or 
parameters. This approach is referred to as a system 
identifi cation, parameter identifi cation or inverse mod-
eling. To develop an inverse model, one must assume 
a physical confi guration of the building or system, and 
then identify the parameter of interest using statistical 
analysis.46 Two primary types of inverse models have 
been reported in the literature, including: steady state 
inverse models and dynamic inverse models. A third 
category, hybrid models, consists of models that have 
characteristics of both forward and inverse models.47

 The simplest steady-state inverse model regresses 
monthly utility consumption data against average bill-

ing period temperatures. More robust methods include 
multiple linear regression, change-point linear regres-
sion, and Variable-Based Degree Day regressions as 
indicated in Table 27.1. The advantage of steady-state 
inverse models is that their use can be automated and 
applied to large datasets where monthly utility billing 
data and average daily temperatures for the billing pe-
riods are available. Steady-state inverse models can also 
be applied to daily data which allows one to compensate 
for differences in weekday and weekend use.48 Unfor-
tunately, steady state inverse models are insensitive to 
dynamic effects (i.e., thermal mass), and other variables 
(for example humidity and solar gain), and are diffi cult 
to apply to certain building types, for example buildings 
that have strong on/off schedule dependent loads, or 
buildings that display multiple change-points.
 Dynamic inverse models include: equivalent 
thermal network analysis,49 ARMA models,50,51 Fou-
rier series models,52,53 machine learning,54 and artifi cial 
neural networks.55,56 Unlike steady-state, inverse mod-
els, dynamic models are capable of capturing dynamic 
effects such as thermal mass which traditionally have 
required the solution of a set of differential equations. 
The disadvantages of dynamic inverse models are that 
they are increasingly complex, and need more detailed 
measurements to “tune” the model.
 Hybrid models are models that contain forward 
and inverse properties. For example, when a traditional 
fi xed-schematic simulation program such as DOE-2 or 

Table 27.2 ASHRAE’s 1997 Decision Diagram for Selection of Model.58
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BLAST (or even a component-based simplifi ed model) 
is used to simulate the energy use of an existing build-
ing then one has a forward analysis method that is 
being used in an inverse application, i.e., the forward 
simulation model is being calibrated or fi t to the actual 
energy consumption data from a building in much the 
same way that one fi ts a linear regression of energy use 
to temperature.
 Table 27.2 presents information that is useful for 
selecting an inverse model where usage of the model 
(diagnostics - D, energy savings calculations - ES, design 
De, and control - C), degree of diffi culty in understand-
ing and applying the model, time scale for the data used 
by the model (hourly - H, daily - D, monthly - M, and 
sub-hourly - S), calculation time, and input variables 
used by the models (temperature - T, humidity - H, solar 
- S, wind - W, time - t, thermal mass - tm), and accuracy 
are used to determine the choice of a particular model.

27.1.2.2.2 History of M&V Protocols in the United States
 The history of measurement and verifi cation pro-
tocols in the United States can be traced to independent 
M&V efforts in different regions of the country as shown 
in Table 27.3, with states such as New Jersey, California, 
and Texas developing protocols that contained varying 
procedures for measuring the energy and demand sav-
ings from retrofi ts to existing buildings. These efforts 

culminated in the development of the USDOE’s 1996 
North American Energy Measurement and Verifica-
tion Protocol (NEMVP),59 which was accompanied by 
the USDOE’s 1996 FEMP Guidelines,60 both relying on 
analysis methods developed in the Texas LoanSTAR 
program.61 In 1997 the NEMVP was updated and repub-
lished as the International Performance Measurement 
and Verification Protocols (IPMVP). The IPMVP was 
then expanded in 2001 into two volumes: Volume I cov-
ering Energy and Water Savings,63 and Volume II cover-
ing Indoor Environmental Quality.64 In 2003 Volume III 
of the IPMVP was published, which covers protocols 
for new construction.65 Finally, in 2002 American Soci-
ety of Heating Refrigeration Air-conditioning Engineers 
(ASHRAE) released Guideline 14-2002: Measurement of 
Energy and Demand Savings,66 which is intended to 
serve as the technical document for the IPMVP.

27.1.3 Performance Contracts
 In order to reduce costs and improve the HVAC 
and lighting systems in its buildings, the U.S. federal 
government has turned to the private energy effi ciency 
sector to develop methods to finance and deliver 
energy effi ciency to the government. One of these ar-
rangements, the  performance contract, often includes a 
guarantee of performance, which benefi ts from accurate, 
reliable measurement and verifi cation. In such a contract 

Table 27.3: History of M&V Protocols
————————————————————————————————————————
2003 - IPMVP - 2003 Volume III (new construction)
2002 - ASHRAE Guideline 14 - 2002
2001 - IPMVP - 2001 Volume I & II (revised and expanded IPMVP)
1998 - Texas State Performance Contracting Guidelines
1997 - IPMVP (revised NEMVP)
1996 - FEMP Guidelines
1996 - NEMVP
1995 - ASHRAE Handbook - Ch. 37 “Building Energy Monitoring”
1994 - PG&E Power Saving Partner “Blue Book”
1993 - NAESCO M&V Protocols
1993 - New England AEE M&V Protocols
1992 - California CPUC M&V Protocols
1989 - Texas LoanSTAR Program
1988 - New Jersey M&V Protocols
1985 - First Utility Sponsored Large Scale Programs to Include M&V
1985 - ORNLs “Field Data Acq. For Bld & Eqp Energy Use Monitoring”
1983 - International Energy Agency “Guiding Principles for Measurement”
1980s - USDOE funds the End - Use Load and Consumer Assessment Program (ELCAP)
1980s - First Utility Sponsored Large Scale Programs to Include M&V
1970s - First Validation of Simulations
1960s - First Building Energy Simulations on Mainframe Computers
————————————————————————————————————————
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all costs of the project (i.e., administration, measurement 
and verifi cation, overhead and profi t) are paid for by 
the energy saved from the energy or water conservation 
projects. In principle, this is a very attractive option for 
the government, since it avoids paying the initial costs 
of the retrofi ts, which would have to come from shrink-
ing taxpayer revenues. Instead, the costs are paid over 
a series of years because the government agrees to pay 
the Energy Service Company (ESCO) an annual fee that 
equals the annual normalized costs savings of the retro-
fi t (plus other charges). This allows the government to 
fi nance the retrofi ts by paying a pre-determined annual 
utility bill over a series of years, which equals the utility 
bill during the base year had the retrofi t not occurred. In 
reality, because the building has received an energy con-
servation retrofi t, the actual utility bill is reduced, which 
allows funding the annual fee to the ESCO without real-
izing any increase in the total annual utility costs (i.e., 
utility costs plus the ESCO fee). Once the performance 
contract is paid off, the total annual utility bills for the 
government are reduced and the government receives 
the full savings amount of the retrofi t.

27.1.3.1 Defi nitions, Roles and Participants
 There are many different types of performance 
contracts, which vary according to risk, and fi nancing, 
including Guaranteed Savings, and Shared Savings.67

In a Guaranteed Savings performance contract a fi xed 
payment is established that repays the ESCO’s debt 
fi nancing of the energy conservation retrofi t, and any 
fees associated with the project. In return, the ESCO 
guarantees that the energy savings will cover the fi xed 
payment to the ESCO. Hence, in a Guaranteed Savings 
contract the ESCO is responsible for the majority of the 
project risks. In a Shared Savings performance contract 
payments to the ESCO are based on an agreed-upon por-
tion of the estimated savings generated by the retrofi t. 
In such contracts the M&V methods selected determine 
the level of risk, and the responsibilities of the ESCO, 
and building owner. In both types of contracts the mea-
surement and verifi cation of the energy savings plays a 
crucial role in determining payment amounts.

27.2 OVERVIEW OF MEASUREMENT
 AND VERIFICATION METHODS

 Nationally recognized protocols for  measurement 
and verifi cation have evolved since the publication of 
the 1996 NEMVP as shown in Table 27.4. This evolu-
tion refl ects the consensus process that the Department 
of Energy has chosen as a basis for the protocols. This 

process was chosen to produce methods that all parties 
agree can be used by the industry to determine sav-
ings from performance contracts, varying in accuracy 
and cost from partial stipulation to complete measure-
ment. In 1996 three M&V methods were included in the 
NEMVP: Option A: measured capacity with stipulated 
consumption; Option B: end-use retrofi ts, which utilized 
measured capacity and measured consumption; and 
Option C: whole-facility or main meter measurements, 
which utilize before after regression models.
 In 1997, Options A, B and C were modifi ed and 
relabeled, and Option D: calibrated simulation was 
added. Also included in the 1997 IPMVP was a chap-
ter on measuring the performance of new construction, 
which primarily utilized calibrated simulation, and a 
discussion of the measurement of savings due to water 
conservation efforts. In 2001 the IPMVP was published 
in two volumes: Volume I, which covers Options A, B, 
and C, which were redefi ned and relabeled from the 1997 
IPMVP, and Volume II, which covers indoor environmen-
tal quality (IEQ), and includes fi ve M&V approaches for 
IEQ, including: no IEQ M&V, M&V based on modeling, 
short-term measurements, long-term measurements, and 
a method based on occupant perceptions of IEQ. In 2003 
the IPMVP released Volume III, which contains four M&V 
methods: Option A: partially measured Energy Conserva-
tion Measure (ECM) isolation, Option B: ECM isolation, 
Option C: whole-building comparisons, and Option D: 
whole-building calibrated simulation.
 In 2002 ASHRAE released Guideline 14-2002: 
Measurement of Energy and Demand Savings, which 
is intended to serve as the technical document for the 
IPMVP. As the name implies, Guideline 14 contains 
approaches for measuring energy and demand savings 
from energy conservation retrofits to buildings. This 
includes three methods: a retrofi t isolation approach, 
which parallels Option B of the IPMVP, a whole-build-
ing approach, which parallels Option C of the IPMVP, 
and a whole-building calibrated simulation approach, 
which parallels Option D of the 1997 and 2001 IPMVP. 
ASHRAE’s Guideline 14 does not explicitly contain an 
approach that parallels Option A in the IPMVP, although 
several of the retrofi t isolation approaches use partial 
measurement procedures, as will be discussed in a fol-
lowing section.

27.2.1 M&V Methods: Existing Buildings
 In general, a common theme between the NEMVP, 
IPMVP and ASHRAE’s Guideline 14-2002, is that M&V 
methods for measuring energy and demand savings in 
existing building are best represented by the following 
three approaches: retrofi t isolation approach, a whole-
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building approach, and a whole-building calibrated 
simulation approach. Similarly, the measurement of the 
performance of new construction, renewables, and water 
use utilize one or more of these same methods.

27.2.1.1 Retrofi t Isolation Approach
 The retrofi t isolation approach is best used when 
end use capacity, demand or power can be measured 
during the baseline period, and after the retrofit for 
short-term period(s) or continuously over the life of the 
project. This approach can use continuous measurement 
of energy use both before and after the retrofi t. Likewise, 
periodic, short-term measurements can be used during 
the baseline and after the retrofi t to determine the ret-
rofi t savings. Often such short-term measurements are 
accompanied by periodic inspections of the equipment 
to assure that the equipment is operating as specifi ed. 
In most cases energy use is calculated by developing 
representative models of the isolated component load 
(i.e., the kW or Btu/hr) and energy end-use (i.e., the 
kWh or Btu).

27.2.1.1.1 Classifi cations of Retrofi ts
 According to ASHRAE’s Guideline 14-2002 retrofi t 
isolation approach, components or end-uses can be clas-
sifi ed according to the following defi nitions:68

• Constant Load, Constant use. Constant load, con-
stant use systems consist of systems where the 
energy used by the system is constant (i.e., varies 
by less than 5%) and the use of the system is con-
stant (i.e., varies by less than 5%) through both the 
baseline and post-retrofi t period.

• Constant Load, Variable use. Constant load, vari-
able use systems consist of systems where the en-
ergy used by the system is constant (i.e., varies by 
less than 5%) but the use of the system is variable 
(i.e., varies by more than 5%) through either the 
baseline or post-retrofi t period.

• Variable Load, Constant use. Variable Load, con-
stant use systems consist of systems where the 
energy used by the system is variable (i.e., varies 
by more than 5%) but the use of the system is con-
stant (i.e., varies by less than 5%) through either 
the baseline or post-retrofi t period.

• Variable Load, Variable use. Variable Load, vari-
able use systems consist of systems where the 
energy used by the system is variable (i.e., varies 
by more than 5%) and the use of the system is vari-
able (i.e., varies by more than 5%) through either 
the baseline or post-retrofi t period.

 Use of these classifications then allows for a 
simplified decision table (Table 27.5) to be used in 
determining which type of retrofi t-isolation procedure 
to use. For example, in the fi rst row (i.e., a CL/TS-pre-
retrofi t to CL/TS-post-retrofi t), if a constant load with 
a known or timed schedule is replaced with a new 
device that has a reduced constant load, and a known 
or constant schedule, then the pre-retrofi t and post-
retrofi t metering can be performed with one-time load 
measurement(s). Contrast this with the last row (i.e., a 
VL/VS-pre-retrofi t to VL/VS-post-retrofi t), if a variable 
load, with a timed or variable schedule is replaced with 

Table 27.4: Evolution of M&V Protocols in the United States.
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a new device that has a reduced variable load, and a 
variable schedule, then the pre-retrofi t and post-retrofi t 
metering should use continuous or short-term mea-
surement that are suffi cient in length to allow for the 
characterization of the performance of the component 
to be accomplished with a model (e.g., regression, or 
engineering model).

27.2.1.1.2 Detailed Retrofi t Isolation
Measurement and Verifi cation Procedures
 Appendix E of ASHRAE’s Guideline 14-2002 
contains detailed retrofi t isolation procedures for the 

measurement and verifi cation of savings, including: 
pumps, fans, chillers, boilers and furnaces, lighting, 
and large and unitary HVAC systems. In general, the 
procedures were drawn from the previous literature, 
including ASHRAE’s Research Project 827-RP70 (i.e., 
pumps, fans, chillers), various published procedures 
for boilers and furnaces,71,72,73,74,75,76,77 lighting 
procedures, and calibrated HVAC calibration simula-
tions.78,79 A review of these procedures, which vary 
from simple one-time measurements, to complex, 
calibrated air-side psychrometric models, is described 
it the following sections.

Table 27.5: Metering Requirements to Calculate Energy and 
Demand Savings from the ASHRAE Guideline 14-2002.69
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A.  Pumps
 Most large HVAC systems utilize electric pumps 
for moving heating/cooling water from the building’s 
primary systems (i.e., boiler or chiller) to the building’s 
secondary systems (i.e., air-handling units, radiators, 
etc.) where it can condition the building’s interior. Such 
pumping systems use different types of pumps, varying 
control strategies, and piping layouts. Therefore, the 
characterization of pumping electric power depends on 
the system design and control method used. Pumping 

systems can be characterized by the three categories 
shown in Table 27.6.80 Table 27.7 shows the six pump 
testing methods, including the required measurements, 
applications and procedures steps.
 ASHRAE’s Research Project 827-RP81 developed 
six in-situ methods for measuring the performance of 
pumps of varying types and controls. To select a method 
the user needs to determine the pump system type 
and control, and the desired level of uncertainty, cost, 
and degree of intrusion. The user also needs to record 

Table 27.6: Applicability of Test Methods to 
Common Pumping Systems from the ASHRAE Guideline 14-2002.82

Table 27.7: Pump Testing Methods from ASHRAE Guideline 14-2002.83
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the pump and motor data (i.e., manufacturer, model 
and serial number), fl uid characteristics and operating 
conditions. The fi rst two methods (i.e., single-point and 
single-point with a manufacturer’s curve) involve test-
ing at a single operating point. The third and fourth 
procedures involve testing at multiple operating points 
under imposed system loading. The fi fth method also 
involves multiple operating points, in this case obtained 
through short term monitoring of the system without 
imposed loading. The sixth procedure operates the 
pump with the fluid flow path completely blocked. 
While the sixth procedure is not useful for generating a 
power versus load relationship, it can be used to confi rm 
manufacturer’s data or to identify pump impeller diam-
eter. A summary of the methods is provided below. Ad-
ditional details can be found by consulting ASHRAE’s 
Guideline 14-2002.

A-1. Constant Speed and Constant Volume Pumps
 Constant volume pumping systems use three way 

valves and bypass loops at the end-use or at the pump. 
As the load varies in the system, pump pressure and 
fl ow are held relatively constant, and the pump input 
power remains nearly constant. Because pump motor 
speed is constant, constant volume pumping systems 
have a single operating point. Therefore, measuring the 
power use at the operating point (i.e., a single point 
measurement) and the total operating hours are enough 
to determine annual energy use.

A-2. Constant Speed and Variable Volume Pumps
 Variable pumping systems with constant speed 
pumps use two-way control valves to modulate fl ow to 
the end-use as required. In constant speed variable vol-
ume pumping systems, the fl ow varies along the pump 
curve as the system pressure drop changes in response to 
the load. In some cases, a bypass valve may be modulated 
if system differential pressure becomes too large. Such 
systems have a single possible operating point for any 
given fl ow, as determined by the pump curve at that fl ow 

Table 27.7 (Continued)
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rate. In such systems the second and third testing meth-
ods can be used to characterize the pumps energy use at 
varying conditions. In the second procedure, measure-
ments of in-situ power use is performed at one fl ow rate 
and manufacturer’s data on the pump, motor, and drive 
system are used to create a part load power use curve. In 
the third testing method in-situ measurements are made 
of the electricity use of the pump with varying loads im-
posed on the system using existing control, discharge, or 
balancing valves. The fourth and fi fth methods can also 
be used to characterize the pump electricity use. Using 
one of these methods the part load power use curve and 
a representative fl ow load frequency distribution are used 
to determine annual energy use.

A-3. Variable Speed and Variable Volume Pumps
 Like the constant speed variable volume system, 
flow to the zone loads is typically modulated using 
two-way control valves. However, in variable speed 
variable volume pumping systems, a static pressure 
controller is used to adjust pump speed to match the 
fl ow load requirements. In such systems the operating 
point cannot be determined solely from the pump curve 
and fl ow load because a given fl ow can be provided at 
various pressures or speeds. Furthermore, the system 
design and control strategy place constraints on either 
the pressure or fl ow. Such systems have a range of sys-
tem curves which call for the same fl ow rate, depend-
ing on the pumping load. 827-RP provides two options 
(i.e., multiple point with imposed loads and short term 
monitoring) for accurately determining the in-situ part 
load power use. In both cases, the characteristics of the 
in-situ test include the pump and piping system (piping, 
valves, and controllers), therefore the control strategy 
is included within the data set. In the fourth method 
(i.e., multiple point with imposed load at the zone), the 
pump power use is measured at a range of imposed 
loads. These imposed loads are done at the zone level 
to account for the in-situ control strategy and system 
design. In the fi fth method (i.e., multiple point through 
short term monitoring), the pump system is monitored 
as the building experiences a range of thermal loads, 
with no artifi cial imposition of loads. If the monitored 
loads refl ect the full range of loads, then an accurate part 
load power curve can be developed that represents the 
full range of annual load characteristics. For methods #4 
and #5, the measured part load power use curves and 
fl ow load frequency distribution are used to determine 
annual energy use.

A-4. Calculation of Annual Energy Use
 Once the pump performance has been measured 

the  annual energy use can be calculated using the fol-
lowing procedures, depending upon whether the system 
is a constant volume or variable volume pumping sys-
tem. Savings are then calculated by comparing the an-
nual energy use of the baseline with the annual energy 
use of the post-retrofi t period.

Constant Volume Constant Speed Pumping Systems.
In a constant volume constant speed pumping systems 
the volume of the water moving through the pump is 
almost constant, and therefore the power load of the 
pump is virtually constant. The annual energy calcula-
tion is therefore a constant times the frequency of the 
operating hours of the pump.

Eannual = T * P

where:
 T = annual operating hours
 P = equipment power input

Variable Volume Pumping Systems. For variable 
volume pumping systems the volume of water moving 
through the pump varies over time, hence the power 
demand of the pump and motor varies. The annual 
energy use then becomes a frequency distribution of the 
load times the power associated with each of the bins 
of operating hours. In-situ testing is used to determine 
the power associated with the part load power use.

Eannual = Ti * PiΣ
i

where:
 i = bin index, as defi ned by the load frequency 

distribution
 Ti = number of hours in bin i
 Pi = equipment power use at load bin I

B. Fans
 Most large HVAC systems utilize  fans or  air-
handling units to deliver heating and cooling to the 
building’s interior. Such air-handling systems use dif-
ferent types of fans, varying control strategies, and 
duct layouts. Therefore, the characterization of fan elec-
tric power depends on the system design and control 
method used. Fan systems can be characterized by the 
three categories shown in Table 27.8.84

 In a similar fashion as pumping systems, ASHRAE’s 
Research Project 827-RP developed fi ve in-situ methods 
for measuring the performance of fans of varying types 
and controls. To select a method the user needs to de-
termine the system type and control, and the desired 
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level of uncertainty, cost, and degree of intrusion. The 
user also needs to record the fan and motor data (i.e., 
manufacturer, model and serial number), as well as the 
operating conditions (i.e., temperature, pressure and 
humidity of the air stream). The fi rst two methods (i.e., 
single-point and single-point with a manufacturer’s 
curve) involve testing at a single operating point. The 
third and fourth procedures involve testing at multiple 
operating points under imposed system loading. The 
fi fth method also involves multiple operating points, 
in this case obtained through short term monitoring of 
the system without imposed loading. Additional details 
about fan testing procedures can be found by consulting 
ASHRAE’s Guideline 14-2002.

B-1. Calculation of Annual Energy Use
 Once the fan performance has been measured the 
annual energy use can be calculated using the follow-
ing procedures, depending upon whether the system is 
a constant volume or variable volume system. Savings 
are then calculated by comparing the annual energy use 
of the baseline with the annual energy use of the post-

retrofi t period.
Constant Volume Fan Systems. In a constant volume 

system the volume of the air moving across the fan is 
almost constant, and therefore the power load of the fan 
is virtually constant. The annual energy calculation is 
therefore a constant times the frequency of the operating 
hours of the fan.

Eannual = T * P

where:
 T = annual operating hours
 P = equipment power input

Variable Volume Systems. For variable volume sys-
tems the volume of the air being moved by the fan 
varies over time, hence the power demand of the fan 
and motor varies. The annual energy use then becomes 
a frequency distribution of the load times the power as-
sociated with each of the bins of operating hours. In-situ
testing is used to determine the power associated with 
the part load power use.

Table 27.8: Applicability of Test Methods to Common Fan Systems from the ASHRAE Guideline 14-2002.85

Table 27.9: Fan Testing Methods from ASHRAE Guideline 14-2002.86

(Continued)
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Eannual = Ti * PiΣ
i

where:
 i = bin index, as defi ned by the load frequency 

distribution
 Ti = number of hours in bin i
 Pi = equipment power use at load bin I

C. Chillers
 In a similar fashions as pumps and fans, in-situ
chiller performance measurements have been also 
been developed as part of ASHRAE Research Project 
827-RP. These models provide useful performance 
testing methods to evaluate annual energy use and 
peak demand characteristics for installed water-
cooled  chillers and selected air-cooled chillers. These 

procedures require short-term testing of the part load 
performance of an installed chiller system over a 
range of building thermal loads and coincident am-
bient conditions. The test methods determine chiller 
power use at varying thermal loads using thermody-
namic models or statistical models with inputs from 
direct measurements, or manufacturer ’s data. With 
these models annual energy use can be determined 
using the resultant part load power use curve with a 
load frequency distribution. Such models are capable 
of calculating the chiller power use as a function of 
the building thermal load, evaporator and condenser 
fl ow rates, entering and leaving chilled water tem-
peratures, entering condenser water temperatures, 
and internal chiller controls. ASHRAE’s Guideline 
14-2002 describes two models for calculating the 

Table 27.9: (Continued)
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power input of a chiller, including simple and tem-
perature dependent thermodynamic models.87,88,89 A 
third method, which uses a tri-quadratic regression 
model such as those found in the DOE-2 simulation 
program,90,91,92,93,94 also provides acceptable perfor-
mance models, provided that measurements are made 
over the full operating range.

C-1. Simple Thermodynamic Model
 Both the simple  thermodynamic model and 
the temperature-dependent thermodynamic model 
express chiller efficiency as 1/COP because it has 
a linear relationship with 1/(evaporator load). The 
simpler version of the chiller model developed pre-
dicts a linear relationship between 1/COP and 1/
Qevap, which is independent of the evaporator sup-
ply temperature or condenser temperature returning 
to the chiller. The full form of simple thermodynam-
ic model is shown in the equation below.

1
COP

= – 1 + TcwRT/TchwST

+ 1
Qevap

qevapTcwRT

TchwST
– qcond + f HX

where:

 TcwRT = Entering (return) condenser water tem-

perature (Kelvin)

 TchwST = Leaving (supply) evaporator water 

temperature (Kelvin)

 Qevap = Evaporator load

 qevap = rate of internal losses in evaporator

 qcond = rate of internal losses in condenser

 fHX = dimensionless term.95

 This equation reduces to a simple form that al-
lows for the determination of two coeffi cients using 
linear regression, which is shown in the following 
equation.

1
COP

= – C1
1

Qevap
+ C0

 In this simplifi ed form the coeffi cient c1 charac-
terizes the internal chiller losses, while the coeffi cient 
c0 combines the other terms of the simple model. The 
COP fi gure of merit can be converted into conven-
tional effi ciency measures of COP or kW per ton using 
the following relationships:

 Coeffi cient of Performance (COP):

COP =
kW refrigeration effect

kW input

Energy Effi ciency Ratio (EER):

EER =
Btu/hr refrigeration effect

Watts input
= 3.412 COP

Power per Ton (kW/ton):

kW/ton =
kW input

tons refrigeration effect
= 12/EER

 The simple thermodynamic model can be deter-
mined with relatively few measurements of the chiller 
load (evaporator fl ow rate, entering and leaving chilled 
water temperatures) and coincident RMS power use. 
Unfortunately, variations in the chilled water supply 
(i.e., the temperature of the chilled water leaving the 
evaporator) and the condenser water return tempera-
ture are not considered. Hence, this model is best used 
with chiller systems that maintain constant temperature 
control of evaporator and condenser temperatures. In 
systems with varying temperatures a temperature-de-
pendent thermodynamic model, or tri-quadratic model 
yield a more accurate performance prediction.

C-2. Temperature-dependent Thermodynamic Model
 The temperature dependent  thermodynamic model 
includes the losses in the heat exchangers of the evapo-
rator and condenser, which are expressed as a function 
of the chilled water supply and condenser water return 
temperatures. The resulting expression uses three coef-
fi cients (A0, A1, A2), which are found with linear regres-
sion, as shown in the equation that follows.

1
COP

= – 1 + TcwRT/TchwST

+
– A 0 + A 1 TcwRT – A 2 TcwRT/TchwST

Qevap

 Use of this temperature dependent thermodynamic 
model requires the measurement of the chiller load 
(i.e., evaporator fl ow rate, entering and leaving chilled 
water temperatures), coincident RMS power use, and 
condenser water return temperature. Since this model 
is sensitive to varying temperatures it is applicable to a 
wider range of chiller systems.
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 To use the temperature dependent model, mea-
sured chiller thermal load, coincident RMS power use, 
chilled water supply temperature, and condenser water 
return temperatures are used to calculate the three coef-
fi cients (A0, A1, A2).
 To determine A2 the following equation is plotted 
against TcwRT/TchwST (Kelvin), with value of A2 being 
determined from the regression lines, which should 
resemble a series of straight parallel lines, one for each 
condenser temperature setting.

α = 1
COP

+ 1 – TcwRT/TchwST Qevap

 The coefficients A0 and A1 are determined by 
plotting  from the next equation, using the already 
determined value of A2, versus the condenser water 
return temperature TcwRT (Kelvin). This should result 
in a group of data points forming a single straight line. 
The slope of the regression line determines the value of 
coeffi cient A1 while the intercept determines the value 
of coeffi cient A0.

β = 1
COP

+ 1 – TcwRT/TchwST Qevap

+ A 2 TcwRT/TchwST

 After A0, A1, and A2 have been determined using 
 and  and from the equations above, the 1/COP can 

be calculated and used to determine the chiller perfor-
mance over a wide range of measured input parameters 
of chiller load, chilled water supply temperature, and 
condenser water return temperature.

C-3. Quadratic Chiller Models
 Chiller performance models can also be calculated 
with quadratic models, which can include models that 
express the chiller power use as a function of the chiller 
load (quadratic), as a function of the chiller load and 
chilled water supply temperature (bi-quadratic), or as a 
function of the  chiller load, evaporator supply tempera-
ture and condenser return temperature (tri-quadratic). 
Such models use the quadratic functional form used in 
the DOE-2 energy simulation program to model part-
load equipment and plant performance characteristics. 
Two examples of quadratic models are shown below, 
one for a monitoring project where chiller electricity use, 
chilled water production, chilled water supply tempera-
ture, and condenser water temperature returning to the 
chiller were available, which uses a tri-quadratic model 
as follows:

kW/ton = a + b x Tons + c x Tcond + d x Tevap + e x Tons2

+ f x Tcond
2

+ g x Tevap
2 + h x Tons x Tcond

+ I x Tevap x Tons
+ j x Tcond x Tevap + k x Tons x Tcond x Tevap

 In a second example, chiller electricity use is 
modeled with a bi-quadratic model that includes only 
the chilled water production, and chilled water supply 
temperature, which reduces to the following form. Ei-
ther model can easily be calculated from fi eld data in a 
spreadsheet using multiple linearized regression.

kW/ton = a + b x Tons + c x Tkevap + d x Tons2

 + e x Tevap
2 + f x Tevap x Tons

C-4. Example: Quadratic Chiller Models
 An example of a quadratic chiller performance 
analysis model is provided from hourly measurements 
that were taken at to determine the baseline model of 
a cooling plant at an Army base in Texas. Figure 27.1 
shows the time series data that were recorded during 
June and August of 2002. The upper trace is the chiller 
thermal load (tons), and the lower trace is the ambi-
ent temperature during this period. Figure 27.2 shows 
a time series plot of the recorded temperatures of the 
condenser water returning to the chiller (upper trace), 
and the chilled water supply temperatures (lower trace). 
In Figures 27.3 and 27.4 the performance of the chiller 
is shown as the chiller effi ciency (i.e., kW/ton) versus 
the chiller load (tons). In Figure 27.3 linear (R2 = 34.3%) 
and quadratic (R2 = 53.4%) models of the chiller are su-
perimposed over the measured data from the chiller to 
illustrate how a quadratic model fi ts the chiller data. In 
Figure 27.4 a tri-quadratic model (R2 = 83.7%) is shown 
superimposed over the measured data.
 A quick inspection of the R2 goodness-of-fi t indi-
cators for the linear, quadratic and tri-quadratic models 
begins to shed some light on how well the models are 
fi tting the data. However, one must also inspect how 
well the model is predicting the chiller performance at 
the intended operation points. For example, although 
a linear model has an inferior R2 when compared to 
a quadratic model, for this particular chiller, it gives 
similar performance values for cooling loads ranging 
from 200 to 450 tons. Choosing the quadratic model 
improves the prediction of the chiller performance for 
values below 200 tons. However, it signifi cantly under 
predicts the kW/ton at 350 tons and over-predicts the 
kW/ton at values over 500 tons. Hence, both models 
should be used with caution.
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 The tri-quadratic model has an improved R2 of 
83.7% and does not seem to contain any ranges where 
the model’s bias is signifi cant from the measured data 
(excluding the few stray points which are caused by 
transient data). Therefore, in the case of this chiller, the 
additional effort to gather and analyze the chiller load 
against the chilled water supply temperature and con-
denser water return temperature is well justifi ed.

C-5. Calculation of Annual Energy Use
 Once the chiller performance has been determined 
the annual energy use can be calculated using the simple 
or temperature dependent models to determine the 
power demand of the chiller at each bin of the cooling 
load distribution. For chillers with varying tempera-
tures, a load frequency distribution, which contains the 
two water temperatures, provides the operating hours 
of the chiller at each bin level. The energy use Ei, and 

power level Pi are given by the equations below. The 
total annual energy use is then the sum of the product of 
the number of hours in each bin times the chiller power 
associated with that bin. Savings are then calculated by 
comparing the annual energy use of the baseline with 
the annual energy use of the post-retrofi t period.

Ei = Ti * Pi

Pi = (1/Effi)  (Qevap,i)

Eannual = Ti * PiΣ
i

where:

 i = bin index, as defi ned by load
   frequency distribution

Figure 27.1: Example chiller analysis. Time series plot 
of chiller load (upper trace, tons) and ambient tempera-
ture (lower trace, degrees F).

Figure 27.2: Example chiller analysis. Time series plot 
of condenser water return temperature (upper trace, 
degrees F) and chilled water supply temperature 
(lower trace, degrees F).

Figure 27.3: Example chiller analysis. Chiller perfor-
mance plot of chiller effi ciency (kW/ton) versus the 
chiller cooling load. Comparisons of linear (R2 = 
34.3%) and quadratic (R2 = 53.4.3%) chiller models are 
shown.

Figure 27.4: Example chiller analysis. Chiller perfor-
mance plot of chiller effi ciency (kW/ton) versus the 
chiller cooling load. In this fi gure a tri-quadratic chiller 
model (R2 = 83.7%) is shown.
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 Ti = number of hours in bin i
 Pi = equipment power use at load bin i

Effi = chiller 1/COP in bin i
Qevap,i = chiller load in bin i

D. Boilers and Furnaces
In-situ boiler and furnace performance measure-

ments, for non-reheat  boilers and  furnaces, are listed in 
Appendix E of ASHRAE Guideline 14-2002. These pro-
cedures, which were obtained from the previously noted 
published literature on performance measurements of 
boilers and furnaces,96,97,98,99,100,101,102 are grouped 
into four methods (i.e., single-point, single-point with 
manufacturer’s data, multiple point with imposed loads, 
and multiple point tests using short term monitoring) 
that use three measurement techniques (i.e., direct 
method, direct heat loss method, and indirect combus-
tion method), for a total of twelve methods.
 The choice of method depends on boiler type (i.e., 
constant fi re boiler, or variable-fi re boilers), and avail-
ability of measurements (i.e., fuel meters, steam meters, 
etc.). For constant fi re boilers, the boiler load is virtually 
constant. Therefore, a single measurement or series of 
measurements a full load will characterize the boiler or 
furnace effi ciency at a given set of ambient conditions. 
For variable fi re boilers the fuel use and output of the 
boiler varies. Therefore, the effi ciency of the boiler will 
vary depending upon the load of the boiler as described 
by the manufacturer ’s efficiency curve. Figure 27.5 
shows an example of the measured performance of a 
variable-fi re, low pressure steam boiler installed at an 
army base in Texas.103

D-1. Boiler Effi ciency Measurements
 There are three principal methods for determining 
boiler effi ciency, the direct method (i.e., Input-Output 
method), the direct heat loss method, also known as the 
indirect method, and the indirect combustion effi ciency 
method. The first two are recognized by the Ameri-
can Society of Mechanical Engineers (ASME) and are 
mathematically equivalent. They give identical results 
if all the heat balance factors are considered and the 
 boiler measurements performed without error. ASME 
has formed committees from members of the industry 
and developed the performance test codes105 that detail 
procedures of determining boiler effi ciency by the fi rst 
two methods mentioned above. The accuracy of boiler 
performance calculations is dependent on the quantities 
measured and the method used to determine the effi -
ciency. In the direct effi ciency method, these quantities 
are directly related to the overall effi ciency. For example, 
if the measured boiler effi ciency is 80%, then an error 
of 1% in one of the quantities measured will result in a 
0.8% error in the effi ciency. Conversely, in the direct heat 
loss method, the measured parameters are related to the 
boiler losses. Therefore, for the same boiler which had 
an effi ciency of 80%, a measurement error of 1% in any 
quantity affects the overall effi ciency by only 0.2% (i.e., 
1% of the measured losses of 20%). As a result, the direct 
heat loss method is inherently more accurate than the 
direct method for boilers. However, the direct heat loss 
method requires more measurement and calculations. In 
general, boiler effi ciencies range from 75% to 95% for 
utility boilers, and for industrial and commercial boilers, 
the average effi ciency ranges from 76% to 83% on gas, 
78% to 89% on oil and 85% to 88% for coal.106,107

Figure 27.5: Example Boiler Per-
formance Curve from Short Term 
Monitoring.104
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• Direct Method
 The direct method (i.e., the input-output method) 

is the simplest method to determine boiler ef-
fi ciency. In this method, the heat supplied to the 
boiler and the heat absorbed by the water in the 
boiler in a given time period are directly measured. 
Using the direct method, the effi ciency of a non-
reheat boiler is given by:108

η b =
Qa
Qi
× 100

where
 Qa = heat absorbed (Btu/hr) = moho – mihi
 moho = mass fl ow-enthalpy products of working 

fluid streams leaving boiler envelope, 
including main steam, blowdown, soot 
blowing steam, etc.

 mihi = mass fl ow-enthalpy products of working 
fl uid streams entering boiler envelope, in-
cluding feedwater, desuperheating sprays, 
etc.

 Qi = heat inputs (Btu/hr) = Vfuel x HHV+Qc
 Vfuel = volumetric fl ow of fuel into boiler (SCF/

hr)
 HHV = fuel higher heating value (Btu/SCF), and
 Qc = heat credits (Btu/hr). Heat credits are de-

fi ned as the heat added to the envelope of 
the steam generating unit other than the 
chemical heat in the fuel “as fi red.” These 
credits include quantities such as sensible 
heat in the fuel, the entering air and the at-
omizing steam. Other credits include heat 
from power conversion in the pulverizer 
or crusher, circulating pump, primary air 
fan and recirculating gas fan.

• Direct Heat Loss Method
 In the direct heat loss method the boiler effi ciency 

equals 100% minus the boiler losses. The direct 
heat loss method tends to be more accurate than 
the direct method because the direct heat loss 
method focuses on determining the heat lost from 
the boiler, rather than on the heat absorbed by the 
working fl uid. The direct heat loss method deter-
mines effi ciency using the following:109

η b =
Qa
Qi
× 100 =

Qi – Qloss
?

× 100

 = 100 – Ldf – Lfh – Lam – Lrad – Lconv – Lbd
 – Linc – Lunacct

where
 Qloss = heat losses (Btu/hr),
 Ldf = dry fl ue gas heat loss (%),
 Lfh = fuel hydrogen heat loss (%),
 Lam = combustion air moisture heat loss (%),
 Lrad = radiation heat loss (%),
 Lconv = convection heat loss (%),
 Linc = incombusted fuel loss (%),
 Lbd = blowdown heat loss (%),
 Lunacct = unaccounted for heat losses (%).

 Using this method the flue gas losses (sensible 
and latent heat) due to radiation and convection, 
incomplete combustion, and blowdown are ac-
counted for. In most boilers the fl ue gas loss is 
the largest loss, which can be determined by a 
fl ue gas analysis. Flue gas losses vary with fl ue 
gas exit temperature, fuel composition and type 
of firing.110 Radiation and convection loss can 
be obtained from the standard curves.111 Unac-
counted for heat losses can also be obtained from 
published industry sources,112 which cite losses of 
1.5% for solid fuels, and 1% for gaseous or liquid 
fuel boilers. Losses from boiler blowdown should 
also be measured. Typical values can be found in 
various sources.113,114

• Indirect Combustion Method
 The indirect combustion method can also be used 

to measure boiler effi ciency. The combustion ef-
fi ciency is the measure of the fraction of fuel-air 
energy available during the combustion process, 
calculated from the folowing:115,116

η c =
h p – h f + h a

Qi
× 100

where

c = combustion effi ciency (%)
 hp = enthalpy of products (Btu/lb)
 hf = enthalpy of fuel (Btu/lb)
 ha = enthalpy of combustion air, Btu/lb
 Qi = heat inputs (Btu/hr) = Vfuel * HHV+Qc

  Indirect combustion effi ciency can be related 
to direct effi ciency or direct heat loss effi ciency 
measurements using the following:117,118

b = c – Lrad – Lconv – Lunacct

  On the right side of the equation the loss terms 
are usually small for well insulated boilers. These 
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terms must be accounted for when boilers are 
poorly insulated or operated poorly (i.e., excessive 
blowdown control, etc.).

  Table 27-10 provides a summary of the per-
formance measurement methods (i.e., single-point, 
single-point with manufacturer’s data, multiple 
point with imposed loads, and multiple point 
tests using short term monitoring), which use 
three effi ciency measurement techniques (i.e., di-
rect method, direct heat loss method, and indirect 
combustion method) that are listed in Appendix E 
of ASHRAE Guideline 14-2002. For each method 
the pertinent measurements are listed along with 
the steps that should be taken to calculate the ef-
fi ciency of the boiler or furnace being measured.

D-2. Calculation of Annual Energy Use
 Once the boiler performance has been measured 
the annual energy use can be calculated using the fol-
lowing procedures, depending upon whether the system 
is a constant fi re boiler or variable fi re boiler. Savings 
are then calculated by comparing the annual energy use 
of the baseline with the annual energy use of the post-
retrofi t period.

• Constant Fire Boilers
 In  constant fi re boilers the method assumes the load 

and fuel use are constant when the boiler is operat-
ing. Therefore, the annual fuel input is simply the 
full-load operating hours of the boiler times the fuel 
input. The total annual energy use is given by:

Eannual = T * P

where: T = annual operating hours under full load
 P = equipment power use

• Variable Fire Boilers
 For  variable fi re boilers the output of the boiler 

and fuel input vary according to load. Hence a 

frequency distribution of the load is needed that 
provides the operating hours of the boiler at each 
bin level. In-situ testing is then used to determine 
the effi ciency of the boiler or furnace for each bin. 
The total annual energy use for variable fi re boilers 
is given by:

Eannual = Ti * PiΣ
i

where:
 i = bin index, as defi ned by load variable
   frequency distribution
 Ti = number of hours in bin i
 Pi = equipment fuel input (& effi ciency) at 
   load bin (i)

E. Lighting
 One of the most common retrofi ts to commercial 
buildings is to replace ineffi cient T-12 fl uorescents and 
magnetic ballasts with T-8 fl uorescents and electronic 
ballasts. This type of retrofi t saves electricity associated 
with the use of the more effi cient  lighting, and depend-
ing on system type, can reduce cooling energy use 
because of reduced internal loads from the removal of 
the ineffi cient lighting. In certain climates, depending on 
system type, this can also mean an increase in heating 
loads, which are required to offset the heat from the in-
effi cient lighting. Previously published studies show the 
cooling interaction can increase savings by 10 to 20%. 
The increased heating requirements can reduce savings 
by 5 to 20%.120 Therefore, where the costs can be justi-
fi ed, accurate measurement of total energy savings can 
involve before/after measurements of the lighting loads, 
cooling loads, and heating loads.

E-1. Lighting Methods
 ASHRAE Guideline 14-2002 (see Table 27.11) pro-
vides six measurement methods to account for the elec-
tricity and thermal savings, varying from methods that 
utilize sampled before/after measurements to methods 

Table 27.10: Boiler and Furnace Performance Testing Methods from ASHRAE Guideline 14-2002.119
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Table 27.10 (Continued)
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Table 27.10 (Continued)

that use sub-metered before-after lighting measure-
ment with measurements of increases or decreases to 
the heating and cooling systems from the removal of 
the internal lighting load. In general, the calculation 
of savings from lighting retrofi ts involves ascertaining 
the wattage or power reduction associated with the 
new fi xtures, which is then multiplied times the hours 
per day (i.e., lighting usage profi les) that the lights 
are used. The lighting usage profi les can be calculated 
based on appropriate estimates of use, measured at the 
electrical distribution panel, or sampled with lighting 
loggers. Figure 27.6 shows an example of weekday-
weekend profi les calculated with ASHRAE’s Diversity 
Factor Toolkit.121

 Some lighting retrofi ts involve the installation of 
daylighting sensors to dim fi xtures near the perimeter 
of the building or below skylights when lighting levels 
can be maintained with daylighting, thus reducing the 
electricity used for supplemental lighting. Measuring 
the savings from such daylighting retrofits usually 
involves before-after measurements of electrical power 
and lighting usage profi les.
 Any lighting retrofit should include an assess-
ment of the existing lighting levels, which is measured 
during daytime and nighttime conditions. All lighting 
retrofits should achieve and maintain lighting levels 
recommended by the Illuminating Engineering Society 
of North America (IESNA).122 Any pre-retrofi t lighting 
levels not maintaining IESNA lighting levels should 
be brought to the attention of the building owner or 
administrator. In the following section the six methods, 
which are described in the ASHRAE Guideline 14-
2002 are summarized. Table 27.11 contains the lighting 
performance measurement methods from ASHRAE’s 
Guideline 14-2002.

• Method #1: Baseline and post-retrofi t measured 
lighting power levels and stipulated diversity pro-
fi les.

  In Method #1 before-after lighting power lev-
els for a representative sample of lighting fi xtures 
are measured using a Wattmeter, yielding an aver-
age Watt/fi xture measurement for the pre-retrofi t 
fi xtures and post-retrofi t fi xtures. Lighting usage 
profi les are estimated or stipulated using the best 
available information, which represents the light-
ing usage profi les for the fi xtures. This method 
works best for exterior lighting fi xtures or lighting 
fi xtures controlled by a timer or photocell. Light-
ing fi xtures located in hallways, or any interior 
lighting fi xtures that is operated 24 hours per day, 
7 days per week or controlled by a timer is also 
suitable for this method. Savings benefi ts or penal-
ties from thermal interactions are not included in 
this method.

Figure 27.6: Example Weekday-Weekend Lighting 
Profi les.
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• Method #2: Baseline and post-retrofi t measured 
lighting power levels and sampled baseline and 
post-retrofi t diversity profi les.

  In Method #2 before-after lighting power levels 
for a representative sample of lighting fi xtures are 
measured using a Wattmeter, yielding an aver-
age Watt/fi xture measurement for the pre-retrofi t 
fi xtures and post-retrofi t fi xtures. Lighting usage 
profi les are measured with portable lighting loggers, 
or portable current meters attached to lighting cir-
cuits to determine the lighting usage profi les for the 
fi xtures. This method is appropriate for any interior 
or exterior lighting circuit that has predictable usage 
profi les. Savings benefi ts or penalties from thermal 
interactions are not included in this method.

• Method #3: Baseline measured lighting power 
levels with baseline sampled diversity profiles 
and post-retrofit power levels with post-retrofit 
continuous diversity profi le measurements.

  In Method #3 pre-retrofi t lighting power levels 
for a representative sample of lighting fi xtures are 
measured using a Wattmeter, yielding an aver-
age Watt/fi xture measurement for the pre-retrofi t 
fixtures. Pre-retrofit lighting usage profiles are 
measured with portable lighting loggers, or por-
table current meters attached to lighting circuits 
to determine the lighting usage profiles for the 
fi xtures. Post-retrofi t lighting usage is measured 
continuously using either sub-metered lighting 
electricity measurements, or post-retrofi t lighting 
power levels for a representative sample of light-
ing fi xtures times a continuously measured diver-
sity profi le (i.e., using lighting loggers or current 
measurements on lighting circuits). This method 
is appropriate for any interior or exterior lighting 
circuit that has predictable usage profi les. Savings 
benefi ts or penalties from thermal interactions are 
not included in this method.

• Method #4: Baseline measured lighting power 
levels with baseline sampled diversity profi les and 
post-retrofi t continuous sub-metered lighting.

  In Method #4 pre-retrofi t lighting power levels 
for a representative sample of lighting fi xtures are 
measured using a Wattmeter, yielding an aver-
age Watt/fi xture measurement for the pre-retrofi t 
fixtures. Pre-retrofit lighting usage profiles are 
measured with portable lighting loggers, or por-
table current meters attached to lighting circuits 
to determine the lighting usage profiles for the 
fi xtures. Post-retrofi t lighting usage is measured 
continuously using sub-metered lighting electricity 
measurements. This method is appropriate for any 
interior or exterior lighting circuit that has predict-
able usage profi les. Savings benefi ts or penalties 
from thermal interactions are not included in this 
method.

• Method #5: Includes methods #1, #2, or #3 with 
measured thermal effect (heating & cooling).

  In Method #5 pre-retrofit and post-retrofit 
lighting electricity use is measured with Methods 
#1, #2, #3 or #4, and the thermal effect is measured 
using the component isolation method for the cool-
ing or heating system.

  This method is appropriate for any interior 
lighting circuit that has predictable usage profi les. 
Savings benefi ts or penalties from thermal interac-
tions are included in this method.

• Method #6: Baseline and post-retrofi t sub-metered 
lighting measurements and thermal measure-
ments.

  In Method #6 pre-retrofit and post-retrofit 
lighting electricity use is measured continuously 
using sub-metering, and the thermal effect is mea-
sured using whole-building cooling and heating 
sub-metered measurements. This method is ap-
propriate for any interior lighting circuit. Savings 
benefi ts or penalties from thermal interactions are 
included in this method.

E-2. Calculation of Annual Energy Use
 The calculation of annual energy use varies accord-
ing to lighting calculation method as shown in Table 

Table 27.11: Lighting Performance Measurement Methods from ASHRAE Guideline 14-2002.123
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27.12. The savings are determined by comparing the 
annual lighting energy use during the baseline period to 
the annual lighting energy use during the post-retrofi t 
period. In Methods #5 and #6 the thermal energy effect 
can either be calculated using the component effi ciency 
methods or it can be measured using whole-building, 
before-after cooling and heating measurements. Electric 
demand savings can be calculated using Methods #5 and 
#6 using diversity factor profi les from the pre-retrofi t 
period and continuous measurement in the post-retrofi t 
period. Peak electric demand reductions attributable to 
reduced chiller loads can be calculated using the com-
ponent effi ciency tests for the chillers. Savings are then 
calculated by comparing the annual energy use of the 
baseline with the annual energy use of the post-retrofi t 
period.

F.  HVAC Systems
 As mentioned previously, during the 1950s and 
1960s most engineering calculations were performed 
using slide rules, engineering tables and desktop cal-
culators that could only add, subtract, multiply and 
divide. In the 1960s efforts were initiated to formulate 
and codify equations that could predict dynamic heating 

and cooling loads, including efforts to simulate HVAC 
systems. In 1965 ASHRAE recognized that there was a 
need to develop public-domain procedures for calculat-
ing the energy use of HVAC equipment and formed the 
Presidential Committee on Energy Consumption, which 
became the Task Group on Energy Requirements (TGER) 
for Heating and Cooling in 1969.125 TGER commissioned 
two reports that detailed the public domain procedures 
for calculating the dynamic heat transfer through the 
building envelopes,126 and procedures for simulating 
the performance and energy use of HVAC systems.127

These procedures became the basis for today’s public-
domain building energy simulation programs such as 
BLAST, DOE-2, and EnergyPlus.128,129

 In addition, ASHRAE has produced several ad-
ditional efforts to assist with the analysis of building 
energy use, including a modifi ed bin method,130 the 
HVAC-01131 and HVAC-02132 toolkits, and HVAC 
simulation accuracy tests133 which contain detailed algo-
rithms and computer source code for simulating second-
ary and primary HVAC equipment. Studies have also 
demonstrated that properly calibrated simplifi ed HVAC 
system models can be used for measuring the perfor-
mance of commercial HVAC systems.134,135,136,137

Table 27.12: Lighting Calculations Methods from ASHRAE Guideline 14-2002.124
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F-1. HVAC System Types
 In order to facilitate the description of measurement 
methods that are applicable to a wide range of HVAC 
systems, it is necessary to categorize HVAC systems into 
groups, such as single zone, steady state systems to the 
more complex systems such a multi-zone systems with 
simultaneous heating and cooling. To accomplish this 
two layers of classifi cation are proposed, in the fi rst layer, 
systems are classified into two categories: systems that 
provide heating or cooling under separate thermostatic 
control, and systems that provide heating and cooling 
under a combined control. In the second classification, 
systems are grouped according to: systems that provide 
constant heating rates, systems that provide varying 
heating rates, systems that provide constant cooling rates, 
systems that provide varying cooling rates.

• HVAC systems that provide heating or cooling 
at a constant rate include: single zone, 2-pipe fan 
coil units, ventilating and heating units, window 
air conditioners, evaporative cooling. Systems that 
provide heating or cooling at a constant rate can 
be measured using: single-point tests, multi-point 
tests, short-term monitoring techniques, or in-situ
measurement combined with calibrated, simplifi ed 
simulation.

• HVAC systems that provide heating or cooling 
at varying rates include: 2-pipe induction units, 
single zone with variable speed fan and/or com-
pressors, variable speed ventilating and heating 
units, variable speed, and selected window air 
conditioners. Systems that provide heating or 
cooling at varying rates can be measured using: 
single-point tests, multi-point tests, short-term 
monitoring techniques, or short-term monitoring 
combined with calibrated, simplifi ed simulation.

• HVAC systems that provide simultaneous heat-
ing and cooling include: multi-zone, dual duct 
constant volume dual duct variable volume, 
single duct constant volume w/reheat, single 
duct variable volume w/reheat, dual path sys-
tems (i.e., with main and preconditioning coils), 
4-pipe fan coil units, and 4-pipe induction units. 
Such systems can be measured using: in-situ
measurement combined with calibrated, simpli-
fi ed simulation.

F-2. HVAC System Testing Methods
 In this section four methods are described for the 
in-situ performance testing of HVAC systems as shown 
in Table 27.14, including: a single point method that 
uses manufacturer’s performance data, a multiple point 
method that includes manufacturer’s performance data, 
a multiple point that uses short-term data and manufac-
turer’s performance data, and a short-term calibrated 
simulation. Each of these methods is explained in the 
sections that follow.

• Method #1: Single point with manufacturer’s per-
formance data

  In this method the effi ciency of the HVAC sys-
tem is measured with a single-point (or a series) of 
fi eld measurements at steady operating conditions. 
On-site measurements include: the energy input 
to system (e.g., electricity, natural gas, hot water 
or steam), the thermal output of system, and the 
temperature of surrounding environment. The effi -
ciency is calculated as the measured output/input. 
This method can be used in the following constant 
systems: single zone systems, 2-pipe fan coil units, 
ventilating and heating units, single speed window 
air conditioners, and evaporative coolers.

Table 27.13: Relationship of HVAC Test Methods to Type of System.
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• Method #2: Multiple point with manufacturer’s 
performance data

  In this method the efficiency of the HVAC 
system is measured with multiple points on the 
manufacturer’s performance curve. On-site mea-
surements include: the energy input to system 
(e.g., electricity, natural gas, hot water or steam), 
the thermal output of system, the system tem-
peratures, and the temperature of surrounding 
environment. The effi ciency is calculated as the 
measured output/input, which varies according 
to the manufacturer’s performance curve. This 
method can be used in the following systems: 
single zone (constant or varying), 2-pipe fan coil 
units, ventilating and heating units (constant or 
varying), window air conditioners (constant or 
varying), evaporative cooling (constant or varying) 
2-pipe induction units (varying), single zone with 
variable speed fan and/or compressors, variable 
speed ventilating and heating units, and variable 
speed window air conditioners.

• Method #3: Multiple point using short-term data 
and manufacturer’s performance data

  In this method the effi ciency of the HVAC sys-
tem is measured continuously over a short-term 
period, with data covering the manufacturer ’s 
performance curve. On-site measurements include: 
the energy input to system (e.g., electricity, natural 
gas, hot water or steam), the thermal output of sys-
tem, the system temperatures, and the temperature 
of surrounding environment. The effi ciency is cal-
culated as the measured output/input, which var-
ies according to the manufacturer’s performance 
curve. This method can be used in the following 
systems: single zone (constant or varying), 2-pipe 
fan coil units, ventilating and heating units (con-
stant or varying), window air conditioners (con-
stant or varying), evaporative cooling (constant or 
varying) 2-pipe induction units (varying), single 
zone with variable speed fan and/or compressors, 
variable speed ventilating and heating units, and 
variable speed window air conditioners.

• Method #4: Short-term monitoring and calibrated, 
simplifi ed simulation

  In this method the effi ciency of the HVAC sys-
tem is measured continuously over a short-term 
period, with data covering the manufacturer ’s 
performance curve. On-site measurements include: 
the energy input to system (e.g., electricity, natural 
gas, hot water or steam), the thermal output of 
system, the system temperatures, and the tempera-
ture of surrounding environment. The effi ciency is 
calculated using a calibrated air-side simulation of 
the system, which can include manufacturer’s per-
formance curves for various components. Similar 
measurements are repeated after the retrofi t. This 
method can be used in the following systems: 
single zone (constant or varying), 2-pipe fan coil 
units, ventilating and heating units (constant or 
varying), window air conditioners (constant or 
varying), evaporative cooling (constant or vary-
ing), 2-pipe induction units (varying), single zone 
with variable speed fan and/or compressors, vari-
able speed ventilating and heating units, variable 
speed window air conditioners, multi-zone, dual 
duct constant volume, dual duct variable volume, 
single duct constant volume w/reheat, single duct 
variable volume w/reheat, dual path systems (i.e., 
with main and preconditioning coils), 4-pipe fan 
coil units, 4-pipe induction units

F-3. Calculation of Annual Energy Use
 The calculation of annual energy use varies ac-
cording to HVAC calculation method as shown in Table 
27.15. The savings are determined by comparing the an-
nual HVAC energy use and demand during the baseline 
period to the annual HVAC energy use and demand 
during the post-retrofi t period.

Whole-building or Main-meter Approach
Overview
 The  whole-building approach, also called the 
main-meter approach, includes procedures that measure 
the performance of retrofi ts for those projects where 
whole-building pre-retrofit and post-retrofit data are 

Table 27.14: HVAC System Testing Methods.138,139
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Table 27.14 (Continued)
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Table 27.14 (Continued)

Table 27.15: HVAC Per-
formance Measurement 

Methods from ASHRAE 
Guideline 14-2002.140
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available to determine the savings, and where the sav-
ings are expected to be signifi cant enough that the dif-
ference between pre-retrofi t and post-retrofi t usage can 
be measured using a whole-building approach. Whole-
building methods can use monthly utility billing data 
(i.e., demand or usage), or continuous measurements 
of the whole-building energy use after the retrofi t on 
a more detailed measurement level (weekly, daily or 
hourly). Sub-metering measurements can also be used 
to develop the whole-building models, providing that 
the measurements are available for the pre-retrofi t and 
post-retrofit period, and that meter(s) measures that 
portion of the building where the retrofi t was applied. 
Each sub-metered measurement then requires a separate 
model. Whole-building measurements can also be used 
on stored energy sources, such as oil or coal inventories. 
In such cases, the energy used during a period needs 
to be calculated (i.e., any deliveries during the period 
minus measured reductions in stored fuel).
 In most cases, the energy use and/or electric 
demand are dependent on one or more independent 
variables. The most common independent variable is 
outdoor temperature, which affects the building’s heat-
ing and cooling energy use. Other independent variables 
can also affect a building’s energy use and peak electric 
demand, including: the building’s occupancy (i.e., often 
expressed as weekday or weekend models), parking or 
exterior lighting loads, special events (i.e., Friday night 
football games), etc.

Whole-building Energy Use Models
 Whole-building models usually involve the use of 
a regression model that relates the energy use and peak 
demand to one or more independent variables. The most 
widely accepted technique uses linear or change-point 

linear regression to correlate energy use or peak demand 
as the dependent variable with weather data and/or 
other independent variables. In most cases the whole-
building model has the form:

 E = C + B1V1 + B2V2 + B3V3 + …

where
 E = the energy use or demand estimated by
   the equation,
 C = a constant term in energy units/day
   or demand units/billing period,
 Bn = the regression coeffi cient of an
   independent variable Vn,
 Vn = the independent driving variable.

 In general, when creating a whole-building model 
for a number of different regression models are tried 
for a particular building and the results are compared 
and the best model selected using R2 and CV (RMSE). 
Table 27.16 and Figure 27.7 contain models listed in 
ASHRAE’s Guideline 14-2002, which include steady-
state constant or mean models, models adjusted for the 
days in the billing period, two-parameter models, three-
parameter models or variable-based degree-day models, 
four-parameter models, five-parameter models, and 
multivariate models. All of these models can be calcu-
lated with ASHRAE Inverse Model Toolkit (IMT), which 
was developed from Research Project 1050-RP.141

 The steady-state, linear, change-point linear, vari-
able-based degree-day and multivariate inverse models 
contained in ASHRAE’s IMT have advantages over 
other types of models. First, since the models are simple, 
and their use with a given dataset requires no human 
intervention, the application of the models can be on can 
be automated and applied to large numbers of build-

Table 27.16: Sample Models for the Whole-Building Approach from ASHRAE Guideline 14-2002.152
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ings, such as those contained in utility databases. Such 
a procedure can assist a utility, or an owner of a large 
number of buildings, identify which buildings have 
abnormally high energy use. Second, several studies 
have shown that linear and change-point linear model 
coeffi cients have physical signifi cance to operation of 
heating and cooling equipment that is controlled by a 
thermostat.142,143,144,145 Finally, numerous studies have 
reported the successful use of these models on a variety 
of different buildings.146,147,148,149,150,151

 Steady-state models have disadvantages, includ-
ing: an insensitivity to dynamic effects (e.g., thermal 
mass), insensitivity to variables other than temperature 
(e.g., humidity and solar), and inappropriateness for 
certain building types, for example building that have 
strong on/off schedule dependent loads, or buildings 
that display multiple change-points. If whole-building 
models are required in such applications, alternative 
models will need to be developed.

A. One-parameter or Constant Model
 One-parameter, or constant models are models 
where the energy use is constant over a given period. 
Such models are appropriate for modeling buildings 
that consume electricity in a way that is independent 
of the outside weather conditions. For example, such 
models are appropriate for modeling electricity use in 
buildings which are on district heating and cooling sys-
tems, since the electricity use can be well represented by 
a constant weekday-weekend model. Constant models 
are often used to model sub-metered data on lighting 
use that is controlled by a predictable schedule.

B. Day-adjusted Model
 Day-adjusted models are similar to one-parameter 
constant models, with the exception that the fi nal coef-
fi cient of the model is expressed as an energy use per 
day, which is then multiplied by the number of days in 
the billing period to adjust for variations in the utility 
billing cycle. Such day-adjusted models are often used 
with one, two, three, four and fi ve-parameter linear or 
change-point linear monthly utility models, where the 
energy use per period is divided by the days in the 
billing period before the linear or change-point linear 
regression is performed.

C. Two-parameter Model
 Two-parameter models are appropriate for model-
ing building heating or cooling energy use in extreme 
climates where a building is exposed to heating or 
cooling year-around, and the building has an HVAC 
system with constant controls that operates continu-

ously. Examples include outside air pre-heating systems 
in arctic conditions, or outside air pre-cooling systems 
in near-tropical climates. Dual-duct, single-fan, constant-
volume systems, without economizers can also be mod-
eled with two-parameter regression models. Constant 
use, domestic water heating loads can also be modeled 
with two-parameter models, which are based on the 
water supply temperature.

D. Three-parameter Model
 Three-parameter models, which include change-
point linear models or variable-based, degree day 

Figure 27.7: Sample Models for the Whole-building 
Approach. Included in this fi gure is: (a) mean or one-
parameter model, (b) two-parameter model, (c) three-
parameter heating model (similar to a variable based 
degree-day model (VBDD) for heating), (d) three-pa-
rameter cooling model (VBDD for cooling), (e) four-
parameter heating model, (f) four-parameter cooling 
model, and (g) fi ve-parameter model.153
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models, can be used on a wide range of building types, 
including residential heating and cooling loads, small 
commercial buildings, and models that describe the gas 
used by boiler thermal plants that serve one or more 
buildings. In Table 27.16, three-parameter models have 
several formats, depending upon whether or not the 
model is a variable based degree-day model or three-
parameter, change-point linear models for heating or 
cooling. The variable-based degree day model is defi ned 
as:

 E = C + B1 (DDBT)

where
 C = the constant energy use below (or above)
   the change point, and

B1 = the coeffi cient or slope that describes the
   linear dependency on degree-days,

DDBT = the heating or cooling degree-days (or
   degree hours), which are based on the
   balance-point temperature.

The three-parameter change-point linear model for heat-
ing is described by154

 E = C + B1 (B2 – T)+

where
 C = the constant energy use above the
   change point,
 B1 = the coeffi cient or slope that describes the
   linear dependency on temperature,
 B2 = the heating change point temperature,
 T = the ambient temperature for the period
   corresponding to the energy use,
 + = positive values only inside the
   parenthesis.

The three-parameter change-point linear model for cool-
ing is described by

E = C + B1 (T – B2)+

where
C = the constant energy use below the change

   point,
B1 = the coeffi cient or slope that describes the

   linear dependency on temperature,
B2 = the cooling change point temperature,
T = the ambient temperature for the period

   corresponding to the energy use,
+ = positive values only for the parenthetical

   expression.

E. Four-parameter Model
 The four-parameter change-point linear heating 
model is typically applicable to heating usage in build-
ings with HVAC systems that have variable-air volume, 
or whose output varies with the ambient temperature. 
Four-parameter models have also been shown to be 
useful for modeling the whole-building electricity use 
of grocery stores that have large refrigeration loads, 
and signifi cant cooling loads during the cooling season. 
Two types of four-parameter models are listed in Table 
27.16, including a heating model and a cooling model. 
The four-parameter change-point linear heating model 
is given by

E = C + B1 (B3 - T)+ - B2 (T - B3)+

where
 C = the energy use at the change point,

B1 = the coeffi cient or slope that describes the
   linear dependency on temperature below
   the change point,

B2 = the coeffi cient or slope that describes the
   linear dependency on temperature above
   the change point

B3 = the change-point temperature,
T = the temperature for the period of interest,

 + = positive values only for the parenthetical
   expression.

The four-parameter change-point linear cooling model 
is given by

E = C - B1 (B3 - T)+ + B2 (T - B3)+

where
 C = the energy use at the change point,

B1 = the coeffi cient or slope that describes
   the linear dependency on temperature
   below the change point,

B2 = the coeffi cient or slope that describes
   the linear dependency on temperature
   above the change point

B3 = the change-point temperature,
T = the temperature for the period of

   interest,
 + = positive values only for the
   parenthetical expression.

F. Five-parameter Model
 Five-parameter change-point linear models are 
useful for modeling the whole-building energy use 
in buildings that contain air conditioning and electric 
heating. Such models are also useful for modeling the 
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weather dependent performance of the electricity con-
sumption of variable air volume air-handling units. The 
basic form for the weather dependency of either case 
is shown in Figure 27.7f, where there is an increase in 
electricity use below the change point associated with 
heating, an increase in the energy use above the change 
point associated with cooling, and constant energy use 
between the heating and cooling change points. Five-
parameter change-point linear models can be described 
using variable-based degree day models, or a fi ve-pa-
rameter model. The equation for describing the energy 
use with variable-based degree days is

E = C - B1 (DDTH) + B2 (DDTC)

where
 C = the constant energy use between the
   heating and cooling change points,

B1 = the coeffi cient or slope that describes the
   linear dependency on heating degree-days,

B2 = the coeffi cient or slope that describes the
   linear dependency on cooling degree-days,

DDTH = the heating degree-days (or degree hours),
   which are based on the balance-point
   temperature.

DDTC = the cooling degree-days (or degree hours),
   which are based on the balance-point
   temperature.

The fi ve-parameter change-point linear model that is 
based on temperature is

E = C + B1 (B3 - T)+ + B2 (T – B4)+

where
 C = the energy use between the heating and
   cooling change points,

B1 = the coeffi cient or slope that describes the
   linear dependency on temperature below
   the heating change point,

B2 = the coeffi cient or slope that describes the
   linear dependency on temperature above
   the cooling change point

B3 = the heating change-point temperature,
B4 = the cooling change-point temperature,
T = the temperature for the period of interest,

 + = positive values only for the parenthetical
   expression.

G. Whole-building Peak Demand Models
 Whole-building peak electric demand models dif-
fer from whole-building energy use models in several 

respects. First, the models are not adjusted for the days 
in the billing period since the model is meant to repre-
sent the peak electric demand. Second, the models are 
usually analyzed against the maximum ambient temper-
ature during the billing period. Models for whole-build-
ing peak electric demand can be classifi ed according to 
weather-dependent and weather-independent models.

G-1. Weather-dependent
 Whole-building Peak Demand Models
 Weather-dependent, whole-building peak demand 
models can be used to model the peak electricity use of 
a facility. Such models can be calculated with linear and 
change-point linear models regressed against maximum 
temperatures for the billing period, or calculated with an 
inverse bin model.155,156

G-2. Weather-independent
 Whole-building Peak Demand Models
 Weather-independent, whole-building peak de-
mand models are used to measure the peak electric use 
in buildings or sub-metered data that do not show sig-
nifi cant weather dependencies. ASHRAE has developed 
a diversity factor toolkit for calculating weather-inde-
pendent whole-building peak demand models as part 
of Research Project 1093-RP. This toolkit calculates the 
24-hour diversity factors using a quartile analysis. An 
example of the application of this approach is given in 
the following section.

Example: Whole-building energy use models
 Figure 27.8 presents an example of the typical data 
requirements for a whole-building analysis, including 
one year of daily average ambient temperatures and 
twelve months of utility billing data. In this example 
of a residence, the daily average ambient temperatures 
were obtained from the National Weather Service (i.e., 
the average of the published min/max data), and the 
utility bill readings represent the actual readings from 
the customer’s utility bill. To analyze these data several 
calculations need to be performed. First, the monthly 
electricity use (kWh/month) needs to be divided by the 
days in the billing period to obtain the average daily 
electricity use for that month (kWh/day). Second, the 
average daily temperatures need to be calculated from 
the published NWS min/max data. From these average 
daily temperatures the average billing period tempera-
ture need to be calculated for each monthly utility bill.
 The data set containing average billing period tem-
peratures and average daily electricity use is then ana-
lyzed with ASHRAE’s Inverse Model Toolkit (IMT)157 to 
determine a weather normalized consumption as shown 
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in Figures 27.9 and 27.10. In Figure 27.9 the twelve 
monthly utility bills (kWh/period) are shown plotted 
against the average billing period temperature along 
with a three-parameter change-point model calculated 
with the IMT. In Figure 27.10 the twelve monthly utility 
bills, which were adjusted for days in the billing period 
(i.e., kWh/day) are shown plotted against the average 
billing period temperature along with a three-param-
eter change-point model calculated with the IMT. In 
the analysis for this house, the use of an average daily 
model improved the accuracy of the unadjusted model 
(i.e., Figure 27.9) from an R2 of 0.78 and CV (RMSE) of 
24.0% to an R2 of 0.83 and a CV (RMSE) of 19.5% for 
the adjusted model (i.e., Figure 27.10), which indicates 
a signifi cant improvement in the model.
 In another example the hourly steam use (Figure 

27.11) and hourly electricity use (Figure 27.13) for the 
U.S. DOE Forrestal Building is modeled with a daily 
weekday-weekend three-parameter, change-point model 
for the steam use (Figure 27.12), and an hourly weekday-
weekend demand model for the electricity use (Figure 
27.14). To develop the weather-normalized model for the 
steam use the hourly steam data and hourly weather 
data were fi rst converted into average daily data, then a 
three-parameter, weekday-weekend model was calculat-
ed using the EModel software,158 which contains similar 
algorithms as ASHRAE’s IMT. The resultant model, 
which is shown in Figure 27.12 along with the daily 
steam, is well described with an R2 of 0.87 an RMSE of 
50,085.95 kBtu/day and a CV (RMSE) of 37.1%.
 In Figure 27.14 hourly weather-independent 24-
hour weekday-weekend profi les have been created for 

Figure 27.8: Example Data for Monthly Whole-building Analysis (upper trace, daily average temperature, F, 
lower points, monthly electricity use, kWh/day).

Figure 27.9 Example Unadjusted Monthly Whole-
building Analysis (3P Model) for kWh/period (R2 = 
0.78, CV (RMSE) = 24.0%).

Figure 27.10. Example Adjusted Whole-building Anal-
ysis (3P Model) for kWh/day (R2 = 0.83, CV (RMSE) 
= 19.5%).
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the whole-building electricity use using ASHRAE’s 
1093-RP Diversity Factor Toolkit.159 These profi les can 
be used to calculate the baseline whole-building electric-
ity use (i.e., using the mean hourly use) by multiplying 
times the expected weekdays and weekends in the year. 
The profi les can also be used to calculate the peak elec-
tricity use (i.e., using the 90th percentile).

Calculation of Annual Energy Use
 Once the appropriate whole-building model has 
been chosen and applied to the baseline data, the annual 
energy use for the baseline period and the post-retrofi t 
period are then calculated. Savings are then calculated 
by comparing the annual energy use of the baseline with 
the annual energy use of the post-retrofi t period.

Whole-building Calibrated Simulation Approach
 Whole-building calibrated simulation normally 
requires the hourly simulation of an entire building, 
including the thermal envelope, interior and occupant 
loads, secondary HVAC systems (i.e., air handling 
units), and the primary HVAC systems (i.e., chillers, 
boilers). This is usually accomplished with a general 
purpose simulation program such as BLAST, DOE-2 
or EnergyPlus, or similar proprietary programs. Such 
programs require an hourly weather input file for 
the location in which the building is being simulated. 
Calibrating the simulation refers to the process whereby 
selected outputs from the simulation are compared and 
eventually matched with measurements taken from an 
actual building. A number of papers in the literature 
have addressed techniques for accomplishing these cali-
brations, and include results from case study buildings 
where calibrated simulations have been developed for 
various purposes. 160, 161, 162, 163, 164, 165, 166, 167, 168, 169, 

170, 171,172,173,174,175

Applications of Calibrated Whole-building Simulation.
 Calibrated whole-building simulation can be a 
useful approach for measuring the savings from energy 
conservation retrofi ts to buildings. However, it is gener-
ally more expensive than other methods, and therefore it 
is best reserved for applications where other, less costly 
approaches cannot be used. For example, calibrated 
simulation is useful in projects where either pre-retrofi t 
or post-retrofi t whole-building metered electrical data 
are not available (i.e., new buildings or buildings with-
out meters such as many college campuses with central 
facilities). Calibrated simulation is desired in projects 
where there are signifi cant interactions between retrofi ts, 
for example lighting retrofi ts combined with changes 
to HVAC systems, or chiller retrofi ts. In such cases the 
whole-building simulation program can account for 
the interactions, and in certain cases, actually isolate 
interactions to allow for end-use energy allocations. It 
is useful in projects where there are signifi cant changes 
in the facility’s energy use during or after a retrofi t has 
been installed, where it may be necessary to account 
for additions to a building that add or subtract thermal 
loads from the HVAC system. In other cases, demand 
may change over time, where the changes are not re-
lated to the energy conservation measures. Therefore, 
adjustments to account for these changes will be also 
be needed. Finally, in many newer buildings, as-built 
design simulations are being delivered as a part of the 
building’s fi nal documents. In cases where such simula-
tions are properly documented they can be calibrated to 
the baseline conditions and then used to calculate and 
measure retrofi t savings.
 Unfortunately, calibrated, whole-building simula-
tion is not useful in all buildings. For example, if a 
building cannot be readily simulated with available sim-
ulation programs, signifi cant costs may be incurred in 

Figure 27.11: Example Heating Data for Daily Whole-building Analysis.
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modifying a program or developing a new program to 
simulate only one building (e.g., atriums, underground 
buildings, buildings with complex HVAC systems 
that are not included in a simulation program’s sys-
tem library). Additional information about calibrated, 

whole-building simulation can be found in ASHRAE’s 
Guideline 14-2002.
 Figure 27.15 provides an example of the use of 
calibrated simulation to measure retrofi t savings in a 
project where pre-retrofi t measurements were not avail-

Figure 27.12: Example 
Daily Weekday-week-
end Whole-building 
Analysis (3P Model) 
for Steam Use (kBtu/
day, R2 = 0.87, RMSE = 
50,085.95, CV (RMSE) 
= 37.1%). Weekday use 
(x), weekend use ( ).

Figure 27.13: Example Electricity Data for Hourly Whole-building Demand Analysis.

Figure 27.14: Example Weekday-weekend Hourly Whole-building Demand Analysis (1093-RP Model) for Elec-
tricity Use.
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able. In this fi gure both the before-after whole-building 
approach and the calibrated simulation approach are 
illustrated. On the left side of the fi gure the traditional 
whole-building, before-after approach is shown for a 
building that had a dual-duct, constant volume system 
(DDCV) replaced with a variable air volume (VAV) sys-
tem. In such a case where baseline data are available, 
the energy use for the building is regressed against the 
coincident weather conditions to obtain the representa-
tive baseline regression coeffi cients. After the retrofi t is 
installed, the energy savings are calculated by compar-
ing the projected pre-retrofit energy use against the 
measured post-retrofi t energy use, where the projected 
pre-retrofi t energy use calculated with the regression 
model (or empirical model), which was determined with 
the facility’s baseline DDCV data.
 In cases where the baseline data are not available 
(i.e., the right side of the fi gure), a simulation of the 
building can be developed and calibrated to the post-
retrofi t conditions (i.e., the VAV system). Then, using the 
calibrated simulation program, the pre-retrofi t energy 
use (i.e., DDCV system) can be calculated for conditions 
in the post-retrofi t period, and the savings calculated by 
comparing the simulated pre-retrofi t energy use against 
the measured post-retrofi t energy use. In such a case 
the calibrated post-retrofi t simulation can also be used 
to fi ll-in any missing post-retrofi t energy use, which is 

a common occurrence in projects that measure hourly 
energy and environmental conditions. The accuracy of 
the post-retrofi t model depends on numerous factors.

Methodology for Calibrated Whole-building Simulation
 Calibrated simulation requires a systematic ap-
proach that includes the development of the whole-
building simulation model, collection of data from the 
building being retrofi tted and the coincident weather 
data. The calibration process then involves the com-
parison of selected simulation outputs against measured 
data from the systems being simulated, and the adjust-
ment of the simulation model to improve the compari-
son of the simulated output against the corresponding 
measurements. The choice of simulation program is 
a critical step in the process, which must balance the 
model appropriateness, algorithmic complexity, user 
expertise, and degree of accuracy against the resources 
available to perform the modeling.
 Data collection from the building includes the col-
lection of data from the baseline and post-retrofi t peri-
ods, which can cover several years of time. Building data 
to be gathered includes such information as the building 
location, building geometry, materials characteristics, 
equipment nameplate data, operations schedules, tem-
perature settings, and at a minimum whole-building 
utility billing data. If the budget allows, hourly whole-

Figure 27.15: Flow Diagram for Calibrated Simulation Analysis of Air-Side HVAC System.176
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building energy use and environmental data can be 
gathered to improve the calibration process, which can 
be done over short-term, or long-term period.
 Figure 27.16 provides an illustration of a calibra-
tion process that used hourly graphical and statistical 
comparisons of the simulated versus measured energy 
use and environmental conditions. In this example, the 
site-specifi c information was gathered and used to de-
velop a simulation input fi le, including the use of mea-
sured weather data, which was then used by the DOE-2 
program to simulate the case study building. Hourly 
data from the simulation program was then extracted 
and used in a series of special-purpose graphical plots 
to help guide the calibration process (i.e., time series, bin 
and 3-D plots). After changes were made to the input 
fi le, DOE-2 was then run again, and the output com-
pared against the measured data for a specifi c period. 
This process was then repeated until the desired level of 
calibration was reached, at which point the simulation 
was proclaimed to be “calibrated.” The calibrated model 
was then used to evaluate how the new building was 
performing compared to the design intent.
 A number of different calibration tools have been 

reported by various investigators, ranging from simple 
X-Y scatter plots to more elaborate statistical plots and 
indices. Figures 27.17, 27.18 and 27.19 provide examples 
of several of these calibration tools. In Figure 27.17 an 
example of an architectural rendering tool is shown that 
assists the simulator with viewing the exact placement 
of surfaces in the building, as well as shading from 
nearby buildings, and north-south orientation. In Figure 
27.18 temperature binned calibration plots are shown 
comparing the weather dependency of an hourly simu-
lation against measured data. In this fi gure the upper 
plots show the data as scatter plots against temperature. 
The lower plots are statistical, temperature-binned box-
whisker-mean plots, which include the super position-
ing of measured mean line onto the simulated mean line 
to facilitate a detailed evaluation. In Figure 27.19 com-
parative three-dimensional plots are shown that show 
measured data (top plot), simulated data (second plot 
from the top), simulated minus measured data (second 
plot from the bottom, and measured minus simulated 
data (bottom plot). In these plots the day-of-the-year is 
the scale across the page (y axis), the hour-of-the-day is 
the scale projecting into the page (x axis), and the hourly 

Figure 27.16: Calibration Flowchart. This fi gure shows 
the sequence of processing routines that were used to 
develop graphical calibration procedures.178

Figure 27.17: Example Architecture Rendering of the 
Robert E. Johnson Building, Austin, Texas.179,180
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electricity use is the vertical scale of the surface above 
the x-y plane. These plots are useful for determining 
how well the hourly schedules of the simulation match 
the schedules of the real building, and can be used to 
identify other certain schedule-related features. For ex-
ample, in the front of plot (b) the saw-toothed feature 
is indicating on/off cycling of the HVAC system, which 
is not occurring in the actual building.
 Table 27.17 contains a summary of the proce-
dures used for developing a calibrated, whole-building 
simulation program, as defi ned in ASHRAE’s Guideline 
14-2002. In general, to develop a calibrated simulation, 
detailed information is required for a building, includ-
ing information about the building’s thermal envelope 
(i.e., the walls, windows, roof, etc.), information about 
the building’s operation, including temperature settings, 
HVAC systems, and heating-cooling equipment that ex-
isted both during the baseline and post-retrofi t period. 
This information is input into two simulation fi les, one 
for the baseline and one for the post-retrofi t conditions. 
Savings are then calculated by comparing the two 
simulations of the same building, one that represents the 
baseline building, and one that represents the building’s 
operations during the post-retrofi t period.

27.2.2 Role of M&V
 Each Energy Conservation Measure (ECM) pres-
ents particular requirements. These can be grouped in 
functional sections as shown in Table 27.18. Unfortu-

nately, in most projects, numerous variables exist so 
the assessments can be easily disputed. In general, the 
low risk (L)—reasonable payback ECMs exhibit steady 
performance characteristics that tend not to degrade 
or become easily noticed when savings degradation 
occurs. These include lighting, constant speed motors, 
two-speed motors and IR radiant heating. The high 
risk (H)—reasonable payback ECMs include EMCSs, 
variable speed drives and control retrofi ts. The savings 
from these ECMs can be overridden by building op-
erators and not be noticed until years later. Most other 
ECMs fall in the category of “it depends.” The attention 
that the operations and maintenance directs at these 
dramatically impacts the sustainability of the operation 
and the savings. With an EMCS, operators can set up 
trend reports to measure and track occupancy schedule 
overrides, the various reset schedule overrides, variable 
speed drive controls and even monitor critical param-
eters which track mechanical systems performance. il-
lustrates a “most likely” range of ratings for the various 
categories.183

 Often, building envelope or mechanical systems 
need to be replaced. Building systems have fi nite life-

Figure 27.18: Temperature Bin Calibration Plots. This fi g-
ure shows the measured and simulated hourly weekday 
data as scatter plots against temperature in the upper plots 
and as statistical binned box-whisker-mean plots in the 
lower plots.181

Figure 27.19: Comparative Three-dimen-
sional Plots. (a) Measured Data. (b) Simu-
lated Data. (c) Simulated-Measured Data. 
(d) Measured-Simulated Data.
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times, ranging from two to fi ve years for most light bulbs 
to 10 to 20+ years for chillers and boilers. Building enve-
lope replacements like insulation, siding, roof, windows 
and doors can have lifetimes from 10 to 50 years. In these 
instances, life cycle costing should be done to compare 
the total cost of upgrading to more effi cient technology. 
Also, the cost of M&V should be considered when deter-
mining how to sustain the savings and performance of 
the replacement. In many cases, the upgraded effi ciency 
will have a payback of less than 10 years when compared 
to the current effi ciency of the existing equipment. Cur-
rent technology high effi ciency upgrades normally use 
controls to acquire the high efficiency. These controls 
often connect to standard interfaces so that they commu-
nicate with today’s state of the art Energy Management 
and Control Systems (EMCSs).

27.2.3 Cost/Benefi t Analysis
 The target for work for the USAF has been 5% 
of the savings.184 The cost of the M&V can exceed 5% 

if the risk of losing savings exceeds predefi ned limits. 
The Variable Speed Drive ECM illustrates these op-
portunities and risks. VSD equipment exhibits high 
reliability. Equipment type of failures normally happen 
when connection breaks occur with the control input, 
the remote sensor. Operator induced failures occur then 
the operator sets the unit to 100% speed and does not 
re-enable the control. Setting the unit to 100% can occur 
for legitimate reasons. These reasons include running a 
test, overriding a control program that does not provide 
adequate speed under specifi c, and typically unusual, 
circumstances, or requiring 100% operation for a limited 
time. The savings disappear if the VSD remains at 100% 
operating speed.
 For example, consider a VSD ECM with ten (10) 
motors with each motor on a different air handling 
unit. Each motor has fi fty (50) horsepower (HP). The 
base case measured these motors running 8760 hours 
per year at full speed. Assume that the loads on the 
motors matched the nameplate 50 HP at peak loads. 

Table 27.17: Calibrated, whole-building Simulation Procedures from ASHRAE Guideline 14-2002.177
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Although the actual load on a AHU fan varies with 
the state of the terminal boxes, assume that the load 
average equates to 80% of the full load since the duct 
pressure will rise as the terminal boxes reduce fl ow at 
the higher speed. Table 27.19 contains the remaining 
assumptions. To correctly determine the average power 
load, the average power must either be integrated over 
the period of consumption or the bin method must be 
used. For the purposes of this example, the 14.4% value 
will be used.
 The equation below shows the relationship be-
tween the fan speed and the power consumed. The ex-
ponent has been observed to vary between 2.8 (at high 
fl ow) and 2.7 (at reduced fl ow) for most duct systems. 
This includes the loss term from pressure increases at 
a given fan speed. Changing the exponent from 2.8 to 

2.7 reduces the savings by less than 5%.

   Pwr = Pwr0 ×
% Speed

Full Speed

2.8

 Demand savings will not be considered in this ex-
ample. Demand savings will likely be very low if the util-
ity has a 12-month ratchet clause and the summer load 
requires some full speed operation during peak times. 
Assuming a $12.00/kW per month demand charge, de-
mand savings could be high for off-season months if the 
demand billing resets monthly. Without a ratchet clause, 
rough estimates have yearly demand savings ranging up 
to $17,000 if the fan speed stays under 70% for 6 months 
per year. Yearly demand savings jump to over $20,000 if 
the fan speed stays under 60% for 6 months per year.

Table 27.18: Overview of Risks and Costs for ECMs.

Table 27.19: VSD Example Assumptions.
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 Figure 27.20 illustrates the savings expected from 
the VSD ECM by hours of use per year. The 5% and 
10% of Savings lines defi ne the amount available for 
M&V expenditures at these levels. In this example, the 
ECM savings exceeds $253,000 per year. Five percent 
(5%) of savings over a 20-year project life makes $253K 
available for M&V and ten percent (10%) of the sav-
ings makes $506K available over the 20-year period. If 
the motors run less frequently than continuous, savings 
decrease as shown in Figure 27.20. Setting up the M&V 
program to monitor the VSDs on an hourly basis and 
report savings on a monthly report requires monitoring 
the VSD inverter with an EMCS to poll the data and 
create reports.
 To provide the impact of the potential losses from 
losing the savings, assume the savings degrades at a 
loss of 10% of the total yearly savings per year. Studies 
have shown that control ECMs like the VSD example 
can expect to see 20% to 30% degradation in savings in 
2 to 3 years. Figure 27.21 illustrates what happens to the 

savings in 20 years with 10% of the savings spent on 
M&V. Note that the losses exceed the M&V cost during 
the fi rst year, resulting in a net loss of almost $3,000,000 
over the 20-year period. Figure 27.22 shows the savings 
per year with a 10% loss of savings. M&V costs remain 
at 10% of savings. At the end of the 20-year period, the 
savings drop to almost $30,000 per year out of a poten-
tial savings of over $250,000 per year.
 This example shows the cumulative impact of los-
ing savings on a year by year basis. The actual savings 
amounts will vary depending upon the specifi c factors 
in an ECM and can be scaled to refl ect a specifi c applica-
tion. Increasing the M&V cost to reduce the loss of sav-
ings often makes sense and must be carefully thought 
through.

27.2.4 Cost Reduction Strategies
 M&V strategies can be cost reduced by lowering 
the requirements for M&V or by statistical sampling. 
Reducing requirements involves performing trade-offs 
with the risks and benefi ts of having reliable numbers to 
determine the savings and the costs for these measure-
ments.

27.2.4.1 Constant Load ECMs
 Lighting ECMs can save 30% of the pre-ECM 
energy and have a payback in the range of 3 to 6 
years. Assuming that the lighting ECM was designed 
and implemented per the specifi cations and the sav-
ings were verifi ed to be occurring, just verifying that 
the storeroom has the correct ballasts and lamps may 
constitute acceptable M&V on a yearly basis. This costs 
far less than performing a yearly set of measurements, 
analyzing them and then creating reports. In this case, 
other safeguards should be implemented to assure that 
the bulb and ballast replacement occurs and meets the Figure 27.20: Example VSD EMC Yearly Savings/M&V 

Cost.

Figure 27.21: Yearly Impact of Ongoing Losses. Figure 27.22: Cumulative Impact of Savings Loss.
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requirements specifi ed.
 High effi ciency motor replacements provide an-
other example of constant load ECMs. The key short 
term risks with motor replacements involve installing 
the right motor with all mechanical linkages and elec-
trical components installed correctly. Once verifi ed, the 
long term risks for maintaining savings occur when the 
motor fails. The replacement motor must be the correct 
motor or savings can be lost. A sampled inspection re-
duces this risk. Make sure to inspect all motors at least 
once every fi ve (5) years.

27.2.4.2 Major Mechanical Systems
 Boilers, chillers, air handler units, cooling towers 
comprise the category of manor mechanical equipment 
in buildings. They need to be considered separately as 
each carry their own set of short-term and long-term 
risks. In general, measurements provide necessary 
risk reduction. The question becomes: What measure-
ments reduce the risk of savings loss by an acceptable 
amount?
 First a risk assessment needs to be performed. The 
short-term risks for boilers involve installing the wrong 
size or installing the boiler improperly (not to specifi -
cations). Long-term savings sustainability risks tend to 
focus on the water side and the fi re side. Water deposits 
(K+, Ca++, Mg+) will form on the inside of the tubes and 
add a thermal barrier to the heat fl ow. The fi re side can 
add a layer of soot if the O2 level drops too low. Either 
of these reduce the effi ciency of the boiler over the long 
haul. Generally this can take several years to impact 
the effi ciency if regular tune-ups and water treatment 
occurs.
 Boilers come in a wide variety of shapes and 
sizes. Boiler size can be used as a defi ning criterion for 
measurements. Assume that natural gas or other boiler 
fuels cost about $5.00 per MMBtu. Although fuel price 
constantly changes, it provides a reference point for this 
analysis. Thus a boiler with 1MMBtu per hour output, 
an effi ciency of 80% and operating at 50% load 3500 
hours per year, consumes about $11,000 per year. If this 
boiler replaced a less effi cient boiler, say at 65%, then the 
net savings amounts to about $2,500 per year, assuming 
the same load from the building. At 5% of the savings, 
$125 per year can be used for M&V. This does not al-
low much M&V. At 10% of the annual savings, $250 per 
year can be used. At this level of cost, a combustion ef-
fi ciency measurement could be performed, either yearly 
or bi-yearly, depending on the local costs. In 2003 the 
ASME’s Power Test Code 4.1 (PTC-4.1)185 was replaced 
with PTC4. Either of these codes allows two methods 
to measuring boiler effi ciency. The fi rst method uses 

the energy in equals energy out—using the fi rst law of 
thermodynamics. This requires measuring the Btu input 
via the gas fl ow and the Btu output via the steam (or 
water) fl ow and temperatures. The second method mea-
sures the energy loss due to the content and tempera-
ture of the exhausted gases, radiated energy from the 
shell and piping and other loss terms (like blowdown). 
The energy loss method can be performed in less than 
a couple of hours. The technician performing these 
measurements must be skilled or signifi cant errors will 
result in the calculated effi ciency. The equation below 
shows the calculations required.

Effi ciency = 100% – Losses + Credits

 The losses term includes the temperature of the 
exhaust gas and a measure of the unburned hydrocar-
bons by measuring CO2 or O2 levels, the loss due to 
excess CO and a radiated term. Credits seldom occur 
but could arise  from sola r heating t he makeup water 
or s imilar contributions. The Greek letter “ ” us ually 
denotes effi ciency.
 As with boilers, a risk assessment needs to be 
performed for chilers. The short term risks for chillers 
involve sizing or improper installation. Long term sav-
ings sustainability risks focus on the condenser water 
system, as circulation occurs in an open system. Water 
deposits (K+, Ca++, Mg+, organics) will form on the 
inside of the condenser tubes and add a barrier to the 
thermal fl ow. These reduce the effi ciency of the chiller 
over the long haul. Generally this can take several years 
to impact the effi ciency if proper water treatment occurs. 
Depending on the environmental conditions, the quality 
of the makeup water and the water treatment, condenser 
tube fouling should be checked every year or at least 
every other year.
 Chillers consume electricity in the case of most 
centrifugal, screw, scroll and reciprocating compressors. 
Direct-fi red absorbers and engine driven compressors 
use a petroleum based fuel. As with boilers, chiller 
size and application sets the basic energy consumption 
levels. Assume, for the purpose of this example, that 
electricity provides the chiller energy. Older chillers with 
water towers often operate at the 0.8 to 1.3 kW per ton 
level of effi ciency. New chillers with water towers can 
operate in the 0.55 to 0.7 range of effi ciency. Note that 
the effi ciency of any chiller depends upon the specifi c 
operating conditions. Also assume the following: 500 
Tons centrifugal chiller with the specifi cations shown in 
Table 27.20. Under these conditions the chiller produces 
400 Tons of chilled water and requires an expenditure 
of $ 38,000 per year, considering both energy use and 
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demand charges. Some utilities only charge demand 
charges on the transmission and delivery (T&D) parts 
of the rate structure. In that case, the cost at $0.06/kWh 
would be closer to $28,000. Using the 5% (10%) guide-
line for M&V costs as a percentage of savings leaves 
almost $1,100 ($2,200) per year to spend on M&V. This 
creates an allowable expenditure over a 20-year project 
of $22,000 ($44,000) for M&V. If the utility has a ratchet 
clause in the rate structure, the amount for M&V in-
creases to $1,700 ($3,400) per year. At $1,100 per year, 
trade-offs will need to be made to stay within that 
“budget.” The risks need to be weighed and decisions 
made as to what level of M&V costs will be allowed.
 To determine the actual effi ciency of a chiller re-
quires accurate measurements of the chilled water fl ow, 
the difference between the chilled water supply and 
return temperatures and the electrical power provided 
to the chiller. Costs can be reduced using an EMCS if 
only temperature, fl ow and power sensors need to be 
installed.

sustainability risks. When an operator overrides a strat-
egy and forgets to re-enable it, the savings disappear. A 
common EMCS ECM requires the installation of equip-
ment and programs used to set back temperatures or 
turn off equipment. Short term risks involve setting up 
the controls so that performance enhances, or at least 
does not degrade, the comfort of the occupants. When 
discomfort occurs, either occupants set up “portable 
electric reheat units” or operators override the control 
program. For example, when the night set-back control 
does not get the space to comfort by occupancy, opera-
tors typically override instead of adjusting the param-
eters in the program. These actions tend to occur during 
peak loading times and then not get re-enabled during 
milder times. Long term risks cover the same area as 
short term risks. A new operator or a failure in remote 
equipment that does not get fi xed will likely cause the 
loss of savings. Estimating the savings cost for various 
projects can be done when the specifi cs are known.

Table 27.20: Example of Savings with a 500 Ton Chiller.

Table 27.21: Sampling Requirements. Cooling tower replacement requires knowledge of 
the risks and costs involved. As with boilers and chillers, 
the primary risks involve the water treatment. Controls 
can be used to improve the effi ciency of a chiller/tower 
combination by as much as 15% to 20%. As has been 
previously stated, control ECMs often get overridden 
and the savings disappear.

27.2.4.3 Control Systems
 Control ECMs encompass a wide spectrum of capa-
bilities and costs. Upgrading a pneumatic control system 
and installing EP (electronic to pneumatic) transducers 
involves the simple end. The complex side could span 
installing a complete EMCS with sophisticated controls, 
with various reset, pressurization and control strategies. 
Generally, EMCSs function as basic controls and do not 
get widely used in sophisticated applications.
 Savings due to EMCS controls  bear high 
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 Risk abatement can be as simple as requiring a 
trend report weekly or at least monthly. M&V costs can 
generally be easily held under 5% when using an EMCS 
and creating trend reports.

27.2.5 M&V Sampling Strategies
 M&V can be made signifi cantly lower cost by sam-
pling. Sampling also reduces the timeliness of obtain-
ing specifi c data on specifi c equipment. The benefi ts of 
sampling arise when the population of items increases. 
Table 27.21 (M&V Guidelines: Measurement and Verifi -
cation for Federal Energy Projects, Version 2.2, Appendix 
D) illustrates how confi dence and precision impact the 
number of samples required in a given population of 
items.
 Lighting ECMs may involve thousands of fi xtures. 
For example, to obtain a savings estimate for 1,000 or 
more fi xtures, with a confi dence of 80% and a precision 
of 20%, 11 fi xtures would need to be sampled. If the 
requirements increased to a confi dence of 90% and a pre-
cision of 10%, 68 fi xtures would need to be sampled.
 The boiler ECM also represents opportunity for 
M&V cost reduction using sampling. Assume that the 
ECM included replacing 50 boilers. If a confi dence of 
80% and a precision of 20% satisfy the requirements, 
10 boilers would need to be sampled. The cost is then 
reduced to 20% of the cost of measuring all boilers, a 
signifi cant savings. A random sampling to select the 
sample set can easily be implemented.
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28.1 ABSTRACT

 Ground-source heat pumps can provide an energy-ef-
fi cient, cost-effective way to heat and cool commercial 
facilities. While ground-source heat pumps are well 
established in the residential sector, their application 
in larger, commercial-style, facilities is lagging, in part 
because of limited experience with the technology by 
those in decision-making positions. Through the use of 
a ground-coupling system, a conventional water-source 
heat pump design is transformed to a unique means of 
utilizing thermodynamic properties of earth and ground-
water for effi cient operation throughout the year in most 
climates. In essence, the ground (or groundwater) serves 
as a heat source during winter operation and a heat sink 
for summer cooling. Many varieties in design are avail-
able, so the technology can be adapted to almost any site. 
Ground-source heat pump systems can be used widely 
in commercial-building applications and, with proper 
installation, offer great potential for the commercial sec-
tor, where increased effi ciency and reduced heating and 
cooling costs are important. Ground-source heat pump 
systems require less refrigerant than conventional air-
source heat pumps or air-conditioning systems, with the 
exception of direct-expansion-type ground-source heat 
pump systems.
 Installation costs are relatively high but are offset 
by low maintenance and operating expenses and effi cient 
energy use. The greatest barrier to effective use is im-
proper design and installation; well-trained, experienced, 
and responsible designers and installers is of critical im-
portance.

 This chapter provides information and procedures 
that an energy manager can use to evaluate most ground-
source heat pump applications. Ground-source heat 
pump operation, system types, design variations, energy 
savings, and other benefi ts are explained. Guidelines are 
provided for appropriate application and installation. 
Two case studies are presented to give the reader a sense 
of the actual costs and energy savings. A list of manufac-
turers and references for further reading are included for 
prospective users who have specifi c or highly technical 
questions not fully addressed in this chapter. Sample case 
spreadsheets are also provided.

28.2 BACKGROUND

 This chapter is based on a Federal Technology Alert 
sponsored by the U.S. Department of Energy (DOE), Fed-
eral Energy Management Program (FEMP). The original 
Federal Technology Alert was published in 1995 and 
updated in 2001. The material was updated in 2005 to 
develop this chapter.

28.2.1 The DOE Federal Energy Management Program
 The federal government is the largest energy con-
sumer in the nation. Annually, in its 500,000 buildings 
and 8,000 locations worldwide, it uses nearly 1.4 qua-
drillion Btu (quads) of energy, costing approximately $8 
billion. This represents 1.5% of all primary energy con-
sumption in the United States2. The DOE Federal Energy 
Management Program was established in 1974 to provide 
direction, guidance, and assistance to federal agencies in 
planning and implementing energy management pro-
grams that will improve the energy effi ciency and fuel 
fl exibility of the federal infrastructure.
 Over the years several federal laws and Executive 
Orders have shaped FEMP’s mission. These include the 
Energy Policy and Conservation Act of 1975; the National 
Energy Conservation and Policy Act of 1978; the Federal 
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Energy Management Improvement Act of 1988; Execu-
tive Order 12759 in 1991; the National Energy Policy Act 
of 1992 (EPAct 1992); Executive Order 12902 in 1994; Ex-
ecutive Order 13123 in 1999; and the Energy Policy Act of 
2005 (EPAct 2005).
 The DOE Federal Energy Management Program is 
currently involved in a wide range of energy-assessment 
activities, including conducting new technology demon-
strations, to hasten the penetration of energy-effi cient 
technologies into the federal marketplace.

28.2.2 The FEMP New Technology 
 Demonstrations Activity
 The Energy Policy Act of 1992, and subsequent Ex-
ecutive Orders, mandated that energy consumption in 
federal buildings be reduced by 35% from 1985 levels by 
the year 2010. The Energy Policy Act of 2005 calls for even 
more energy reduction. To achieve this goal, the DOE 
Federal Energy Management Program sponsors a series 
of program activities to reduce energy consumption at 
federal installations nationwide. One of these program 
activities, new technology demonstrations, is tasked to 
accelerate the introduction of energy-effi cient and renew-
able technologies into the federal sector and to improve 
the rate of technology transfer.
 In addition to technology demonstrations, FEMP 
sponsors a series of publications that are designed to dis-
seminate information on new and emerging technologies. 
These publications include:

Federal Technology Alerts—longer summary re-
ports that provide details on energy-effi cient, water-con-
serving, and renewable-energy technologies that have 
been selected for further study for possible implementa-
tion in the Federal sector. Additional information on Fed-
eral Technology Alerts is provided below.

Technology Installation Reviews— concise reports 
describing a new technology and providing case study 
results, typically from another demonstration program or 
pilot project.

Technology Focuses—brief information on new, 
energy-effi cient, environmentally friendly technologies 
of potential interest to the Federal sector.

28.2.3 More on Federal Technology Alerts
 Federal Technology Alerts provide summary in-
formation on candidate energy-saving technologies 
developed and manufactured in the United States. The 
technologies featured in the Federal Technology Alerts 
have already entered the market and have some experi-
ence but are not in general use in the Federal sector.
 The goal of the Federal Technology Alerts is to im-
prove the rate of technology transfer of new energy-sav-

ing technologies within the Federal sector by providing 
the right people in the fi eld with accurate, up-to-date 
information on the new technologies so that they can 
make informed decisions on whether the technologies 
are suitable for their sites. The information in the Federal 
Technology Alerts typically includes a description of the 
candidate technology; a description of its performance, 
applications and fi eld experience to date; a list of manu-
facturers; and important sources for additional informa-
tion. Appendixes provide supplemental information and 
example worksheets for the technology.
 FEMP sponsors publication of the Federal Technol-
ogy Alerts to facilitate information sharing between man-
ufacturers and government staff. While the technology 
featured promises potential Federal sector energy savings, 
the Federal Technology Alerts do not constitute FEMP’s 
endorsement of a particular product, because FEMP has 
not independently verifi ed performance data provided by 
manufacturers. Readers should note the publication date 
and consider the Federal Technology Alerts as an accu-
rate picture of the technology and its performance at the 
time of publication. Product innovations and the entrance 
of new manufacturers or suppliers should be anticipated 
since the date of publication. FEMP encourages interested 
energy and facility managers to contact the manufactur-
ers and other sites directly, and to use the worksheets in 
the Federal Technology Alerts to aid in their purchasing 
decisions.

28.3 INTRODUCTION TO 
 GROUND-SOURCE HEAT PUMPS

  Ground-source heat pumps are known by a variety 
of names: geoexchange heat pumps, ground-coupled 
heat pumps, geothermal heat pumps, earth-coupled heat 
pumps, ground-source systems, groundwater source heat 
pumps, well water heat pumps, solar energy heat pumps, 
and a few other variations. Some names are used to de-
scribe more accurately the specifi c application; however, 
most are the result of marketing efforts and the need to as-
sociate (or disassociate) the heat pump systems from other 
systems. This chapter refers to them as ground-source heat 
pumps except when it is necessary to distinguish a specifi c 
design or application of the technology. A typical ground-
source heat pump system design applied to a commercial 
facility is illustrated in Figure 28.1.
 It is important to remember that the primary equip-
ment used for ground-source heat pumps are water-
source heat pumps. What makes a ground-source heat 
pump different (unique, effi cient, and usually more 
expensive to install) is the ground-coupling system. In 
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addition, most manufacturers have developed extended-
range water-source heat pumps for use as ground-source 
heat pumps.3

 A conventionally designed water-source heat pump 
system would incorporate a boiler as a heat source during 
the winter heating operation and a cooling tower to reject 
heat (heat sink) during the summer cooling operation. 
This system type is also sometimes called a boiler/tower 
water-loop heat pump system. The water loop circulates 
to all the water-source heat pumps connected to the sys-
tem. The boiler (for winter operation) and the cooling 
tower (for summer operation) provide a fairly constant 
water-loop temperature, which allows the water-source 
heat pumps to operate at high effi ciency.
 A conventional  air-source heat pump uses the 
outdoor ambient air as a heat source during the winter 
heating operation and as a heat sink during the summer 
cooling operation. Air-source heat pumps are subject to 
higher temperature fl uctuations of the heat source and 
heat sink. They become much less effective—and less 
effi cient—at extreme ambient air temperatures. This is 
particularly true at low temperatures. In addition, heat 
transfer using air as a transfer medium is not as effective 
as water systems because of air’s lower thermal mass.

 A ground-source heat pump uses the ground (or in 
some cases groundwater) as the heat source during the 
winter heating operation and as the heat sink during the 
summer cooling operation. Ground-source heat pumps 
may be subject to higher temperature fl uctuations than 
conventional water-source heat pumps but not as high 
as air-source heat pumps. Consequently, most manu-
facturers have developed extended-range systems. The 
extended-range systems operate more effi ciently while 
subject to the extended-temperature range of the water 
loop. Like water-source heat pumps, ground-source heat 
pumps use a water loop between the heat pumps and the 
heat source/heat sink (the earth). The primary exception 
is the direct-expansion ground-source heat pump, which 
is described in more detail later in this chapter.
 Ground-source heat pumps take advantage of the 
thermodynamic properties of the earth and groundwater. 
Temperatures below the ground surface do not fl uctuate 
signifi cantly through the day or the year as do ambient air 
temperatures. Ground temperatures a few feet below the 
surface stay relatively constant throughout the year. For 
this reason, ground-source heat pumps remain extremely 
effi cient throughout the year in virtually any climate.

28.4 ABOUT THE TECHNOLOGY

 In 1999, an estimated 400,000 ground-source heat 
pumps were operating in residential and commercial ap-

Figure 28.1. Typical  ground-source heat pump system applied to a commercial facility

3The extended-range designation is important. Conventional water-
source heat pumps are designed to operate with a water-loop as a heat 
sink that maintains a narrow temperature range. Ground-source heat 
pumps, however, are typically required to operate with a water-loop 
heat sink under a wider range of temperatures.
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plications, up from 100,000 in 1990. In 1985, it was esti-
mated that only around 14,000 ground-source heat pump 
systems were installed in the United States. Annual sales 
of approximately 45,000 units were reported in 1997. With 
a projected annual growth rate of 10%, 120,000 new units 
would be installed in 2010, for a total of 1.5 million units 
in 2010 (Lund and Boyd 2000). In Europe, the estimated 
total number of installed ground-source heat pumps at 
the end of 1998 was 100,000 to 120,000 (Rybach and San-
ner 2000). Nearly 10,000 ground-source heat pumps have 
been installed in U.S. Federal buildings, over 400 schools 
and thousands of low-income houses and apartments 
(ORNL/SERDP, no date).
 Although ground-source heat pumps are used 
throughout the United States, the majority of new ground-
source heat pump installations in the United States are in 
the southern and mid-western states (from North Dakota 
to Florida). Oklahoma, Texas, and the East Coast have 
been particularly active with new ground-source heat 
pump installations. Environmental concerns, particularly 
from the potential for groundwater contamination with 
a leaking ground loop, and a general lack of understand-
ing of the technology by HVAC companies and installers 
have limited installations in the West (Lund and Boyd 
2000). Usually the technology does well in an area where 
it has been actively promoted by a local utility or the 
manufacturer.
 Ground-source heat pumps are not a new idea. 
Patents on the technology date back to 1912 in Switzer-
land (Calm 1987). One of the oldest ground-source heat 
pump systems, in the United Illuminating headquarters 
building in New Haven, Connecticut, has been operating 
since the 1930s (Pratsch 1990). Although ground-source 
heat pump systems are probably better established today 
in rural and suburban residential areas because of the 
land area available for the ground loop, the market has 
expanded to urban and commercial applications.
 The vast majority of ground-source heat pump 
installations utilize unitary equipment consisting of 
multiple water-source heat pumps connected to a com-
mon ground-coupled loop. Most individual units range 
from 1 to 10 tons (3.5 to 35.2 kW), but some equipment 
is available in sizes up to 50 tons (176 kW). Large-ton-
nage commercial systems are achieved by using several 
unitary water-source heat pumps, each responsible for an 
individual control zone.
 One of the largest commercial ground-source heat 
pump systems is at Stockton College in Pomona, New 
Jersey, where 63 ground-source heat pumps totaling 1,655 
tons (5,825 kW) are connected to a ground-coupled loop 
consisting of 400 wells, each 425 feet (129 m) deep (Gah-
ran 1993).

 Public schools are another good application for 
the ground-source heat pump technology with over 400 
installations nationwide. In 1995, the Lincoln, Nebraska, 
Public School District built four new 70,000 square foot 
elementary schools. Space conditioning loads are met by 
54 ground-source heat pumps ranging in size from 1.4 
to 15 tons, with a total cooling capacity of 204 tons. Gas-
fi red boilers provided hot water for pre-heating of the 
outside air and for terminal re-heating. Compared with 
other similar new schools, these four ground-source heat 
pump conditioned facilities used approximately 26% 
less source energy per square foot of fl oor area (Shonder 
et al. 1999).
 Multiple unitary systems are not the only arrange-
ment suitable for large commercial applications. It is also 
possible to design large centralized heat-pump system 
consisting of reciprocating and centrifugal compressors 
(up to 19.5 million Btu/h) and to use these systems to 
support central-air-handling units, variable air-volume 
systems, or distributive two-pipe fan coil units.

28.4.1 How the Technology Works
 Heat normally fl ows from a warmer medium to a 
colder one. This basic physical law can only be reversed 
with the addition of energy. A heat pump is a device that 
does so by essentially “pumping” heat up the tempera-
ture scale, then transferring it from a cold material to a 
warmer one by adding energy, usually in the form of elec-
tricity. A heat pump functions by using a refrigerant cycle 
similar to the household refrigerator. In the heating mode, 
a heat pump removes the heat from a low temperature 
source, such as the ground or air, and supplies that heat 
to a higher temperature sink, such as the heated interior 
of a building. In the cooling mode, the process is reversed 
and the heat is extracted from the cooler inside air and 
rejected to the warmer outdoor air or other heat sink. For 
space conditioning of buildings, heat pumps that remove 
heat from outdoor air in the heating mode and reject it 
to outdoor air in the cooling mode are common. These 
are normally called air-source or air-to-air heat pumps. 
Air-source heat pumps have the disadvantage that the 
greatest requirement for building heating or cooling is 
necessarily coincident with the times when the outdoor 
air is least effective as a heat source or sink. Below about 
37ºF (2.8°C), supplemental heating is required to meet 
the heating load. For this reason, air-source heat pumps 
are essentially unfeasible in cold climates with outdoor 
temperatures below 37ºF (2.8°C) for extended periods of 
time.
 The effi ciency of any heat pump is inversely propor-
tional to the temperature difference between the condi-
tioned space and the heat source (heating mode) or heat 
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sink (cooling mode) as can be easily shown by a simple 
thermodynamic analysis (Reynolds and Perkins 1977). 
For this reason, air-source heat pumps are less effi cient 
and have a lower heating capacity in the heating mode 
at low outdoor air temperatures. Conversely, air-source 
heat pumps are also less effi cient and have a lower cool-
ing capacity in the cooling mode at high outdoor air tem-
peratures. Ground-source heat pumps, however, are not 
impacted directly by outdoor air temperatures. Ground-
source heat pumps use the ground, groundwater, or 
surface water, which are more thermally stable and not 
subjected to large annual swings of temperature, as a heat 
source or sink.

28.4.2 Other benefi ts
 The primary benefi t of ground-source heat pumps 
is the increase in operating effi ciency, which translates 
to a reduction in heating and cooling costs, but there 
are additional advantages. One notable benefi t is that 
ground-source heat pumps, although electrically driven, 
are classifi ed as a renewable-energy technology. The justi-
fi cation for this classifi cation is that the ground acts as an 
effective collector of solar energy. The renewable-energy 
classifi cation can affect federal goals and potential federal 
funding opportunities.
 An environmental benefi t is that ground-source heat 
pumps typically use 25% less refrigerant than split-sys-
tem air-source heat pumps or air-conditioning systems. 
Ground-source heat pumps generally do not require tam-
pering with the refrigerant during installation. Systems are 
generally sealed at the factory, reducing the potential for 
leaking refrigerant in the fi eld during assembly.
 Ground-source heat pumps also require less space 
than conventional heating and cooling systems. While 
the requirements for the indoor unit are about the same 
as conventional systems, the exterior system (the ground 
coil) is underground, and there are no space requirements 
for cooling towers or air-cooled condensers. In addition, 
the ground-coupling system does not necessarily limit 
future use of the land area over the ground loop, with 
the exception of siting a building. Interior space require-
ments are also reduced. There are no fl oor space require-
ments for boilers or furnaces, just the unitary systems 
and circulation pumps. Furthermore, many distributed 
ground-source heat pump systems are designed to fi t in 
ceiling plenums, reducing the fl oor space requirement of 
central mechanical rooms.
 Compared with air-source heat pumps that use out-
door air coils, ground-source heat pumps do not require 
defrost cycles or crankcase heaters and there is virtually 
no concern for coil freezing. Cooling tower systems re-
quire electric resistance heaters to prevent freezing in the 

tower basin, also not necessary with ground-source heat 
pumps.
 It is generally accepted that maintenance require-
ments are also reduced, although research continues 
directed toward verifying this claim. It is clear, however, 
that ground-source heat pumps eliminate the exterior fi n-
coil condensers of air-cooled refrigeration systems and 
eliminate the need for cooling towers and their associated 
maintenance and chemical requirements. This is a pri-
mary benefi t cited by facilities in highly corrosive areas 
such as near the ocean, where salt spray can signifi cantly 
reduce outdoor equipment life.
 Ground-source heat pump technology offers further 
benefi ts: less need for supplemental resistance heaters, no 
exterior coil freezing (requiring defrost cycles) such as that 
associated with air-source heat pumps, improved comfort 
during the heating season (compared with air-source heat 
pumps, the supply air temperature does not drop when 
recovering from the defrost cycle), signifi cantly reduced 
fi re hazard over that associated with fossil fuel-fi red sys-
tems, reduced space requirements and hazards by elimi-
nating fossil-fuel storage, and reduced local emissions 
from those associated with other fossil fuel-fi red heating 
systems.
 Another benefi t is quieter operation, because 
ground-source heat pumps have no outside air fans. Fi-
nally, ground-source heat pumps are reliable and long-
lived, because the heat pumps are generally installed in 
climate-controlled environments and therefore are not 
subject to the stresses of extreme temperatures. Because 
of the materials and joining techniques, the ground-cou-
pling systems are also typically reliable and long-lived. 
For these reasons, ground-source heat pumps are expect-
ed to have a longer life and require less maintenance than 
alternative (more conventional) technologies.

28.4.3 Ground-Coupled System Types
 The ground-coupling systems used in ground-
source heat pumps fall under three main categories: 
closed-loop, open-loop and direct-expansion. These are 
illustrated in Figure 28.2 and discussed in the following 
sections. The type of ground coupling employed will af-
fect heat pump system performance (therefore the heat 
pump energy consumption), auxiliary pumping energy 
requirements, and installation costs. Choice of the most 
appropriate type of ground coupling for a site is usually 
a function of specifi c geography, available land area, and 
life-cycle cost economics.

Closed-loop Systems
 Closed-loop systems consist of an underground net-
work of sealed, high-strength plastic pipe4 acting as a heat 
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exchanger. The loop is fi lled with a heat transfer 
fl uid, typically water or a water-antifreeze5 so-
lution, although other heat transfer fl uids may 
be used.6 When cooling requirements cause the 
closed-loop liquid temperature to rise, heat is 
transferred to the cooler earth. Conversely, when 
heating requirements cause the closed-loop fl uid 
temperature to drop, heat is absorbed from the 
warmer earth. Closed-loop systems use pumps 
to circulate the heat transfer fl uid between the 
heat pump and the ground loop. Because the 
loops are closed and sealed, the heat pump heat 
exchanger is not subject to mineral buildup 
and there is no direct interaction (mixing) with 
groundwater.
 There are several varieties of closed-loop 
confi gurations including horizontal, spiral, ver-
tical, and submerged.

Horizontal Loops
 Horizontal loops, illustrated in Figure 28.2a, 
are often considered when adequate land surface 
is available. The pipes are placed in trenches, 
typically at a depth of 4 to 10 feet (1.2 to 3.0 m). 
Depending on the specifi c design, from one to six 
pipes may be installed in each trench. Although 
requiring more linear feet of pipe, multiple-pipe 
confi gurations conserve land space, require less 
trenching, and therefore frequently cost less to 
install than single-pipe confi gurations. Trench 
lengths can range from 100 to 400 feet per system 
cooling ton (8.7 to 34.6 m/kW), depending on soil charac-
teristics and moisture content, and the number of pipes in 
the trench. Trenches are usually spaced from 6 to 12 feet 
(1.8 to 3.7 m) apart.
 These systems are common in residential applica-
tions but are not frequently applied to large-tonnage com-
mercial applications because of the signifi cant land area 
required for adequate heat transfer. The horizontal-loop 
systems can be buried beneath lawns, landscaping, and 
parking lots. Horizontal systems tend to be more popular 
where there is ample land area with a high water table.

• Advantages: Trenching costs typically lower than 
well-drilling costs; fl exible installation options.

• Disadvantages: Large ground area required; ground 
temperature subject to seasonal variance at shallow 
depths; thermal properties of soil fl uctuate with 
season, rainfall, and burial depth; soil dryness must 
be properly accounted for in designing the required 
pipe length, especially in sandy soils and on hilltops 
that may dry out during the summer; pipe system 
could be damaged during backfi ll process; longer 
pipe lengths are required than for vertical wells; 
antifreeze solution  viscosity increases pumping 
energy, decreases the heat transfer rate, and thus re-
duces overall effi ciency; lower system effi ciencies.

Spiral Loops
 A variation on the multiple pipe horizontal-loop 
confi guration is the spiral loop, commonly referred to as 
the “slinky.” The spiral loop, illustrated in Figure 28.2b, 
consists of pipe unrolled in circular loops in trenches; the 
horizontal confi guration is shown.

Figure 28.2. Ground-coupling system types

4Acceptable piping includes high quality polyethylene or polybutylene. 
PVC is not acceptable in either heat transfer characteristics or strength.
5Common heat transfer fl uids include water or water mixed with an 
antifreeze, such as: sodium chloride, calcium chloride, potassium 
carbonate, potassium acetate, ethylene glycol, propylene gycol, methyl 
alcohol, or ethyl alcohol.
6Note that various heat transfer fl uids have different densities and 
thermodynamic properties. Therefore, the heat transfer fl uid selected 
will affect the required pumping power and the amount of heat transfer 
pipe. Furthermore, some local regulations may limit the selection and 
use of certain antifreeze solutions.
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 Another variation of the spiral-loop system involves 
placing the loops upright in narrow vertical trenches. The 
spiral-loop confi guration generally requires more piping, 
typically 500 to 1,000 feet per system cooling ton (43.3 
to 86.6 m/kW) but less total trenching than the multiple 
horizontal-loop systems described above. For the hori-
zontal spiral-loop layout, trenches are generally 3 to 6 feet 
(0.9 to 1.8 m) wide; multiple trenches are typically spaced 
about 12 feet (3.7 m) apart. For the vertical spiral-loop 
layout, trenches are generally 6 inches (15.2 cm) wide; 
the pipe loops stand vertically in the narrow trenches. In 
cases where trenching is a large component of the over-
all installation costs, spiral-loop systems are a means of 
reducing the installation cost. As noted with horizontal 
systems, slinky systems are also generally associated with 
lower-tonnage systems where land area requirements are 
not a limiting factor.

• Advantages: Requires less ground area and less 
trenching than other horizontal loop designs; instal-
lation costs sometimes less than other horizontal 
loop designs.

• Disadvantages: Requires more total pipe length 
than other ground-coupled designs; relatively large 
ground area required; ground temperature subject to 
seasonal variance; larger pumping energy require-
ments than other horizontal loops defi ned above; 
backfi lling the trench can be diffi cult with certain 
soil types and the pipe system could be damaged 
during backfi ll process.

Vertical Loops
 Vertical loops, illustrated in Figure 28.2c, are gener-
ally considered when land surface is limited. Wells are 
bored to depths that typically range from 75 to 300 feet 
(22.9 to 91.4 m) deep. The closed-loop pipes are inserted 
into the vertical well. Typical piping requirements range 
from 200 to 600 feet per system cooling ton (17.4 to 52.2 
m/kW), depending on soil and temperature conditions. 
Multiple wells are typically required with well spac-
ing not less than 15 feet (4.6 m) in the northern climates 
and not less than 20 feet (6.1 m) in southern climates to 
achieve the total heat transfer requirements. A 300- to 500-
ton capacity system can be installed on one acre of land, 
depending on soil conditions and ground temperature.
 There are three basic types of vertical-system heat 
exchangers: U-tube, divided-tube, and concentric-tube 
(pipe-in-pipe) system confi gurations.

• Advantages: Requires less total pipe length than 
most closed-loop designs; requires the least pump-

ing energy of closed-loop systems; requires least 
amount of surface ground area; ground temperature 
typically not subject to seasonal variation.

• Disadvantage: Requires drilling equipment; drill-
ing costs frequently higher than horizontal trench-
ing costs; some potential for long-term heat buildup 
underground with inadequately spaced bore holes.

Submerged Loops
 If a moderately sized pond or lake is available, the 
closed-loop piping system can be submerged, as illus-
trated in Figure 28.2d. Some companies have installed 
ponds on facility grounds to act as ground-coupled 
systems; ponds also serve to improve facility aesthetics. 
Submerged-loop applications require some special con-
siderations, and it is best to discuss these directly with 
an engineer experienced in the design applications. This 
type of system requires adequate surface area and depth 
to function adequately in response to heating or cooling 
requirements under local weather conditions. In general, 
the submerged piping system is installed in loops at-
tached to concrete anchors. Typical installations require 
around 300 feet of heat transfer piping per system cooling 
ton (26.0 m/kW) and around 3,000 square feet of pond 
surface area per ton (79.2 m2/kW) with a recommended 
minimum one-half acre total surface area. The concrete 
anchors act to secure the piping, restricting movement, 
but also hold the piping 9 to 18 inches (22.9 to 45.7 cm) 
above the pond fl oor, allowing for good convective fl ow 
of water around the heat transfer surface area. It is also 
recommended that the heat-transfer loops be at least 6 
to 8 feet (1.8 to 2.4 m) below the pond surface, prefer-
ably deeper. This maintains adequate thermal mass 
even in times of extended drought or other low-water 
conditions. Rivers are typically not used because they 
are subject to drought and fl ooding, both of which may 
damage the system.

• Advantages: Can require the least total pipe length of 
closed-loop designs; can be less expensive than other 
closed-loop designs if body of water available.

• Disadvantage: Requires a large body of water and 
may restrict lake use (i.e., boat anchors).

Open-Loop Systems
 Open-loop systems use local groundwater or sur-
face water (i.e., lakes) as a direct heat transfer medium 
instead of the heat transfer fl uid described for the closed-
loop systems. These systems are sometimes referred to 
specifi cally as “ground-water-source heat pumps” to 
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distinguish them from other ground-source heat pumps. 
Open-loop systems consist primarily of extraction wells, 
extraction and reinjection wells, or surface water systems. 
These three types are illustrated in Figures 28.2e, 28.2f, 
and 28.2g, respectively.
 A variation on the extraction well system is the 
standing column well. This system reinjects the majority 
of the return water back into the source well, minimizing 
the need for a reinjection well and the amount of surface 
discharge water.
 There are several special factors to consider in 
open-loop systems. One major factor is water quality. In 
open-loop systems, the primary heat exchanger between 
the refrigerant and the groundwater is subject to fouling, 
corrosion, and blockage. A second major factor is the ad-
equacy of available water. The required fl ow rate through 
the primary heat exchanger between the refrigerant and 
the groundwater is typically between 1.5 and 3.0 gallons 
per minute per system cooling ton (0.027 and 0.054 L/s-
kW). This can add up to a signifi cant amount of water and 
can be affected by local water resource regulations. A third 
major factor is what to do with the discharge stream. The 
groundwater must either be re-injected into the ground 
by separate wells or discharged to a surface system such 
as a river or lake. Local codes and regulations may affect 
the feasibility of open-loop systems.
 Depending on the well confi guration, open-loop 
systems can have the highest pumping load requirements 
of any of the ground-coupled confi gurations. In ideal 
conditions, however, an open-loop application can be the 
most economical type of ground-coupling system.

• Advantages: Simple design; lower drilling require-
ments than closed-loop designs; subject to better 
thermodynamic performance than closed-loop 
systems because well(s) are used to deliver ground-
water at ground temperature rather than as a heat 
exchanger delivering heat transfer fl uid at tempera-
tures other than ground temperature; typically low-
est cost; can be combined with potable water supply 
well; low operating cost if water already pumped 
for other purposes, such as irrigation.

• Disadvantages: Subject to various local, state, and 
Federal clean water and surface water codes and 
regulations; large water fl ow requirements; water 
availability may be limited or not always available; 
heat pump heat exchanger subject to suspended 
matter, corrosive agents, scaling, and bacterial con-
tents; typically subject to highest pumping power 
requirements; pumping energy may be excessive 
if the pump is oversized or poorly controlled; may 

require well permits or be restricted for extraction; 
water disposal can limit or preclude some installa-
tions; high cost if reinjection well required.

Direct-Expansion Systems
 Each of the ground-coupling systems described 
above uses an intermediate heat transfer fl uid to trans-
fer heat between the earth and the refrigerant. Use of 
an intermediate heat transfer fl uid necessitates a higher 
compression ratio in the heat pump to achieve suffi cient 
temperature differences in the heat transfer chain (re-
frigerant to fl uid to earth). Each also requires a pump to 
circulate water between the heat pump and the ground-
couple. Direct-expansion systems, illustrated in Figure 
28.2h, remove the need for an intermediate heat transfer 
fl uid, the fl uid-refrigerant heat exchanger, and the circu-
lation pump. Copper coils are installed underground for 
a direct exchange of heat between refrigerant and earth. 
The result is improved heat transfer characteristics and 
thermodynamic performance.
 The coils can be buried either in deep vertical 
trenches or wide horizontal excavations. Vertical trenches 
typically require from 100 to 150 square feet of land sur-
face area per system cooling ton (2.6 to 4.0 m2/kW) and 
are typically 9 to 12 feet (2.7 to 3.7 m) deep. Horizontal 
installations typically require from 450 to 550 square feet 
of land area per system cooling ton (11.9 to 14.5 m2/kW)
and are typically 5 to 10 feet (1.5 to 3.0 m) deep. Vertical 
trenching is not recommended in sandy, clay or dry soils 
because of the poor heat transfer.
 Because the ground coil is metal, it is subject to 
corrosion (the pH level of the soil should be between 
5.5 and 10, although this is normally not a problem). If 
the ground is subject to stray electric currents and/or 
galvanic action, a cathodic protection system may be 
required. Because the ground is subject to larger tem-
perature extremes from the direct-expansion system, 
there are additional design considerations. In winter 
heating operation, the lower ground coil temperature 
may cause the ground moisture to freeze. Expansion of 
the ice buildup may cause the ground to buckle. Also, 
because of the freezing potential, the ground coil should 
not be located near water lines. In the summer cooling 
operation, the higher coil temperatures may drive mois-
ture from the soil. Low moisture content will change soil 
heat transfer characteristics.
 At the time this chapter was initially drafted (1995), 
only one U.S. manufacturer offered direct-expansion 
ground-source heat pump systems. However, new com-
panies have released similar direct-expansion systems. In 
November 2005, the Geothermal Heat Pump Consortium 
web site identifi ed four manufacturers of direct exchange 
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systems. Systems were available from 16,000 to 83,000 
Btu/h (heating/cooling capacity) (4.7 to 24.3 kW). Larger 
commercial applications would require multiple units 
with individual ground coils.

• Advantages: Higher system effi ciency; no circula-
tion pump required.

• Disadvantages: Large trenching requirements for 
effective heat transfer area; ground around the coil 
subject to freezing (may cause surface ground to 
buckle and can freeze nearby water pipes); copper 
coil should not be buried near large trees where root 
system may damage the coil; compressor oil return 
can be complicated, particularly for vertical heat 
exchanger coils or when used for both heating and 
cooling; leaks can be catastrophic; higher skilled 
installation required; installation costs typically 
higher; this system type requires more refrigerant 
than most other systems; smaller infrastructure in 
the industry.

28.4.4 Variables Affecting Design and Performance
 Among the variables that have a major impact on 
the sizing and effectiveness of a ground-coupling system, 
the importance of underground soil temperatures and 
soil type deserves special mention.

Underground Soil Temperature
 The  soil temperature is of major importance in the 
design and operation of a ground-source heat pump. In 
an open-loop system, the temperature of groundwater 
entering the heat pump has a direct impact on the effi -
ciency of the system. In a closed-loop system and in the 
direct-expansion system, the underground temperature 
will affect the size of the required ground-coupling sys-
tem and the resulting operational effectiveness of the 
underground heat exchanger. Therefore, it is important 
to determine the underground soil temperature before 
selecting a system design.
 Annual air temperatures, moisture content, soil type, 
and ground cover all have an impact on underground 
soil temperature. In addition, underground temperature 
varies annually as a function of the ambient surface air 
temperature swing, soil type, depth, and time lag. Figure 
28.3 contains a map of the United States indicating mean 
annual underground soil temperatures and amplitudes of 
annual surface ground temperature swings. Figure 28.4, 
though for a specifi c location, illustrates how the annual 
soil temperature varies with depth, soil type, and season. 
For vertical ground-loop systems, the mean annual earth 
temperature (Figure 28.3a) is an important factor in the 

ground-loop design. With horizontal ground-loop sys-
tems, the ground surface annual temperature variation 
(Figure 28.3b and Figure 28.4b) becomes an important 
design consideration.

Soil and Rock Classifi cation
 The most important factor in the design and suc-
cessful operation of a closed-loop ground-source heat 
pump system is the rate of heat transfer between the 
closed-loop ground-coupling system and the surround-
ing soil and rock. The thermal conductivity of the soil 
and rock is the critical value that determines the length 
of pipe required. The pipe length, in turn, affects the in-
stallation cost as well as the operational effectiveness, 
which in turn affects the operating cost. Because of lo-
cal variations in soil type and moisture conditions, eco-
nomic designs may vary by location. Soil classifi cations 
include coarse-grained sands and gravels, fi ne-grained 
silts and clays, and loam (equal mixtures of sand, silt, 
and clay). Rock classifi cations are broken down into 
nine different petrologic groups. Thermal conductivity 
values vary signifi cantly within each of the nine groups. 
Each of these classifi cations plays a role in determining 
the thermal conductivity and thereby affects the design 
of the ground-coupling system. For more information 
on the thermal properties of soils and rocks and how to 
identify the different types of soils and rocks, see Soil 
and Rock Classifi cation for the Design of Ground-Cou-
pled Heat Pump Systems (STS Consultants 1989).

Series versus Parallel Flow
 Closed-loop ground-coupled heat exchangers may 
be designed in series, parallel, or a combination of both. 
In series systems, the heat transfer fl uid can take only 
one path through the loop, whereas in parallel systems 
the fl uid can take two or more paths through the cir-
cuit. The selection will affect performance, pumping 
requirements, and cost. Small-scale ground-coupling 
systems can use either series or parallel-fl ow design, but 
most large ground-coupling systems use parallel-fl ow 
systems. The advantages and disadvantages of series 
and parallel systems are summarized below. In large 
systems, pressure drop and pumping costs need to be 
carefully considered or they will be very high. Variable-
speed drives can be used to reduce pumping energy and 
costs during part-load conditions. Total life-cycle cost 
and design limitations should be used to design a spe-
cifi c system.

• Series-System Advantages: Single path fl ow and 
pipe size; easier air removal from the system; slight-
ly higher thermal performance per linear foot of 
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pipe because larger pipe size required in the series 
system.

• Series-System Disadvantages: Larger fl uid volume 
of larger pipe in series requires greater antifreeze 
volumes; higher pipe cost per unit of performance; 
increased installed labor cost; limited capacity 
(length) caused by fl uid pressure drop characteris-
tics; larger pressure drop resulting in larger pump-
ing load; requires larger purge system to remove air 
from the piping network.

• Parallel-System Advantages:
Smaller pipe diameter has lower 
unit cost; lower volume requires 
less antifreeze; smaller pressure 
drop resulting in smaller pump-
ing load; lower installation labor 
cost.

• Parallel-System Disadvantages: Special attention 
required to ensure air removal and fl ow balancing 
between each parallel path to result in equal length 
loops.

28.4.5 Variations
 The ground-coupling system is what makes the 
ground-source heat pump unique among heating and 
air-conditioning systems and, as described above, there 
are several types of ground-coupling systems. In addi-
tion, variations to ground-source heat pump design and 
installation can save additional energy or reduce installa-

Figure 28.4. Soil temperature 
variation Source: OSU (1988)

Figure 28.3. Mean annual  soil temperatures. Source: OSU (1988)
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tion costs. Three notable variations are described below.

Cooling-Tower-Supplemented System
 The ground-coupling system is typically the larg-
est component of the total installation cost of a ground-
source heat pump. In southern climates or in thermally 
heavy commercial applications where the cooling load is 
the driving design factor, supplementing the system with 
a cooling tower or other supplemental heat rejection sys-
tem can reduce the required size of a closed-loop ground-
coupling system. The supplemental heat rejection system 
is installed in the loop by means of a heat exchanger (typi-
cally a plate and frame heat exchanger) between the facil-
ity load and the ground couple. A cooling tower system 
is illustrated in Figure 28.5. The cooling tower acts to pre-
cool the loop’s heat transfer fl uid upstream of the ground 
couple, which lowers the cooling-load requirement on the 
ground-coupling system. By signifi cantly reducing the re-
quired size of the ground-coupling system, using a cool-
ing tower can lower the overall installation cost. This type 
of system is operating successfully in several commercial 
facilities, including some mission-critical facilities at Fort 
Polk in Louisiana.

Solar-Assisted System
 In northern climates where the heating load is the 
driving design factor, supplementing the system with 
solar heat can reduce the required size of a closed-loop 
ground-coupling system. Solar panels, designed to heat 
water, can be installed into the ground-coupled loop (by 
means of a heat exchanger or directly), as illustrated in 
Figure 28.6. The panels provide additional heat to the 
heat transfer fl uid. This type of variation can reduce the 

required size of the ground-coupled system and increase 
heat pump effi ciency by providing a higher temperature 
heat transfer fl uid.

Hot Water Recovery/Desuperheating
 The use of heat pumps to provide hot water is be-
coming common. Because of their high effi ciency, this 
practice makes economic sense. Most manufacturers of-
fer an option to include  desuperheating heat exchangers 
to provide hot water from a heat pump. These dual-wall 
heat exchangers are installed in the refrigerant loop to re-
cover high temperature heat from the superheated refrig-
erant gas. Hot-water recovery systems can supplement, 
or sometimes replace, conventional facility water-heating 
systems. With the heat pump in cooling mode, hot-water 
recovery systems increase system operating effi ciency 
while acting as a waste-heat-recovery device—and pro-
vide essentially free hot water. When the load is increased 
during the heating mode, the heat pump still provides 
heating and hot water more effi ciently and less expen-
sively than other systems.

28.4.6 System Design and Installation
 More is becoming known about the design and in-
stallation of ground-source heat pumps. Design-day cool-
ing and heating loads are determined through traditional 
design practices such as those documented by the Ameri-
can Society of Heating, Refrigerating, and Air-Condition-
ing Engineers (ASHRAE). Systems are also zoned using 
commonly accepted design practices.
 The key issue that makes ground-source heat pumps 
unique is the design of the ground-coupling system. Most 
operational problems with ground-source heat pumps 

Figure 28.5. Cooling-tower-supplemented system for 
cooling-dominated loads

Figure 28.6. Solar-assisted system for heating-dominated 
loads
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stem from the performance of the ground-coupling sys-
tem. Today, software tools are available to support the 
design of the ground-coupling systems that meet the 
needs of designers and installers. These tools are avail-
able from several sources, including the International 
Ground-Source Heat Pump Association (IGSHPA). In 
addition, several manufacturers have designed their own 
proprietary tools more closely tuned to their particular 
system requirements.
 Ground loops can be placed just about anywhere—
under landscaping, parking lots, or ponds. Selection of a 
particular ground-coupling system (vertical, horizontal, 
spiral, etc.) should be based on life-cycle cost of the entire 
system, in addition to practical constraints. Horizontal 
closed-loop ground-coupling systems can be installed 
using a chain-type trenching machine, horizontal bor-
ing machine, backhoe, bulldozer, or other earth-moving 
heavy equipment. Vertical applications (for both open 
and closed systems) require a drilling rig and quali-
fi ed operators. Most applications of ground-source heat 
pumps to large facilities use vertical closed-loop ground-
coupling systems primarily because of land constraints. 
Submerged-loop applications require some special con-
siderations and, as noted earlier, it is best to discuss these 
directly with an experienced design engineer.
 It is important to assign overall responsibility for 
the entire ground-source heat pump system to a single 
individual or contractor. Installation of the system, how-
ever, will involve several trades and contractors, many of 
whom may not have worked together in previous efforts. 
In addition to refrigeration/air-conditioning and sheet 
metal contractors, installation involves plumbers, and 
(in the case of vertical systems) well drillers. Designating 
a singular responsible party and coordinating activities 
will signifi cantly reduce the potential for problems with 
installation, startup, and proper operation.
 In heating-dominated climates, a mixture of anti-
freeze and water must be used in the ground-coupling 
loops if loop temperatures are expected to fall below 
about 41ºF (5ºC). A study by Heinonen (1997) establishes 
the important considerations for antifreeze solutions for 
ground-source heat pump systems and provides guid-
ance on selection.
 One note of caution to the designer: some regula-
tions, installation manuals, and/or local practices call 
for partial or full grouting of the borehole. The thermal 
conductivity of materials normally used for grouting 
is very low compared with the thermal conductivity of 
most native soil formations. Thus, grouting tends to act as 
insulation and hinders heat transfer to the ground. Some 
experimental work by Spilker (1998) has confi rmed the 
negative impact of  grout on borehole heat transfer. Under 

heat rejection loading, average water temperature was 
nearly 11°F (6ºC) higher for a 6.5-in. (16.5-cm) diameter 
borehole backfi lled with standard bentonite grout than 
for a 4.75-in. (12.1-cm) diameter borehole backfi lled with 
thermally enhanced bentonite grout. Using fi ne sand as 
backfi ll in a 6.5-in. (16.5-cm) diameter borehole lowered 
the average water temperature over 14°F (8ºC) compared 
with the same-diameter bore backfi lled with standard 
bentonite grout. For a typical system (Spilker 1998) with 
a 6.5-in. (16.5-cm) diameter borehole, the use of standard 
bentonite grout would increase the required bore length 
by 49% over fi ne sand backfi ll in the same borehole. By 
using thermally enhanced grout in a smaller 4.75-in. 
(12.1-cm) borehole, the bore length is increased by only 
10% over fi ne sand backfi ll in the larger 6.5-in. (16.5-cm) 
diameter borehole. Thus, the results of this study (Spilker 
1998) suggest three steps that may be taken to reduce 
the impact of grout on vertical  borehole system perfor-
mance:

• Reduce the amount of grout used to the bare mini-
mum. Sand or cuttings may be used where allowed, 
but take care to ensure that the entire interstitial 
space between the piping and the borehole diameter 
is fi lled.

• Use thermally enhanced grout wherever possible. 
For information on thermally enhanced grout con-
sult ASHRAE (1997) and Spilker (1998).

• Reduce the borehole diameter as much as possible to 
mitigate the effects of the grout or backfi ll used. The 
regulatory requirements for vertical boreholes used 
for ground-coupling heat exchangers vary widely 
by state. Current state and federal regulations, as 
well as related building codes, are summarized at 
the Geothermal Heat Pump Consortium web site 
(www.geoexchange.org/publications/regs.htm).

28.4.7 Summary of Ground-Loop Design Software
 Because of the diversity in loads in multi-zone build-
ings, the design of the ground-coupling heat exchanger 
(the ground loop) must be based on peak block load 
rather than the installed capacity. This is of paramount 
importance because ground coupling is usually a major 
portion of the total ground-source heat pump system 
cost, and over-sizing will render a project economically 
unattractive.
 In the residential sector, many systems have been de-
signed using rules-of-thumb and local experience, but for 
commercial-scale systems such practices are ill advised. 
For all but the most northern climates, commercial-scale 
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buildings will have signifi cantly more heat rejection than 
extraction. This imbalance in heat rejection/extraction 
can cause heat buildup in the ground to the point where 
heat pump performance is adversely affected and hence 
system effi ciency and possibly occupant comfort suffer. 
(This is an important consideration in producintg accu-
rate life-cycle cost estimates of energy use.) Proper design 
for commercial-scale systems almost always benefi ts from 
the use of design software. Software for commercial-scale 
ground-source heat pump system design should consider 
the interaction of adjacent loops and predict the poten-
tial for long-term heat buildup in the soil. Some sources 
of PC-based design software packages that address this 
need are:

• GchpCalc, Version 3.1, Energy Information Services, 
Tel: (205) 799-4591. This program includes built-in 
tables for heat pump equipment from most manu-
facturers. Input is in the form of heat loss/gain dur-
ing a design day and the approximate equivalent 
full-load heating hours and equivalent full-load 
cooling hours. Primary output from the program is 
the ground loop length required. This program will 
also calculate the optimal size for a supplemental 
fl uid cooler for hybrid systems, as discussed later.

• GLHEPRO, International Ground Source Heat 
Pump Association (IGSHPA), Tel: (800) 626-4747. 
Input required is monthly heating/cooling loads 
on heat pumps and monthly peak loads either en-
tered directly by user or read from BLAST or Trane 
System Analyzer and Trane Trace output fi les. 
Output includes long-term soil temperature effect 
from rejection/extraction imbalance. The current 
confi guration of the program has some constraints 
on selection of borehole spacing, depth, and overall 
layout that will be removed from a future version 
now being prepared.

• GS2000, Version 2.0, Caneta Research Inc., Tel: (905) 
542-2890, email: caneta@compuserve.com. Heat-
ing/cooling loads are input as monthly totals on 
heat pumps or, alternatively, monthly loads on the 
ground loop may be input. Equipment performance 
is input at ARI/ISO rating conditions. For operat-
ing conditions other than the rating conditions, the 
equipment performance is adjusted based on ge-
neric heat pump performance relationships.

 Each of these programs requires input about the soil 
thermal properties, borehole resistance, type of piping 
and borehole arrangement, fl uid to be used, and other 

design parameters. Many of the required inputs will 
be available from tables of default values. The designer 
should be careful to ensure that the values chosen are 
representative of the actual conditions to be encountered 
to ensure effi cient and cost-effective designs. Test borings 
and in situ thermal conductivity analysis to determine 
the type of soil formations and aquifer locations will sub-
stantially improve design accuracy and may help reduce 
costs. Even with the information from test borings, some 
uncertainty will remain with respect to the soil thermal 
properties. These programs make it possible to vary de-
sign parameters easily within the range of anticipated 
values and determine the sensitivity of the design to a 
particular parameter (OTL 1999). In some instances, par-
ticularly very large projects, it may be advisable to obtain 
specifi c information on ground-loop performance by 
thermal testing of a sample borehole (Shonder and Beck 
2000).

28.5 APPLICATION

 This section addresses technical aspects of applying 
ground-source heat pumps. The range of applications 
and climates in which the technology has been installed 
are discussed. The advantages, limitations, and benefi ts 
are enumerated. Design and integration considerations 
for ground-source heat pumps are highlighted, including 
energy savings estimates, equipment warranties, relevant 
codes and standards, equipment and installation costs, 
and utility incentives.

28.5.1 Application Screening
 A ground-source heat pump system is one of the 
most effi cient technologies available for heating and cool-
ing. It can be applied in virtually any climate or building 
category. Although local site conditions may dictate the 
type of ground-coupling system employed, the high fi rst 
cost and its impact on the overall life-cycle cost are typi-
cally the constraining factors.
 The operating effi ciency of ground-source heat 
pumps is very dependent on the entering water tempera-
ture, which, in turn, depends on ground temperature, 
system load, and size of ground loop. As with any HVAC 
system, the system load is a function of the facility, in-
ternal activities, and the local weather. Furthermore, with 
ground-source heat pumps, the load on the ground-cou-
pling system may impact the underground temperature. 
Therefore, energy consumption will be closely tied to the 
relationship between the annual load distribution and the 
annual ground loop-temperature distribution (e.g., their 
joint frequency distribution).
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 There are several techniques to estimate the an-
nual energy consumption of ground-source heat pump 
systems. The most accurate methodologies use computer 
simulation, and several software systems now support 
the analysis of ground-source heat pumps. These meth-
ods, while more accurate than hand techniques, are also 
diffi cult and expensive to employ and are therefore more 
appropriate when additional detail is required rather 
than as an initial screening tool.
 The  bin method is another analytical tool for screen-
ing technology applications. In general, a bin method is a 
simple computational procedure that is readily adaptable 
to a spreadsheet-type analysis and can be used to esti-
mate the energy consumption of a given application and 
climate. Bin methods rely on load and ambient wet and 
dry bulb temperature distributions. This methodology is 
used in the case study presented later in this chapter.

28.5.2 Where to Apply Ground-Source Heat Pumps
 Ground-source heat pumps are generally applied to 
air-conditioning and heating systems, but may also be used 
in any refrigeration application. The decision whether to 
use a ground-source heat pump system is driven primarily 
by economics. Almost any HVAC system can be designed 
using a ground-source heat pump. The primary technical 
limitation is a suitable location for the ground-coupling 
system. The following list identifi es some of the best ap-
plications of ground-source heat pumps.

• Ground-source heat pumps are probably least cost-
prohibitive in new construction; the technology is 
relatively easy to incorporate.

• Ground-source heat pumps can also be cost effective 
to replace an existing system at the end of its useful 
life, or as a retrofi t, particularly if existing ductwork 
can be reused with minimal modifi cation.

• In climates with either cold winters or hot summers, 
ground-source heat pumps can operate much more 
effi ciently than air-source heat pumps or other air-
conditioning systems. Ground-source heat pumps 
are also considerably more effi cient than other elec-
tric heating systems and, depending on the heating 
fuel cost, may be less expensive to operate than 
other heating systems.

• In climates with by high daily temperature swings, 
ground-source heat pumps show superior effi ciency. 
In addition, in climates characterized by large daily 
temperature swings, the ground-coupling system 
also offers some thermal storage capability, which 

may benefi t the operational coeffi cient of perfor-
mance.

• In areas where natural gas is not available or where 
the cost of natural gas or other fuel is high compared 
with electricity, ground-source heat pumps are eco-
nomical. They operate with a heating coeffi cient of 
performance in the range of 3.0 to 4.5, compared 
with conventional heating effi ciencies in the range 
of 80% to 97%. Therefore, when the cost of electricity 
(per Btu) is less than 3.5 times that of conventional 
heating fuels (per Btu), ground-source heat pumps 
have lower energy costs.

• Areas of high natural gas (or fuel oil) costs will fa-
vor ground-source heat pumps over conventional 
gas (or fuel oil) heating systems. High electricity 
costs will favor ground-source heat pumps over air-
source heat pumps.

• In facilities where multiple temperature control 
zones or individual load control is benefi cial, 
ground-source heat pumps provide tremendous 
capability for individual zone temperature control 
because they are primarily designed using multiple 
unitary systems.

• In areas where drilling costs are low, vertical-loop 
systems may be especially attractive. The initial cost 
of the ground-source heat pump system is one of the 
prime barriers to the economics. In locations with a 
signifi cant ground-source heat pump industry in-
frastructure (such as Oklahoma, Louisiana, Florida, 
Texas, and Indiana), installation costs may be lower 
and the contractors more experienced. This, how-
ever, is changing as the market for ground-source 
heat pumps grows.

28.5.3 What to Avoid
 The following precautions should be followed when 
the application of ground-source heat pump technology 
is considered:

• Avoid threaded plastic pipe connections in the 
ground loop. Specify thermal fusion welding. Un-
like conventional water-source heat pump systems 
where the water loop temperature ranges from 60° 
to 90°F (15.6° to 32.2°C), ground-source systems 
are subject to wider temperature ranges (20° to 
110°F [-6.7° to 43.3°C]), and the resulting expansion 
and contraction may result in leaks at the threaded 
connection. It is also generally recommended to 
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specify piping and joining methods approved by 
International Ground-Source Heat Pump Associa-
tion ( IGSHPA).

• Check local water and well regulations. Regula-
tions affecting open-loop systems are common, and 
local regulations can vary signifi cantly. Some local 
regulations may require reinjection wells rather 
than surface drainage. Some states require permits 
to use even private ponds as a heat source/sink.

• Have the ground-source heat pump system in-
stalled as a complete and balanced assemblage of 
components, each of which must be properly de-
signed, sized, and installed (Giddings 1988). Also, 
have the system installed under the responsibility 
of a single party. If the entire system is installed 
by three different professionals, none of whom un-
derstands or appreciates the other two parts of the 
system, then the system may not perform satisfac-
torily.

• One of the most frequent problems cited is improp-
er sizing of the heat pump or the ground-coupling 
system. Approved calculation procedures should 
be used in the sizing process—as is the case with 
any heating or air-conditioning system regardless 
of technology. ASHRAE has established one of the 
most widely known and accepted standards for the 
determination of design heating and cooling loads. 
Sizing the ground-coupling system is just as criti-
cal. Because of the uncertainty of soil conditions, a 
site analysis to determine the thermal conductivity 
and other heat transfer properties of the local soil 
may be required. This should be the responsibility 
of the designing contractor because it can signifi -
cantly affect the fi nal design.

• Avoid inexperienced designers and installers (see 
above). Check on the previous experience of poten-
tial designers and installers. It is also generally rec-
ommended to specify IGSHPA certifi ed installers.

28.5.4 Design and Equipment Integration
 The purpose of this chapter is to familiarize the en-
ergy manager and facility engineer with the benefi ts and 
liabilities of ground-source heat pumps in their applica-
tion to commercial buildings. It is beyond the scope of 
this chapter to fully explain the design requirements of 
a ground-source heat pump system. It is, however, im-
portant that the reader know the basic steps in the design 
process.

 The design of a ground-source heat pump system 
will generally follow the following sequence:

 1. Determine local design conditions, climatic and 
soil thermal characteristics.

 2. Determine local water, well, and grouting require-
ments.

 3. Determine building heating and cooling loads at 
design conditions.

 4. Select the alternative HVAC system components, 
including the indoor air-distribution system type; 
size the alternatives as required; and select equip-
ment that will meet the demands calculated in Step 
2 (using the preliminary estimate of the entering 
water temperatures to determine the heat pump’s 
heating and cooling capacities and effi ciencies).

 5. Determine the monthly and annual building heat-
ing and cooling energy requirements.

 6. Make preliminary selection of a ground-coupling 
system type.

 7. Determine a preliminary design of the ground-
coupling system.

 8. Determine the thermal resistance of the ground-
coupling system.

 9. Determine the required length of the ground-cou-
pling system; recalculate the entering and exiting 
water temperatures on the basis of system loads 
and the ground-coupling system design.

 10. Redesign the ground-coupling system, as required, 
to balance the requirements of the system load 
(heating and cooling) with the effectiveness of the 
ground-coupling system. Note that designing and 
sizing the ground-coupling system for one season 
(such as cooling) will impact its effectiveness and 
ability to meet system load requirements during 
the other season (such as heating).

 11. Perform life-cycle cost analysis on the system de-
sign (or system design alternatives).

 Although the design procedure for the ground-
coupling system is an iterative and sometimes diffi cult 
process, several sources are available to simplify the task. 
First, an experienced designer should be assigned respon-
sibility for the heat pump and ground-coupling system 
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designs. Several manufacturers of ground-source heat 
pump equipment have their own software tools to sup-
port the design of large, commercial-type systems. How-
ever, for those who typically design systems in-house, 
there are support tools available. Software programs are 
available to support the design of ground-source heat 
pump HVAC systems and the ground-coupling system. 
Several software tools are available through the IGSHPA, 
including an Earth-Coupled Analysis Program and a 
Ground-Loop Heat Exchanger Design Program. In addi-
tion, several technical design manuals also are available 
through IGSHPA, ASHRAE, and equipment manufactur-
ers (refer to earlier section for an introduction to ground-
loop design software).
 There are several different approaches for incorpo-
rating ground-source heat pumps into the HVAC design. 
However, most applications in large facilities involve 
multiple smaller heat pump units (<20 ton) applied in 
a modular zone control system and connected to a com-
mon water loop and associated ground-coupling system. 
Although some agencies are experimenting with larger 
equipment sizes, most manufacturers are supporting the 
development of effi cient smaller systems (1/2 ton to 15 
tons [1.8 to 52.8 kW]).

28.5.5 Equipment Warranties
 The prospective user should ask potential suppli-
ers, contractors, and installers about equipment warran-
ties. The heat pump equipment is typically guaranteed 
free from manufacturer defects from 1 to 5 years. Some 
manufacturers offer extended warranties up to 10 years. 
Residential applications have been found to have longer 
warranties than commercial applications.
 Warranties should also be requested for the ground-
coupling system, which is less common. Some installers 
and pipe manufacturers have offered limited ground-

coupling system warranties as long as 50 years. Quality 
control in the installation of the ground-coupling system 
has been a concern in the industry. The IGSHPA now 
offers training and certifi cation programs for installers 
and designers. In addition, the IGSHPA also administers 
a registration program for those organizations in the in-
dustry. These services have gone far to improve quality 
control and customer satisfaction.
 The track records reported in the literature for the 
ground-coupling systems are good. In cases where pipe 
joints were thermally welded (fused) and followed the 
standards recommended by IGSHPA, systems have prov-
en reliable and resistant to system leaks.

28.5.6 Energy Codes and Standards
 Applications of ground-source heat pumps are sub-
ject to building and facility energy codes and standards. 
In addition, the equipment used is subject to commercial 
equipment energy codes and standards. Most energy reg-
ulations that impact commercial buildings derive from 
ASHRAE standards, specifi cally ASHRAE Standard 90.1. 
Minimum equipment effi ciency standards, as identifi ed 
in ASHRAE Standard 90.1-2004, for commercial equip-
ment relative to ground-source heat pumps are shown in 
Table 28.1.
 Although codes and standards identify minimum ef-
fi ciencies, such as those identifi ed above, they do not fully 
communicate the energy effi ciency that is achieved by 
today’s heat pumps. A review of manufacturer’s literature 
on commercially available equipment indicates that cool-
ing effi ciencies7 (EERs) of 13.4 to 20 Btu/W-h and heating 
effi ciencies (COPs) of 3.1 to 4.3 are readily available.8 When 

Table 28.1. Minimum Commercial Equipment Effi ciency Ratings Standards (ASHRAE 
90.1-2004)

7Rating based on ANSI/ARI/ASHRAE ISO Standard 13256-1-2005 for 
closed-loop ground-source heat pumps.
8For more information on the various terms used to defi ne effi ciency in 
HVAC systems (see Appendix).



GROUND-SOURCE HEAT PUMPS APPIED TO COMMERCIAL BUILDINGS 771

comparing equipment effi ciencies, it is important to make 
an appropriate comparison. The effi ciency of any heating 
or cooling equipment varies with application, load, and 
related heat-source and heat-sink temperatures.
 As partially illustrated in Table 28.1, ISO Standard 
13256-1 provides separate equipment rating conditions 
for water-source heat pumps, ground-water-source heat 
pumps, and closed-loop ground-source heat pumps. The 
difference among these rating conditions is in the applica-
tion, not necessarily the equipment. Therefore, a given heat 
pump rated under closed-loop ground-source heat pump 
conditions would have a different EER (cooling) and COP 
(heating) than if the same heat pump were rated under wa-
ter-source heat pump rating conditions and different still if 
the equipment were rated under the ground-water-source 
heat pump rating conditions.
 Also, standard ratings are for specifi c temperatures 
and operating conditions. Standard ratings do not neces-
sarily refl ect the effi ciency of systems under true seasonal 
operating conditions. In determining the effi ciency of heat-
ing or cooling equipment for estimating energy consump-
tion or potential energy savings, the effi ciency should be 
corrected for the appropriate operating conditions.

28.5.7 Utility Incentives and Support
 Many utilities are promoters of ground-source heat 
pumps, and many offer incentive programs and support. 
The Geothermal Heat Pump Consortium web site (www.
geoexchange.org/incentives/incentives.htm) identifi es 
federal and state incentives for ground-source heat pump 
systems for both residential and commercial applica-
tions. Incentives identifi ed include rebates (by ton, by 
unit, and/or by kWh energy saved), low interest loans, 
sales tax exemptions, tax credits, and/or tax deductions. 
Rebates for ground-source heat pumps identifi ed ranged 
from $150 to $600 per ton. For commercial facilities, some 
incentives ran into several thousand dollars. In addition 
to the technology-specifi c rebate programs, some utilities 
also offer custom rebate programs or programs that are 
not technology specifi c but are based on the energy sav-
ings regardless of the technology employed. Readers are 
encouraged to contact their local utility to fi nd out more 
about what programs, services, and rebates may be of-
fered by the utility to promote energy management and 
new energy-effi cient technologies.

28.6 TECHNOLOGY PERFORMANCE

 In 1999, an estimated 400,000 ground-source heat 
pumps were operating in residential and commercial 
applications, up from 100,000 in 1990. With a projected 

annual growth rate of 10%, 120,000 new units would be 
installed in 2010, for a total of 1.5 million units in 2010 
(Lund and Boyd 2000). The majority of new ground-
source heat pump installations in the United States are for 
residential applications in the southern and mid-western 
states. Environmental concerns and a general lack of un-
derstanding of the technology by HVAC companies and 
installers have limited installations in the west.

28.6.1 Field Experience
 Observations about fi eld performance of ground-
source heat pumps obtained from federal and private-
sector users are summarized in this section.
 The large numbers of reported installations testify 
to the stability of this technology. Most sites contacted 
report satisfaction with the overall performance (energy 
effi ciency, maintenance, and comfort) of the technology. 
One of the world’s largest installations of ground-source 
heat pumps is at Fort Polk, Louisiana, where over 4000 
units were installed in family housing as part of a major 
retrofi t project (Hughes and Shonder 1998). They also 
have systems installed in several larger facilities, includ-
ing some cooling-tower hybrid systems (discussed ear-
lier in this chapter). Personnel at Fort Polk are obviously 
pleased with the performance of their ground-source heat 
pumps, and the energy manager reports that the systems 
have performed better than expected and they plan to use 
the technology for all heating and cooling requirements 
on the base.
 The maintenance engineer at the hospital in Love 
County, Oklahoma, reported that no problems have oc-
curred since nine units were installed in their facility in 
the early 1990s. They perform routine maintenance on the 
system. They particularly like the technology because it 
takes up less space and gives better heating and cooling 
control than former systems.
 An interview with the energy manager primarily 
responsible for the ground-source heat pump installation 
at the Oklahoma State Capitol Building revealed no prob-
lems with the heat pumps or the ground loop; however, 
the building was poorly zoned, which impeded effective 
temperature control. Approval from the local Water Re-
source Board for drilling the wells proved diffi cult but 
was primarily a matter of educating the board about 
the technology and the closed-loop system. The Capitol 
building system, which is a cooling-tower-supplemented 
design, contains 855-cooling tons (3,009.6 kW) connected 
to a common ground-loop system consisting of 372 250-
foot (76.2 m) vertical wells.
 One facility manager did report problems with the 
ground-source heat pump system installed in a facility 
at the Dugway Proving Grounds, Utah. The system uses 
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22.5-ton (8.8-kW) units. Although the actual problem had 
not been identifi ed, the system is not performing up to 
expectations. The belief was that the ground loop was 
undersized. Sizing of the ground loop is one of the most 
important design factors and is a function of system load, 
ground temperature, and local soil conditions. As noted 
earlier in this chapter, the type of soil and rock in con-
tact with the pipe loop has serious implications for the 
length of ground loop required for adequate heat transfer. 
Inexperienced designers or installers are more likely to 
undersize the systems, resulting in inadequate system 
performance, or to oversize the systems, resulting in in-
creased installation costs. The importance of good design, 
documentation, installation, and commissioning cannot 
be overemphasized.
 In early 1995, at the National Training Center in Fort 
Irwin, California, 220 new single-family houses were built 
with an innovative ground-source heat pump system. The 
thermal sink/source for the heat pumps is geothermally 
heated 75ºF (23.9°C) groundwater. The groundwater is 
pumped into a storage reservoir adjacent to the housing 
project. The reservoir water is then circulated through 
a double-walled heat exchanger, transferring thermal 
energy to/from a secondary closed circulation loop con-
nected to individual heat pumps in each residence. Oper-
ating conditions and problems with maintaining correct 
water fl ow through the central facility heat exchanger 
contributed to lower than expected energy savings dur-
ing the fi rst year of operation. There was no indication 
that the heat pumps themselves were not performing as 
designed. Limited anecdotal information from the occu-
pants indicates that overall satisfaction with the level of 
thermal comfort from the system was high.9

 Vertical-bore, ground-coupled heat pump systems 
were installed in four new elementary schools in Lincoln, 
Nebraska, in 1995. Each school required 54 heat pumps 
ranging in size from 1.4 to 15 tons (204-tons total cooling 
capacity). With the heat pump systems, utility costs for 
these four schools are nearly half of that of other schools in 
the district, and the systems are providing a comfortable, 
complaint-free environment (Shonder et al. 1999).
 Additional case studies are identifi ed on the Geo-
thermal Heat Pump Consortium web page (http://www.
geoexchange.org/).

28.6.2 Energy Savings
 The most important reason to consider the applica-
tion of ground-source heat pumps to commercial build-

ing is the potential energy savings and its impact on 
overall life-cycle cost of the heating and cooling system. 
Ground-source heat pumps save energy and money be-
cause the equipment operates more effi ciently than con-
ventional systems, the maintenance costs are lower (see 
next section for maintenance benefi ts), and the equip-
ment has a longer life expectancy than conventional 
unitary equipment. In addition, a ground-source heat 
pump does not require a defrost cycle, or, in most situ-
ations, backup electric resistance heat, as do air-source 
heat pumps.
 By comparison, the average cooling effi ciency at 
commercial-type facilities is estimated to be an EER of 
8.0 (2.33 COP) for existing facilities and an EER of 10.0 
(2.93 COP) for new facilities. Ground-source heat pump 
systems have the potential to reduce consumption of 
cooling energy by 30% to 50% and to reduce heating en-
ergy by 20% to 40% compared with typical air-source heat 
pumps.
 A review of manufacture’s literature on commer-
cially available systems indicates that cooling effi ciencies 
(EERs) of 13.4 to 20 Btu/W-h and heating effi ciencies 
(COPs) of 3.1 to 4.3 are readily available.10 A study pre-
pared by DOE estimates energy-saving ranges of 17% to 
42% comparing ground-source heat pumps to air-source 
heat pumps, depending on region (Calm 1987). Figure 
28.7 illustrates the range of effi ciencies typical of various 
heating and cooling equipment.

28.6.3 Maintenance
 The ground-source heat pump technology is mature 
and reliable. Systems have standard warranties ranging 
from 1 to 5 years. The heat pump units are self-contained, 
and maintenance requirements are relatively straightfor-
ward; no new maintenance skills are necessary. Because 
heat pump equipment is not exposed to outdoor elements, 
the units actually require less maintenance than typical 
air-source heat pumps. One site reported a problem with 
cottonwood trees clogging outside condenser units of 
the previous air-conditioning systems. This maintenance 
problem was eliminated with the application of ground-
source heat pumps.
 In closed-loop systems, the ground loop is virtually 
maintenance free. The circulating pump(s) requires rou-
tine maintenance, as with any pump and motor system, 
and the water loop (a closed system) should be routinely 
monitored for temperature, pressure, fl ow, and antifreeze 
concentration. Unless there is a leak, no action is gener-
ally required.

9D.L. Hadley and L. Lkevgard. August 1997. Family Housing Energy 
Savings Verifi cation, National Training Center, Fort Irwin, CA. 
Preliminary Findings: Cooling Season Energy Savings. Letter Report, 
Pacifi c Northwest National Laboratory, Richland, Washington.

10Rating based on ANSI/ARI/ASHRAE ISO Standard 13256-1-2005 for 
closed-loop ground-source heat pumps.



GROUND-SOURCE HEAT PUMPS APPIED TO COMMERCIAL BUILDINGS 773

 In open-loop systems, the well requires maintenance 
similar to any water well. The system should be routinely 
monitored for temperature, pressure, and fl ow. Because 
groundwater is being supplied to the heat pump, the heat 
exchangers should be routinely inspected for potential 
fouling and scale buildup.
 Maintenance costs for ground-source heat pumps 
are about the same or less than conventional equipment. 
For example, maintenance costs for four schools in the 
Lincoln, Nebraska, equipped with ground-source heat 
pump systems have been well documented (Martin et al. 
1999, 2000). The results of these studies are summarized 
in Table 28.2.

Table 28.2 Maintenance Costs for Public Schools in Lin-
coln, Nebraska
—————————————————————————

Preventive
  Maintenance Repair Total
HVAC System Type (cents/yr;ft2) (cents/hr-ft2) (cents/hr-ft2)

—————————————————————————
GSHP System 7.1 2.1 9.2

—————————————————————————
Conventional system 5.9 to 12.6 2.9 to 6.1 8.8 to 18.7

—————————————————————————
Source: Martin et al. 1999, 2000

 Another analysis, this one by the Geothermal Heat 
Pump Consortium, found that the average total preventive 
and corrective maintenance costs for 25 ground-source-
heat-pump-equipped buildings were approximately 11 
cents/ft2, compared to 30 to 40 cents/ft2 for conventional 
systems (Cane 1998).

28.6.4 Installation Costs
 Application-specifi c parameters, such as equipment 
capacity, type, refrigerant, air-distribution system, control 
system, plumbing confi guration, and ground-coupling 
system type, signifi cantly affect the total cost of the over-
all system. While equipment costs are competitive, instal-
lation costs vary signifi cantly.
 To illustrate the potential range of installation costs, 
the following examples have been reported.

• Stockton State College in Pomona, New Jersey, ret-
rofi t a system that totaled 1,655 tons (5,826 kW) at a 
total cost of $5,246,000 (Gahran 1993). The facility re-
ceived grants and rebates reducing the capital outlay 
to $135,000. The system included 63 rooftop units, 500 
variable-air-volume (VAV) boxes, and a 3,500- point 
energy management control system (EMCS). The 
unit cost was $3,170/ton in 1993 dollars.

• WaterFurnace, a ground-source heat pump manu-
facturer, designed the technology using a sub-
merged pond closed-loop system into its new offi ce 
building located in Fort Wayne, Indiana. The system 
totaled 134 tons (471.7 kW) at a cost of $239,800 (Wa-
terFurnace WF639). The unit cost was $1,790/ton in 
1991 dollars.

• Salem Community College in Carney’s Point, New 
Jersey, retrofi t a system that totaled 160 tons at a total 
cost of $284,000 (Gahran 1994). The system included 
32 heat pumps. The unit cost was $1,775/ton in 1993 
dollars.

Figure 28.7. Typical heating and cooling equipment effi ciencies
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• Paint Lick Elementary School in Garrard County, 
Kentucky, designed the technology into the new 
school building. The system totaled 123 tons (433 kW) 
at a total cost of $380,010 (WaterFurnace WF666). The 
unit cost was $3,090/ton in 1992 dollars.

• Maywood Elementary School in Hammond, In-
diana, designed the technology into a new school 
building. The unit totaled 250 tons (880 kW) at a 
total cost of $1,277,190 (WaterFurnace WF925). The 
system consisted of 74 heat pumps and a ground-
coupling system consisting of 244 vertical wells. The 
unit cost was $5,110/ton in 1994 dollars.

• The Lincoln, Nebraska, school district installed 
ground-source heat pump systems in four new el-
ementary schools. In each school, the system con-
sisted of 54 heat pumps ranging in size from 1.4 tons 
to 15 tons, with a total cooling capacity of 180 tons 
(630 kW). Four gas-fi red boilers with a capacity of 
330,000 Btuh each provide hot water for preheat and 
terminal reheat. The total heat pump cost per school 
was approximately $657,000 ($3,650/ton) in 1995 
dollars (Shonder et al. 1999).

• Kavanaugh (1995) concluded that the average cost 
of ground-source heat pumps (including unit, loop, 
duct, and installation) ranged from $2360/ton for a 
5-ton horizontal loop to $3000/ton for a 3-ton verti-
cal loop system. Compared to a 3-ton conventional 
system, the added cost was $1250 to $1550 per ton.

 Installation costs are expected to drop as the 
ground-source heat pump industry infrastructure grows 
and designers and installers become more experienced. 
Reducing installation costs is one of the prime goals of the 
International Ground-Source Heat Pump Association and 
the Geothermal Heat Pump Consortium.

28.6.5 Other Impacts
 There are no signifi cant negative environmental im-
pacts associated with ground-source heat pumps. There 
is, however, the potential for systems to be affected by 
some local codes and regulations. The most likely source 
of confl ict, if any, lies with the installation of the ground-
coupling system. Working with an experienced installer 
is the best advice. However, local electric utilities and 
other local sites with existing ground-source heat pump 
installations are other sources of information about local 
permit and regulation issues.
 With the application of any electrotechnology, there 
is a potential environmental benefi t. Installing a ground-
source heat pump system in lieu of a fossil-fuel heating 

system will reduce local emissions. Furthermore, install-
ing a more effi cient electrotechnology such as a ground-
source heat pump system for cooling will reduce source 
emissions at the utility power plant. Typical emission 
reductions per MWh of energy conserved are 0.3 pounds 
(0.14 kg) of particulates, 3.3 pounds (1.5 kg) of sulfur 
oxides, 5.3 pounds (2.4 kg) of nitrogen oxides, and 1,720 
pounds (780 kg) of carbon dioxide. These numbers vary 
with time and region, depending on the power genera-
tion fuel mix (EPA 1994; Nemeth 1993).

28.7 HYPOTHETICAL CASE STUDIES

 The purpose of these hypothetical case studies is to 
assist the energy manager or facility engineer in estimat-
ing the energy consumption and costs associated with the 
construction and operation of ground-source heat pump 
systems and comparing them with those for conventional 
HVAC technologies. The goal is to estimate energy con-
sumption and savings, not to design systems.
 There are several methods for estimating energy 
consumption of HVAC technologies, from simplistic 
degree-day calculations to sophisticated hour-by-hour 
energy modeling and simulation systems supported by 
computer programs. The examples used in this chapter 
are based on an outdoor temperature bin method. This 
method is described in more detail in Closed-Loop/
Closed-Source Heat Pump Systems: Installation Guide 
(OSU 1988).
 Two case studies were developed for this chapter. In 
both, estimates of the potential energy consumption and 
life-cycle costs of the ground-source heat pump technol-
ogy are compared with conventional HVAC technologies. 
In each study, the facility is a hypothetical administrative 
building of typical single-story construction. The facilities 
in each example operate continuously (no night setback 
temperature control). In the fi rst example, the building is 
located in upstate New York; in the second example, the 
same building is located in central Oklahoma.

28.7.1 Example 1: Upstate New York Facility
 The hypothetical administrative offi ce facility is in 
upstate New York. Mean local weather conditions are 
7,331 (base 65°F) heating degree-days (4,073 heating Cel-
sius degree-days) and 472 (base 65°F) cooling degree-days 
(262 cooling Celsius degree-days). The 97.5% heating de-
sign temperature is -5°F (-20.6°C) and the 2.5% cooling 
design temperature is 85°F (29.4°C). The mean annual 
earth temperature is 49°F (9.4°C).
 The electric rate schedule for this example consists 
of a demand charge of $5.51/kW-month and an energy 
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charge of $0.05/kWh. The gas rate schedule consists of an 
energy charge of $0.54/therm.
 The heating load for this facility during the design 
day is estimated to be 3,309 kBtu/h (970.6 kW). The de-
sign cooling load is 1,273 kBtu/h (373.4 kW). The balance 
temperature for the facility is 60°F (15.6°C). The balance 
temperature is the temperature at which neither heating 
nor cooling is required to meet the comfort requirements 
of the facility.

Technology Description
 Three technologies are compared in this example. 
The conventional technology is a rooftop air-condition-
ing system with integral natural gas furnace heaters. For 
this example, the capacity and input power are based on 
a commercially available rooftop unit with a rated heat-
ing capacity of 270 kBtu/h (79.2 kW) and a rated cooling 
capacity of 162 kBtu/h (47.5 kW) at ARI conditions. The 
equipment selected has a cooling effi ciency of 8.2 EER 
and 10.1 IPLV11 at ARI conditions. The heating effi ciency 
is rated at 80%. The indoor air fan is rated at 2.50 kW in-
put and the outdoor air fans are rated at 2.67 kW input. 
To meet the heating requirements during the design day, 
13 rooftop units are required. This number also meets 
the cooling load requirements. The estimated equip-
ment life of this alternative, according to ASHRAE, is 15 
years (ASHRAE HVAC Applications Handbook, 2005, pp 
36.3).
 The second alternative is a rooftop air-source heat 
pump system with electric resistance supplemental heat-
ers. For this example, the capacity and input power are 
based on a commercially available air-source heat pump. 
The rooftop units have a rated cooling capacity of 162 
kBtu/h (47.5 kW) and a rated heating capacity of 166 
kBtu/h (48.7 kW) (high temperature) and 102 kBtu/h 
(29.9 kW) (low temperature) at ARI Standard 340 test 
conditions. The equipment selected has a rated cooling 
effi ciency of 8.5 EER and a rated heating effi ciency of 3.0 
COP (high temperature) and 2.1 COP (low temperature). 
The indoor and outdoor air fan input power is included in 
the power input loads. To meet the cooling requirements 
during the design day, seven rooftop units are required. 
To meet the added load during the heating design day, 
each rooftop unit is equipped with 125-kW supplemental 
heaters. The estimated equipment life of this alternative, 
according to ASHRAE, is 15 years (ASHRAE HVAC Ap-
plications Handbook, 2005, pp 36.3).
 The third alternative is a ground-source heat pump 
system using extended-range water-source heat pumps 
and a vertical closed-loop ground-coupling system. For 

this example, the capacity and input power are based on 
a commercially available ground-source heat pump. The 
heat pumps have a rated cooling capacity of 57.5 kBtu/h 
(16.9 kW) and a rated heating capacity of 60.0 kBtu/h (17.6 
kW) at ARI 330 conditions. The equipment selected has a 
rated cooling effi ciency of 14.49 EER and a rated heating 
effi ciency of 4.0 COP. The indoor air fan input power is 
included in the power input loads. To meet the cooling re-
quirements during the design day, 22 units are required. 
To meet the added load during the heating design day, 
each unit is equipped with a 33-kW supplemental heater. 
It is also assumed that the water-loop system employs 
a variable-speed drive for added energy savings. The 
estimated equipment life of this alternative, according 
to ASHRAE, is 19 years (ASHRAE HVAC Applications 
Handbook, 2005, pp 36.3).

Savings Potential
 Energy consumption for the three alternatives is 
estimated by an outdoor temperature bin method. The 
calculations are performed in a spreadsheet using 5°F  bin 
data because this is a form in which data are readily avail-
able (TM 5-785).
 The main assumption underlying this type of analy-
sis is that the facility is “thermally light.” This implies that 
the heating and cooling loads on the building are propor-
tional to the outside air temperature. A “thermally heavy” 
facility would be a building in which the cooling load on 
the building is not very proportional to the outside air 
temperature because of signifi cant internal heat loads or 
a thermally massive structure, which tends to “hold” the 
heat or cold. In the case of a “thermally heavy” facility, 
the building heating and cooling loads would have to be 
calculated using a methodology other than the one uti-
lized in the following analysis.
 The analysis for the ground-source heat pump option 
shown in Table 28.3 begins with an estimate of the build-
ing load for each bin. Column 1 indicates the midpoint of 
each temperature bin, e.g., the bin from 95° to 99°F has a 
midpoint temperature of 97°F. Column 2 gives the num-
ber of hours that occur in each bin over a “typical” year 
for that location. Column 3 estimates the corresponding 
building load. This is calculated by linear interpolation 
between no heating or cooling load at the facility balance 
temperature and the design heating or cooling load at the 
design heating or cooling temperature. The actual equa-
tions used in this analysis are listed in Table 28.4
 The entering water temperature (EWT) is estimated 
in Column 4 of Table 28.3. This is the temperature of the 
water entering the heat pump from the ground-coupling 
system. For initial estimating, the entering water tem-
perature is a linear interpolation between two points for 11EER and IPLV have units of Btu/W-h in this example.
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the heating cycle and again for the cooling cycle. During 
zero building load conditions, which occurs at the facility 
balance temperature, the entering water temperature is 
assumed to be equal to the ground temperature. During 
the peak load, the entering EWT is set to the maximum 
temperature desired during the peak cooling season load; 
similarly, it is set to the minimum temperature desired 
during the peak heating season load. Publications by the 
International Ground-Source Heat Pump Association rec-
ommend for initial calculations these temperatures be set 
to 100°F maximum (37.8°C) and 37°F (2.8°C) minimum, 
although in this example, the minimum temperature was 
set to 35°F (1.7°C). Today, most commercial systems are 
commonly designed at 90°F (32.2°C) maximum EWT. The 
estimated entering water temperatures are refi ned later in 
the design process, as the ground-coupling system design 
is fi nalized.
 Column 5 in Table 28.3 is the net capacity of the 
ground-source heat pump equipment. This is taken from 
equipment specifi cations based on the entering water 
temperature. Columns 6, 7, and 8 are used to determine 
the loss in effi ciency caused by part-load operating char-
acteristics of equipment, which result in increased run 
time on the units. The part-load factor is dependent on 

the equipment “degradation factor.” The degradation fac-
tor is typically assumed to be 0.25 unless the equipment 
manufacturer has tested the unit and determined a lower 
value.
 Column 10 is the input power of the ground-source 
heat pump equipment. Like the net capacity, this is taken 
from equipment specifi cations based on the entering wa-
ter temperature. Column 9 is the effi ciency of the ground-
source heat pump alone and is determined by dividing 
the net capacity by the input power and correcting for 
the appropriate units of measure. The cooling effi ciency 
is typically expressed as the energy-effi ciency ratio ( EER) 
and has units of Btu/watt-h. Heating effi ciency is typi-
cally expressed as the coeffi cient of performance ( COP) 
and is a dimensionless measure.
 Column 11 is the average input power required by 
the supplemental heaters to meet the estimated building 
heating load. It is estimated by taking the difference be-
tween the building heating load and the capacity of the 
heat pumps. When the ground-source heat pumps can 
meet the building load, there is no load on the supple-
mental heaters. The maximum load does not exceed 
the installed capacity of the supplemental heaters. Not 
included in this simplifi ed example is an air-to-air heat 

Table 28.3. Upper New York Facility Ground-Source Heat Pump Energy Consumption Bin Method Analysis 
Example
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recovery system that would reduce the need for supple-
mental heating. These recovery systems are common in 
cold region applications and can be specifi ed to be part of 
the basic rooftop unit.
 The average pump fl ow rate in Column 12 is esti-
mated based on the number of heat pumps, the actual 
run time (Column 8), and the rated fl ow per unit. Most 
ground-source heat pumps are rated at around 3 gpm 
per ton of cooling (0.054 L/s-kW), although this varies by 
manufacturer.
 The ground-source heat pump energy consump-
tion, Column 13, is the result of the input power multi-
plied by the percent run time multiplied by the number 
of hours in each bin (Column 10 x Column 8 x Column 2). 
The supplemental heater energy consumption is similarly 

estimated as the result of the supplemental heater power 
multiplied by the run time multiplied by the number of 
hours in each bin (Column 11 x Column 8 x Column 2).
 The energy consumption of the ground-coupling loop 
is dependent on the confi guration of the ground-coupling 
and control systems. For this example, it is assumed the net 
pressure rise of the circulation pump at full design fl ow is 
48 psi and, as a result of the control system, the variable-
speed drive reduces the energy requirement as a square 
function of the fl ow rate (assumes automatic water shut-off 
valves at each heat pump that close when the unit is off). 
The total energy consumption (Column 16) is the sum of 
the component energy consumptions (Column 13 + Col-
umn 14 + Column 15). For the ground-source heat pump 
system in this example, the annual energy consumption is 

Table 28.4. Summary of Equations for  Bin Method Energy Consumption Analysis
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estimated to be 1,413,207 kWh/yr. The monthly-billed de-
mand is estimated by examining the corresponding tem-
perature bin during the time the monthly peak demand is 
typically set for the facility. For this example, it is estimated 
that the demand is 4,355 kW-month/yr.
 Not included in the sample equipment design is an 
air-to-air heat recovery system that would reduce the need 
for supplemental electric resistance heating. Heat pump 
manufacturers make these units available as part of the 
rooftop unit for installations in colder northern climates.
 Similar spreadsheets were developed for each of 
the other technology alternatives using a standard bin 
method. Table 28.5 shows the analysis for a conventional 
air-conditioning with natural-gas furnace option. The 
analysis for an air-source heat pump option is shown in 
Table 28.6.

Life-Cycle Cost
 The total installation cost, including material, labor, 
overhead, and profi t, for the ground-source heat pump 

option is $329,350 compared with the conventional sys-
tem at $454,100 and the air-source heat pump system 
at $213,000. The operations and maintenance cost for 
the ground-source heat pump system is estimated to 
be $3,700/yr compared with $8,775/yr for the conven-
tional system and $3,300/yr for the air-source heat pump 
system. Using the Building  Life-Cycle Cost12 software 
available from the National Institute for Standards and 
Technology (NIST), the total life-cycle costs for the three 
alternatives are estimated at $1,502,942 for the ground-
source heat pump system, $1,516,482 for the air-source 
heat pump system, and $1,639,262 for the conventional 
system. A common life-cycle of 15 years was used in this 
analysis. A summary of the energy and cost factors and 
the results of the life-cycle cost analysis for the three alter-
natives are shown in Table 28.7.

————————
12BLCC is available at no charge from the DOE Federal Energy Man-
agement Program web site at http://www.eere.energy.gov/femp/. As 
of November 2005, BLCC version 5.3-05 was the most current version 
available.

Table 28.5. Upper New York Facility Conventional Air-Conditioning and Gas Furnace System Bin Method 
Analysis Example
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Table 28.6. Upper New York Facility Air-Source Heat Pump System Bin Method Analysis Example

28.7.2 Example 2: Oklahoma City Facility
 This example places the same building in a new 
environment. The location of the facility is in Oklahoma 
City, Oklahoma. Typical local weather conditions are 
3,588°F-day/yr (base 65°F) heating degree-days (1,993 
heating Celsius degree-days) and 2,068 (base 65°F) cool-
ing degree-days (1,149 cooling Celsius degree-days). The 
97.5% heating design temperature is 13°F (-10.6°C) and 
the 2.5% cooling design temperature is 96°F (35.6°C). The 
mean annual earth temperature is 62°F (16.7°C).
 The electric rate schedule for this example consists 
of a summer demand charge of $12.35/kW-month, a win-
ter demand charge of $4.48/kW-month, and an energy 
charge of $0.0236/kWh. The gas rate schedule consists of 
an energy charge of $3.40/mcf ($0.34/therm).
 The corresponding heating load for this facility dur-
ing the design day is estimated to be 2,392 kBtu/h (701.7 
kW). The design cooling load is 1,832 kBtu/h (537.4 kW). 
The same balance temperature of 60°F (15.6°C) is esti-
mated for the facility.

Technology Description
 The same three technologies are compared in this 
example, but the number of units has changed because 

the building loads are now different. The conventional 
technology is a rooftop air-conditioning system with 
integral natural gas furnace heaters. To meet the cooling 
requirements during the actual cooling design day, 10 
rooftop units are required. This number also meets the 
heating load requirements.
 The second alternative is a rooftop air-source heat 
pump system with electric resistance supplemental heat-
ers. To meet the cooling requirements during the actual 
cooling design day, 10 rooftop units are required. To meet 
the added load during the heating design day, each rooftop 
unit is equipped with a 50-kW supplemental heater.
 The third alternative is a ground-source heat pump 
system using extended range water-source heat pumps 
and a vertical closed-loop ground-coupling system. To 
meet the cooling requirements during the actual cooling 
design day, 35 units are required. To meet the added load 
during the heating design day, each unit is equipped with 
a 10-kW supplemental heater. The water-loop system em-
ploys a variable-speed drive for added energy savings.

Savings Potential
 Energy consumption is estimated with the same 
spreadsheet temperature bin model as the previous case. 
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The results for the ground-source heat pump option are 
shown in Table 28.8. Table 28.9 shows the analysis for the 
conventional air-conditioning and natural-gas furnace 
option. Table 28.10 shows the analysis for the air-source 
heat pump option.

 Life-Cycle Cost
 The total installation cost for the ground-source 
heat pump option (including material, labor, overhead, 
and profi t) is estimated to be $451,500, compared with the 
conventional system at $349,300 and the air-source heat 
pump system at $236,000. The operations and mainte-
nance cost for the ground-source heat pump system is es-
timated to be $5,880/yr, compared with $6,750/yr for the 
conventional system and $4,725/yr for the air-source heat 

pump system. Through BLCC, the total life-cycle costs for 
the three alternatives were estimated to be $938,282 for 
the ground-source heat pump system, $800,065 for the 
air-source heat pump system, and $974,924 for the con-
ventional system. A summary of the energy and cost fac-
tors and the results of the life-cycle cost analysis for each 
of the three options are shown in Table 28.11.
 The fact that the ground-source heat pump system 
did not have the lowest life-cycle cost in this evaluation 
should not imply that ground-source heat pumps are 
never cost effective in this region. On the contrary, the 
purpose of this example is to illustrate that the cost ef-
fectiveness of ground-source heat pumps is a function of 
system heating and cooling load requirements, local util-
ity costs, and most importantly, local installation costs. 

Table 28.7. Example 1: Summary of Results
———————————————————————————————————————————

 Conventional Air-Source Ground-Source
Upstate New York Facility system Heat Pump Heat Pump

———————————————————————————————————————————
Number of units 13 7 22

———————————————————————————————————————————
Nominal capacity (tons)
Each 13.5 13.5 4.8
Total 175.5 94.5 105.6

———————————————————————————————————————————
Supplemental heaters (kW)
Each n/a 125 33
Total n/a 875 726

———————————————————————————————————————————
Equipment capacity (kBtuh)
(at design conditions)
Summer 2,535.0 1,360.1 1,270.1
Winter 3,510.0 3,395.0 3,336.6

———————————————————————————————————————————
Energy consumption (/yr)
Electricity (kWh) 252,908 1,656,555 1,413,207
Demand* (kW-mo) 1,481 4,200 4,355
Natural gas (therm) 110,380 0 0
Total energy (106 Btu) 11,901 5,562 4,822

———————————————————————————————————————————
Energy Cost ($/yr)
Electricity 12,645 82,828 70,660
Demand 8,160 23,142 23,996
Natural gas 59,605 0 0
Total energy 80,411 105,970 94,656

———————————————————————————————————————————
O&M Costs ($/yr) 8,775 3,300 3,700

———————————————————————————————————————————
Installed Costs (S) 454,100 212,500 329,300

———————————————————————————————————————————
Equipment life (yr) 15 15 15

———————————————————————————————————————————
Total life-cycle cost ($) 1,639,262 1,516,482 1,502,942

———————————————————————————————————————————
*Assumptions are required to estimate the monthly billing demand. In this case, the authors matched 
a temperature bin to when the peak demand window was likely to occur. A sensitivity analysis could be 
performed by changing the assumptions.
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The reader is encouraged to perform similar calculations 
for a specifi c site.
 The above examples assume that the facility will 
responsible for all costs associated with the construction 
and operation of the installed ground-source heat pump 
system. However, if the equipment were installed under 
an energy-savings performance contract (ESPC) program, 
the installation cost could be zero and the economic justi-
fi cation for the project would be signifi cantly different.

28.8 THE TECHNOLOGY IN PERSPECTIVE

 The future of ground-source heat pump technol-
ogy looks good because there are many potential com-
mercial applications. Although installation costs are 
typically higher for ground-source heat pumps than for 
other technologies, the decision criteria should be based 
on life-cycle costs rather than fi rst costs; then, a ground-
source heat pump system can be the most cost-effective 
alternative. According to the EPA study, Space Condition-
ing: The Next Frontier, ground-source heat pumps are 
consistently the most energy-effi cient, least polluting 
of all space conditioning technologies throughout the 

country (EPA 1993).
 The limited industry volume has been one of the fac-
tors holding back the development of a broader contrac-
tor base. The technology has not enjoyed broad national 
promotion. According to the results of one survey on the 
barriers to ground-source heat pumps, HVAC, plumbing, 
and Architectural/Engineering contractors are conserva-
tive, and are therefore reluctant to commit to what they 
regard as innovative and (to some) unproven technology 
and equipment (Technical Marketing Associates 1988). 
Installation of ground-source heat pump systems requires 
skills beyond those of most HVAC or plumbing contrac-
tors. Until recently, only a small number of contractors 
have performed enough installations to develop an ex-
tensive base of experience and expertise in ground-source 
heat pumps.

28.8.1 The Technology’s Development
 The ground-source heat pump technology has been 
shown through laboratory testing, fi eld testing, and theo-
retical analysis to be technically valid and economically 
attractive in many applications. Energy savings have been 
verifi ed in a large number of fi eld tests over the past 30 
years. In several installations, reductions in maintenance 

Table 28.8. Oklahoma City Facility Ground-Source Heat Pump Energy Consumption Bin Method Analysis 
Example
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costs have also been verifi ed. The technology has gained 
rapid acceptance from users.
 The remaining barriers to rapid implementation in-
clude (1) acceptance from new users and engineers unfa-
miliar with the technology, (2) out-of-date cost estimating 
guides for construction and maintenance, (3) general lack 
of engineers able to design ground-source heat pump 
systems, and (4) lack of contractors to install and service 
ground-source heat pump systems. This chapter is in-
tended to address some of these concerns by reporting 
on the collective experience of ground-source heat pump 
users and evaluators and by providing application guid-
ance. For actual design guidance, readers should refer to 
any of the many publications available, some of which are 
listed at the end of this chapter.
 In addition to the U.S. Department of Energy and 
the Environmental Protection Agency, two associations 
are working to address the barriers to increased utiliza-
tion of ground-source heat pumps: the International 
Ground Source Heat Pump Association (www.igshpa.
okstate.edu) and the Geothermal Heat Pump Consortium 

(www.geoexchange.org).
 The International Ground Source Heat Pump Asso-
ciation (IGSHPA) is a non-profi t, member-driven organi-
zation established in 1987 to advance ground-source heat 
pump technology on local, state, national and interna-
tional levels. IGSHPA conducts ground-source heat pump 
system installation training and geothermal research. The 
mission of the International Ground Source Heat Pump 
Association and its membership is to promote the use of 
ground-source heat pump technology worldwide through 
education and communication.
 The government-industry-utility consortium, 
Geothermal Heat Pump Consortium, Inc., was formed 
in 1994 to create a self-sustaining ground-source heat 
pump market. The Geothermal Heat Pump Consortium 
is a nonprofi t organization working to raise awareness 
and increase the use of ground-source heat pump tech-
nology throughout the United States. As a cooperative 
venture, the Consortium counts among its partners elec-
tric utilities, equipment manufacturers, architects, de-
signers, engineers, contractors, builders, drillers, energy 

Table 28.9. Oklahoma City Facility Conventional Air-Conditioning and Gas Furnace System Bin 
Method Analysis Example
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service companies, and other private sector companies 
that operate in the  ground-source heat pump market as 
well as national, state and local organizations and public 
agencies.

28.8.2 Technology Outlook
 The outlook for ground-source heat pumps is bright. 
In 1999, an estimated 400,000 ground-source heat pumps 
were operating in residential and commercial applica-
tions, up from 100,000 in 1990. In 1985, it was estimated 
that only around 14,000 ground-source heat pump sys-
tems were installed in the United States. Annual sales of 
approximately 45,000 units were reported in 1997. With a 
projected annual growth rate of 10%, 120,000 new units 
would be installed in 2010, for a total of 1.5 million units 
in 2010.
 In Europe, the estimated total number of installed 
ground-source heat pumps at the end of 1998 was 100,000 
to 120,000. Nearly 10,000 ground-source heat pumps have 
been installed in U.S. federal buildings, over 400 schools, 
and thousands of low-income houses and apartments.

28.9 MANUFACTURERS

 There are a number of manufacturers of ground-
source heat pumps and water-source heat pump that can 
be ground coupled. The following is list of U.S. manufac-
turers identifi ed on the Geothermal Heat Pump Consor-
tium web site13.

Advanced Geothermal Technology
P.O. Box 6469
Reading, PA 19610
Tel: (610) 796-1450
Fax: (610) 736-0571

American Geothermal, Inc.
1037 Old Salem Road
Murfreesboro, TN 37129
Tel: (615) 890-6985; Tel: (800) 776-8039
Fax: (615) 890-6926
www.amgeo.com

Table 28.10. Oklahoma City Facility Air-Source Heat Pump System Bin Method Analysis Example

13List obtained from the Geothermal Heat Pump Consortium, Inc. web 
site, www.geoexchange.org/local/manufacturers.htm (last accessed 1 
November 2005).
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ClimateMaster
7300 SW 44th Street
P.O. Box 25788
Oklahoma City, OK 73125
Tel: (405) 745-6000
Fax: (405) 745-3629
www.climatemaster.com

Earth To Air Systems, Inc.
123 SE Parkway Court, Ste 160
Franklin, TN 37064 - USA
Ph: (615) 595-2888
Fax: (615) 595-1080
www.earthtoair.com

Econar Energy Systems Corp.
19230 Evans Street
Elk River, MN 55330
Tel: (612) 241-3110
Tel: (800) 4-ECONAR
Fax: (612) 241-3111
www.econar.com

ECR Technologies
3536 DMG Drive
Lakeland, FL 33811
Tel: (863) 701-0096
Fax: (863) 701-7796
www.ecrtech.com

Table 28.11. Example 2: Summary of Results
———————————————————————————————————————————
 Conventional Air-Source Ground-Source
Oklahoma City Facility system Heat Pump Heat Pump
———————————————————————————————————————————
Number of units 10 10 35
———————————————————————————————————————————
Nominal capacity (tons)
———————————————————————————————————————————
Each 13.5 13.5 4.8
Total 135 135 168
———————————————————————————————————————————
Supplemental heaters (kW)
Each n/a 50 10
Total n/a 500 350———————————————————————————————————————————
Equipment capacity (kBtuh)
(at design conditions)
Summer 1,848.0 1,822.7 1,864.6
Winter 2,700.0 2,621.0 2,611.5
———————————————————————————————————————————
Energy consumption (/yr)
Electricity (kWh) 467,708 850,469 687,333
Demand* (kW-mo)
- Winter season 455 2,748 1,931
- Summer season 842 770 70
Natural gas (therm) 54,081 0 0
Total energy (106 Btu) 7,004 2,902 2.345
———————————————————————————————————————————
Energy Cost ($/yr) Electricity 11,038 20,071 16,221
Demand 12,437 21,821 18,160
Natural gas 18,388 0 0
Total energy 41,863 41,892 34,381
———————————————————————————————————————————
O&M Costs ($/yr) 6,750 4,725 5,880
———————————————————————————————————————————
Installed Costs (S) 349,300 236,000 451,500
———————————————————————————————————————————
Equipment life (yr) 15 15 15
———————————————————————————————————————————
Total life-cycle cost ($) 974,924 800,065 938,282
———————————————————————————————————————————
*Assumptions are required to estimate the monthly billing demand. In this case, the authors matched a 
temperature bin to when the peak demand window was likely to occur. A sensitivity analysis could be 
performed by changing the assumptions.
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Enertran Technologies, Inc.
517 McCormick Blvd.
London, Ontario N5W 4C8
Canada
Tel: (519) 452-7049
Fax: (519) 452-0106
www.enertran.ca

FHP Manufacturing
601 NW 65th Court
Ft. Lauderdale, FL 33309
Tel: (954) 776-5471
Fax: (954) 776-5529
www.fhp-mfg.com

HydroDelta Corporation
Tel: (724) 728-4230
Tel: (412) 373-5800
1000 Rico Road
Monroeville, PA 15146
www.hydrodelta.com

Hydro-Temp Corporation
P.O. Box 566
Pocahontas, AR 72455
Tel: (870) 892-8343
Tel: (800) 382-3113
Fax: (870) 892-8323
http://www.hydro-temp.com

McQuay International
4900 Technology Park Blvd.
Auburn, NY 13021
Tel: (315) 282-6243
Fax: (315) 282-6417
www.mcquay.com

Millbrook Industries - Hydronic Division
41659 256th Street
RR #3, Box 265
Mitchell, SD 57301
Tel: (605) 995-0241
Fax: (605) 996-8837
www.hydronmodule.com

The Trane Company
182 Cotton Belt Parkway
McGregor, TX 76657
Tel: (254) 299-6329
Fax: (817) 299-6671
www.trane.com

WaterFurnace International
9000 Conservation Way
Fort Wayne, IN 46809
Tel: (260) 478-5667 ext. 3221
Tel: (800) 222-5667
Fax: (260) 478-3029
www.waterfurnace.com

28.10 FOR FURTHER INFORMATION

Trade Associations
American Society of Heating, Refrigerating, Refrigerating 
and Air Conditioning Engineers (ASHRAE)
1791 Tullie Circle, NE
Atlanta, GA 30329
Tel: (404) 636-8400
Fax: (404) 321-5478
www.ashrae.org

Canadian Earth Energy Association
130 Slater Street, Suite 1050
Ottawa, ON Canada K1P6E2
Tel: (613) 230-2332
Fax: (613) 237-1480 Fax
www.earthenergy.ca

Electric Power Research Institute (EPRI)
P.O. Box 50490
3412 Hillview Ave.
Palo Alto, CA 94303
www.epri.com

Geothermal Heat Pump Consortium, Inc. (Geoexchange)
1050 Connecticut Ave, NW, Suite 1000
Washington, D.C.
Tel: (202) 558-7175
Fax: (202) 558-6759
www.geoexchange.org

Geothermal Resource Council
P.O. Box 1350
Davis, CA 95617
www.geothermal.org

International Ground-Source Heat Pump Association 
(IGSHPA)
498 Cordell South
Oklahoma State University
Stillwater, OK 74078
Tel: (800) 626-4747
Fax: (405) 744-5283
www.igshpa.okstate.edu
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National Rural Electric Cooperative Assn. (NRECA)
1800 Massachusetts Ave., NW
Washington, D.C. 20036
www.nreca.org

National Ground Water Association
601 Dempsey Road
Westerville, OH 43801
Tel: (800) 551-7379
www.ngwa.org

Michigan Geothermal Energy Association
2859 West Jolly Road
Okemos, MI 48864
Tel: (800) 417-5555
www.earthcomfort.com

Newsletters
“Heat Pump News Exchange,” Electric Power Research 
Institute (EPRI), published
quarterly and distributed by EPRI, Palo Alto, California.

“The Source,” International Ground Source Heat Pump 
Association, published quarterly and distributed by 
Oklahoma State University Ground Source Heat Pump 
Publications, Stillwater, Oklahoma.

“Geo-Heat Center Quarterly Bulletin,” Geo-Heat Center, 
published quarterly and distributed by Geo-Heat Center, 
Oregon Institute of Technology, Klamath
Falls, OR.

“Down to Earth,” published by the Michigan Geothermal 
Energy Association, Okemos, MI.

“Outside the Loop,” published quarterly by the Uni-
versity of Alabama, Tuscaloosa, Alabama (www.oit.
edu/~geoheat/otl/index.htm).

User and Third-Party Field and Lab Test Reports14

Collie, M.J. (editor) 1979. “Comparison of Water-Source 
and Air-Source Heat Pumps in Northern Environment,” 
a chapter in Heat Pump Technology for Saving Energy. 
Noyes Data Corporation, Park Ridge, New Jersey.

*Hughes, P.J. and J.A. Shonder. 1998. The Evaluation of a 
4000-Home Geothermal Heat Pump Retrofi t at Fort Polk, 
Louisiana: Final Report. ORNL/CON-460, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee.

Phetteplace, G., H. Ueda, and D. Carbee. 1992. “Perfor-
mance of Ground-Coupled Heat Pumps in Military Fam-
ily Housing Units.” Solar Engineering. G0656A-1992, 
American Society of Mechanical Engineers, New York, 
NY.

Phetteplace, G. 1995. Ground-Coupled Heat Pumps for 
Family Housing Units. FEAP-UG-CRREL-95/01, U.S. 
Army Center for Public Works, Alexandria, Virginia.

Svec, O.J. 1987. “Potential of Ground Heat Source Sys-
tems.” International Journal of Energy Research, Vol. 11, 
pp. 573-581.

Design and Installation Guides
*ASHRAE. 1995. “Chapter 29: Geothermal Energy.” 
ASHRAE Handbook: Heating, Ventilating, and Air-Con-
ditioning Applications. American Society of Heating, 
Refrigerating, and Air- Conditioning Engineers, Inc. At-
lanta, Georgia.

Bose, J.E., J.D. Parker, and F.C. McQuiston. 1985. Design/
Data Manual for Closed-Loop Ground-Coupled Heat 
Pump Systems. American Society of Heating, Refrigerat-
ing, and Air-Conditioning Engineers, Inc., Atlanta, Geor-
gia.

Caneta Research, Inc. 1995. Commercial/Institutional 
Ground-Source Heat Pump Engineering Manual. Ameri-
can Society of Heating, Refrigerating, and Air-Condition-
ing Engineers, Inc., Atlanta, Georgia.

*International Ground-Source Heat Pump Association 
(not dated). Ground Source Systems: Design and Instal-
lation Standards. Oklahoma State University, Stillwater, 
Oklahoma.

*Oklahoma State University. 1988. Closed-Loop/Ground-
Source Heat Pump Systems: Installation Guide. Interna-
tional Ground-Source Heat Pump Association, Stillwater, 
Oklahoma.

*STS Consultants. 1989. Soil and Rock Classifi cation for 
the Design of Ground-Coupled Heat Pump Systems: Field 
Manual. CU-6600, Electric Power Research Institute, Palo 
Alto, California.

*WaterFurnace. October 1991. Polyethylene Pond/Lake 
Loop, Mat Design. WF390, WaterFurnace International, 
Fort Wayne, Indiana.

14*Denotes literature cited in the technical body of this chapter.
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Manufacturer’s Application Notes
Command-Aire. 1988. Earth Energy Heat Pumps: Com-
mercial Water Source Heat Pump Systems; Application, 
Installation, Operation Manual. Bulletin C-A10-0191.

Guarino, D.S. March 1993. “WaterFurnace: From the 
Ground Up.” Reprint from Contracting Business.

Utility, Information Service, or
Government Agency Tech-Transfer Literature
Bas, E. February 13, 1995. “Geothermal Market Receives 
Hefty Boost from Consortium.” The Air Conditioning, 
Heating, and Refrigeration News, p.1.

*Calm, J.M. September 1987. Proceedings of the Work-
shop on Ground-Source Heat Pumps. From the workshop 
held in Albany, New York, October 27 through November 
1, 1986. HPC-WR-2. International Energy Agency Heat 
Pump Center.

Goldfi sh, L.H., and R.A. Simonelli. 1988. Ground-Source 
and Hydronic Heat Pump Market Study. EM-6062, Elec-
tric Power Research Institute, Palo Alto, California.

Ground Source Systems: Educational and Marketing Ma-
terial Catalog. International Ground Source Heat Pump 
Association, Stillwater, Oklahoma.

GS-Systems: An Answer to U.S. Energy and Environmen-
tal Concerns: A comprehensive report on ground-source 
heat pumps and their benefi ts (not dated). International 
Ground-Source Heat Pump Association, Oklahoma State 
University, Stillwater, Oklahoma.

*Pratsch, L.W. 1990. “Geothermal Heat Pumps: A Major 
Opportunity for the Utility Industry.” Presented at the 
Geothermal Energy Conference, Columbus, Ohio, No-
vember 14, 1990.

Scofi eld, M., and P. Joyner. September 1991. “Heat Pumps 
for Northern Climates.” EPRI Journal 16(6), pp. 28-33.

Case Studies
Duffy, G. March 22, 1993. “120-ton geothermal system re-
places 30-year-old relics.” The Air Conditioning, Heating, 
and Refrigeration News.

*Gahran, A. September 1993. “Grants, Util. Rebate Pay 
97% of Ground-Source Heat Pump Project Cost.” Energy 
User News 18(9) pp. 10, 51, 72.

*Gahran, A. January 1994. “New Ground-Source Heat 
Pumps Cut Energy, Maintenance Costs $68K.” Energy 
User News 19(1) p. 16.

Greenleaf, J. July-September 1982. “College invests in an 
energy-effi cient future.” Brown and Caldwell Quarterly. 
KCPL. 1994. A Model of Effi ciency from the Ground Up. 
Commercial case study 2M/3-135, Kansas City Power 
and Light, Kansas City, Missouri.

KCPL. 1994. Innovative Heating and Cooling System Al-
lows Increased Effi ciencies to Surface. Commercial case 
study 4-132, Kansas City Power and Light, Kansas City, 
Missouri.

KCPL. 1994. Station’s Ground Source Heat Pump System 
Finds Effi ciency in Unusual Places. Commercial case 
study 4-118, Kansas City Power and Light, Kansas City, 
Missouri.

PSO. “Facility Type: Family Fitness Center, Technology 
Application: Ground- Source Heat Pump.” Power Profi le. 
Number 1, Public Service Company of Oklahoma, Tulsa, 
Oklahoma.

Randazzo, M. November 1994. “Retrofi t Cut Elec. Use by 
32MMkWh/Yr.” Energy User News 19(11) pp. 1,14.

WaterFurnace. Dallas’ “Hope of the Sun” goes under-
ground for affordable, effi cient, environmental housing. 
Case Study 5, WF915, WaterFurnace International, Fort 
Wayne, Indiana.

*WaterFurnace. Elementary school teaches lesson in effi -
ciency. Case Study 2, WF666, WaterFurnace International, 
Fort Wayne, Indiana.

WaterFurnace. Geothermal comfort goes low-rise in Kisi-
lano, British Columbia. Case Study 8, WF923, WaterFur-
nace International, Fort Wayne, Indiana.

WaterFurnace. John Deere dealership comforts its clien-
tele from the fl oor up. Case Study 11, WF922, WaterFur-
nace International, Fort Wayne, Indiana.

WaterFurnace. Last century’s structure retrofi tted for the 
next. Case Study 7, WF924, WaterFurnace International, 
Fort Wayne, Indiana.

WaterFurnace. Patients treated to geothermal comfort at 
Dupont Medical Center. Case Study 12, WF942, Water-
Furnace International, Fort Wayne, Indiana.
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WaterFurnace. Salem Community college enhances envi-
ronment and education. Case Study 4, WF907, WaterFur-
nace International, Fort Wayne, Indiana.

*WaterFurnace. Three Indiana schools compare HVAC 
notes. Case Study 9, WF925, WaterFurnace International, 
Fort Wayne, Indiana.

*WaterFurnace. WaterFurnace builds state-of-the-art fa-
cility. Case Study 1, WF639, WaterFurnace International, 
Fort Wayne, Indiana.

WaterFurnace. WaterFurnace goes down under, down un-
der. Case Study 10, WF921, WaterFurnace International, 
Fort Wayne, Indiana.

WaterFurnace. Whitehawk Ranch looks earthward for 
heating and cooling. Case Study 6, WF916, WaterFurnace 
International, Fort Wayne, Indiana.

WaterFurnace. York County contributes to a healthier 
environment. Case Study 3, WaterFurnace International, 
Fort Wayne, Indiana.

Codes and Standards
*Energy-Effi cient Design of New Buildings Except 
Low-Rise Residential Buildings. 2004. ASHRAE/IESNA 
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Appendix

PERFORMANCE AND EFFICIENCY TERMINOLOGY

 There are many terms used in the heating, air-
conditioning, and refrigeration industry that convey 
performance and effi ciency. Many of these terms are 
synonymous, others are not. When comparing various 
systems, it is important to understand what the assorted 
terms are, how they are determined, and their relation-
ship. The following provides a brief description of many 
(but not all) of the terms used to convey effi ciency. Use of 
the terms is also summarized in Table 28.A.1.

Annual Fuel Utilization Effi ciency (AFUE): For fuel-fi red 
systems such as boilers and furnaces,  AFUE is defi ned as 
the ratio of annual output energy to annual input energy. 
This term is generally applied to systems <=300,000 Btu/
h input. AFUE is a weighted average effi ciency under 
standard rated conditions at various part-load conditions 
and also includes any non-heating-season pilot input 
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losses. AFUE is a unitless term generally expressed as a 
percentage.

Coeffi cient of Performance (COP): The  COP is the basic 
parameter used to report the effi ciency of refrigerant-
based systems. It is a unitless term. This term is universal 
in its use but not in its meaning. COP can be used to de-
fi ne both cooling effi ciency or heating effi ciency, such as 
for a heat pump. For cooling, COP is defi ned as the ratio 
of the rate of heat removal to the rate of energy input to 
the compressor, in consistent units. For heating, COP is 
defi ned as the ratio of rate of heat delivered to the rate of 
energy input to the compressor, in consistent units. COP 
can be used to defi ne the effi ciency at a single (standard 
or nonstandard) rated condition or a weighted average 
(seasonal) condition. Depending on its use, the term may 
or may not include the energy consumption of auxiliary 
systems such as indoor or outdoor fans, chilled water 
pumps, or cooling tower systems. For purposes of com-
parison, the higher the COP the more effi cient the system. 
For mathematical purposes, COP can be treated as an ef-
fi ciency. (COP of 2.00 = 200% effi cient) For unitary heat 
pumps, ratings at two standard (outdoor) temperatures 
(47°F and 17°F [8.3°C and -8.3°C]) may be reported based 
on old ARI standards.

Combustion Effi ciency (nc or Ec): For fuel-fi red systems, 
this effi ciency term is defi ned as the ratio of the fuel en-
ergy input minus the fl ue gas losses (dry fl ue gas, incom-
plete combustion and moisture formed by combustion of 
hydrogen) to the fuel energy input. In the U.S., fuel-fi red 
effi ciencies are reported based on the higher heating value 
of the fuel. Other countries report fuel-fi red effi ciencies 
based on the lower heating value of the fuel. The com-
bustion effi ciency is calculated by determining the fuel 
gas losses as a percent of fuel burned. [Ec = 1 – (fl ue gas 
losses)]

Energy Effi ciency Ratio (EER): The  EER is a term gener-
ally used to defi ne the cooling effi ciency of unitary air-
conditioning and heat pump systems. The term implies 
that the effi ciency is determined at a single rated condition 
specifi ed by the appropriate equipment standard and is 
defi ned as the ratio of net cooling capacity (heat removed 
in Btu/h) to the total input rate of electric energy required 
(watt). The units of EER are Btu/w-h. It is important to 
note that this effi ciency term typically includes the energy 
requirement of auxiliary systems such as the indoor and 
outdoor fans. For purposes of comparison, the higher the 
EER the more effi cient the system. To convert to a COP, 
divide the EER by 3.412. [COP = EER/3.412]

Heating Seasonal Performance Factor (HSPF): The term 
 HSPF is similar to the term SEER, except it is used to sig-
nify the seasonal heating effi ciency of heat pumps. The 
HSPF is a weighted average effi ciency over a range of 
outside air conditions following a specifi c standard test 
method. The term is generally applied to heat pump sys-
tems less than 60,000 Btu/h (rated cooling capacity.) The 
units of HSPF are Btu/w-h. It is important to note that 
this effi ciency term typically includes the energy require-
ment of auxiliary systems such as the indoor and outdoor 
fans. For purposes of comparison, the higher the HSPF 
the more effi cient the system.

Integrated Part-Load Value (IPLV): The term  IPLV is 
used to signify the cooling effi ciency related to a typical 
(hypothetical) season rather than a single rated condi-
tion. The IPLV is calculated by determining the weighted 
average effi ciency at part-load capacities specifi ed by an 
accepted standard. It is also important to note that IPLVs 
are typically calculated using the same condensing tem-
perature for each part-load condition and IPLVs do not 
include cycling or load/unload losses. The units of IPLV 
are not consistent in the literature; therefore, it is impor-
tant to confi rm which units are implied when the term 
IPLV is used. ASHRAE Standard 90.1 (using ARI refer-
ence standards) uses the term IPLV to report seasonal 
cooling effi ciencies for both seasonal COPs (unitless) and 
seasonal EERs (Btu/w-h), depending on the equipment 
capacity category; and most chiller manufacturers report 
seasonal effi ciencies for large chillers as IPLV using units 
of kW/ton. Depending on how a cooling system loads 
and unloads (or cycles), the IPLV can be between 5 and 
50% higher than the EER at the standard rated condition.

kW/ton: The term kW/ton is generally used for large 
commercial and industrial air-conditioning, heat pump, 
and refrigeration systems. The term is defi ned as the ratio 
of the rate of energy consumption (kW) to the rate of heat 
removal (ton) at a rated condition. As the term suggests, 
the units are kW/ton. Because refrigeration systems of 
this capacity are typically custom designed, the reported 
kW/ton generally implies only the compressor and does 
not include the auxiliaries. However, for specifi c referenc-
es, auxiliaries can be added to report the overall system 
effi ciency using this term. It is important to note that this 
term is inverse to the other performance and effi ciency 
terminology. Therefore, for purposes of comparison, 
the lower the kW/ton the more effi cient the system. To 
convert to a COP, divide 12,000 by the product of 3,412 
multiplied by the kW/ton. [COP = 12,000/{(3,412) * (kW/
ton)}]
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Seasonal Energy Effi ciency Ratio (SEER): The term  SEER 
is used to defi ne the average annual cooling effi ciency of 
an air conditioning or heat pump system. The term SEER 
is similar to the term EER but is related to a typical (hy-
pothetical) season rather than for a single rated condition. 
The SEER is a weighted average of EERs over a range of 
rated outside air conditions following a specifi c standard 
test method. The term is generally applied to systems less 
than 60,000 Btu/h. The units of SEER are Btu/W-h. It is 
important to note that this effi ciency term typically in-
cludes the energy requirements of auxiliary systems such 
as the indoor and outdoor fans. For purposes of compari-
son, the higher the SEER the more effi cient the system. 
Although SEERs and EERs cannot be directly compared, 
the SEERs usually range from 0.5 to 1.0 higher than cor-
responding EERs.

Thermal Effi ciency (nt or Et): This effi ciency term is 
generally defi ned as the ratio of the heat absorbed by the 
water (or the water and steam) to the heat value of the 
energy consumed. The combustion effi ciency of a fuel-
fi red system will be higher than its thermal effi ciency. See 
ASME Power Test Code 4.1 for more details on determin-
ing the thermal effi ciency of boilers and other fuel-fi red 

Table 28.A.1.
Summary of Performance and Effi ciency Terminology

—————————————————————————
Operating Design Rated Seasonal Average
Mode Conditions Conditions
—————————————————————————
Cooling COP COP

EER SEER 
 kW/ton  IPLV
—————————————————————————
Heating COP  AFUE
 Ec COP
 Et HSPF
—————————————————————————

systems. In the U.S., fuel-fi red effi ciencies are typically 
reported based on the higher heating value of the fuel. 
Other countries typically report fuel-fi red effi ciencies 
based on the fuel’s lower heating value. The difference 
between a fuel’s higher heating value and its lower heat-
ing value is the latent energy contained in the water vapor 
(in the exhaust gas) which results when hydrogen (from 
the fuel) is burned. The effi ciency of a system based on a 
fuel’s lower heating value can be 10 to 15% higher than its 
effi ciency based on a fuel’s higher heating value.
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29.1 BEGINNINGS

The publication of Rachel Carson’s Silent Spring in 1962 
alerted the general public to the dangers of pesticides, in 
particular the dangers to humans. This helped precipitate 
the rise of an environmental movement, politics and laws 
in the United States during the sixties and seventies. New 
laws were passed to protect the environment. These in-
cluded:

• The National Environmental Policy Act of 1969—
this created the Federal Environmental Protection 
Agency.

• The Clean Air Act was passed in 1970. This greatly 
expanded the protection of two previous laws, the 
Air Pollution Control Act of 1955 and the fi rst Clean 
Air Act of 1963.

• The Water Pollution Control Act of 1972.
• The Endangered Species Act of 1973.
• The formation of the Federal Department of Energy 

in the late seventies.

But a problem with environmentalism was beginning to 
brew. There came a tension, an apparent confl ict between 
the need to preserve the environment and the need to 
grow and expand the economy and jobs. Environmental-
ists began to be seen as opponents of growth and industry. 
There appeared to be a contradiction between business 
and protection of the environment. Environmentalism 
began to be seen as just another “special interest” group 
which simply added cost to running a business with very 
little added value.
 In addition to legislation, other events were occur-
ring during the seventies, eighties, and nineties which en-
couraged the development of sustainability:

• Earth Day, launched April 22, 1970.
• Nuclear power suffered major setbacks with the in-

cidents at Three Mile Island and Chernobyl.
• Major oceanic oil spills, including the EXXON Val-

dez.
• The OPEC oil crises of the mid-seventies and early 

eighties.
• The mid-seventies natural gas shortages that caused 

many plants to close during the winter to preserve 
gas for home heating.

• Discovery that ozone depleting compounds, such as 
 CFC refrigerants, were destroying the ozone layer 
of the atmosphere.

 During the eighties, in reaction to the forces of high 
energy costs, inadequate energy supplies, environmen-
talism, and pollution control, a new approach to design-
ing, building and operating buildings began to develop. 
It was recognized that buildings consume signifi cant 
percentages of our resources, open space and energy. 
However, some of the new approaches were not with-
out problems. For example, architects experimented 
with half or even fully buried homes. But many times 
these homes had problems such as humidity, which led 
to mold. As a result of the desire to save energy on ven-
tilation air, ASHRAE modifi ed Standard 62 and reduced 
ventilation rates to fi ve cubic feet per minute (CFM) for 
offi ces. This contributed to what was later called sick 
building syndrome, or SBS. SBS was a catchall phrase 
for any building that provided an uncomfortable, irri-
tating, and possibly unhealthy indoor environment for 
the occupants. Employees in these buildings generally 
had higher rates of absenteeism, lower productivity, and 
higher incidences of lawsuits against building owners 
and employers.

29.1.1 The Sustainability Movement
 While buildings and occupants were suffering 
through diffi culties as described above, the nineties gave 
rise to the  sustainability movement. It was in 1999 that 

CHAPTER 29

SUSTAINABILITY AND HIGH PERFORMANCE GREEN BUILDINGS

LEED FOR NEW CONSTRUCTION AND EXISTING BUILDINGS
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the book Natural Capitalism by P. Hawken, A. Lovins, and 
L. H. Lovins was released. The authors present the con-
nection between economics and environmentalism, and 
argued that they are mutually supportive, not mutually 
exclusive. Natural Capitalism points out that as in its title, 
nature itself is capital. For example, what is the value of 
a clean lake? It is drinking water that needs less expen-
sive water treatment before being potable. It is the recre-
ational value and income for some, through swimmers 
and boaters. If the lake were destroyed through pollution, 
water treatment costs would rise and lake use revenues 
go down. Seems simple enough, but it has mostly been 
ignored until now.
 Historically, the environmental movement consisted 
primarily of regulation, legislation, and mandates. How-
ever, this regulatory approach has often been seen by the 
business community as an obstacle to growth. But a new 
form of green revolution was emerging. This one may 
succeed where traditional legislative environmentalism 
has had limited success. This new form is a larger view, 
taking economic, community, and technological consid-
erations into account, as well as environmental. This new 
sustainability recognizes the need to consider the cost-
benefi t analysis in evaluating and/or promoting various 
programs. And the themes presented in Natural Capital-
ism help us identify and quantify the complete costs and 
benefi ts associated with sustainability.

29.1.2 Sustainability Defi ned
 Some of the many defi nitions of sustainability that 
exist include:

Design Ecology Project
Sustainability is a state or process that can be maintained 
indefi nitely. The principles of sustainability integrate 
three closely intertwined elements—the environment, the 
economy, and the social system—into a system that can 
be maintained in a healthy state indefi nitely.

Brundtland Commission of the UN
Development is sustainable “if it meets the needs of the 
present without compromising the ability of future gen-
erations to meet their own needs.”

ASHRAE defi nes sustainability as
“providing for the needs of the present without detract-
ing from the ability to fulfi ll the needs of the future.”

 Note the commonality of theme. The concept is 
rooted in maintaining our current standards of living 
without jeopardizing future generation’s standards of 
living.

29.2 SUSTAINABILITY GIVES RISE TO
 THE GREEN BUILDING MOVEMENT

 The late eighties and early nineties were a crucial 
developmental period for the green design movement. 
Leaders of green design included William McDonough, 
Paul Hawken, John Picard, Bill Browning, and David 
Gottfried, who later went on to be one of the co-founders 
of the USGBC. The movement acknowledged that build-
ings represent a very signifi cant usage of resources, land, 
and energy, and that improvements to the ways in which 
we design, construct, operate, and decommission build-
ings could make signifi cant contributions to improve-
ment of the environment and overall  sustainability.
 Today, owners, occupants, and communities are be-
ginning to hold buildings to higher standards. Industry 
leaders are responding by creating physical assets that 
save energy and resources, and are more satisfying and 
productive, economical as well as environmentally ac-
countable. Building owners who want the greatest return 
on investment can take a path that is green both economi-
cally and environmentally. How are they doing it? They 
are doing it through integrated solutions for the design, 
construction, maintenance, and operations, as well as the 
ultimate disposal of a building.
 An integrated, or whole building approach, may 
mean that up-front costs may be no more than conven-
tional construction, but life cycle costs over the life of the 
asset will be lower. By designing, building, and operat-
ing in an integrated way, owners can expect high perfor-
mance buildings that offer:

• Increased effi ciencies of systems and use of resourc-
es and energy.

• Quality indoor environments that are healthy, se-
cure, pleasing and productive for occupants and 
operators.

• Optimal economic and environmental perfor-
mance.

• Wise use of building sites, assets and materials.
• Landscaping, material use and recycling efforts in-

spired by the natural environment.
• Lessened human impact upon the natural environ-

ment.

29.2.1 Formation of the Unites States
 Green Building Council,  USGBC
 In 1993, David Gottfried, a developer, Mike Italiano, 
an environmental attorney, and Rick Fedrizzi of Carrier 
Corporation got together to form the United States Green 
Building Council, USGBC. They had become concerned 
about the fragmentation of the building industry as it 
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relates to sustainable design. At the time, there was no 
clear consensus among industry professionals as to what  
constituted a “green design.” The USGBC was initially 
formed to create an educational organization that would 
bring building professionals together to promote sustain-
able design. In 1997, the USGBC was awarded a $200,000 
grant from the Federal Department of Energy, and the 
USGBC was off and running. The  USGBC has made a 
large impact on the design and building industry. There 
are more than 5,500 members consisting of individuals, 
large and leading corporations, governmental entities, 
universities, educational entities, consultants, product 
manufacturers, trade associations, and more.

29.2.2 Making It All Come Together: The USGBC
 The U.S. Green Building Council, (USGBC.org), a 
balanced consensus coalition representing every sector 
of the building industry, spent fi ve years developing, 
testing, and refi ning the LEED Green Building Rating 
System. LEED stands for “Leadership in Energy & Envi-
ronmental Design,” and when adopted from the start of a 
project helps facilitate integration throughout the design, 
construction, and operation of buildings.

MISSION STATEMENT
The U.S.  Green Building Council is the nation’s foremost co-
alition of leaders from across the building industry working to 
promote buildings that are environmentally responsible, profi t-
able, and healthy places to live and work.

 The mission of this unprecedented coalition is to 
accelerate the adoption of green building practices, tech-
nologies, policies, and standards. The USGBC is a com-
mittee-based organization endeavoring to move the green 
building industry forward with market-based solutions. 
Another vital function of the council is linking industry 
and government. The council has formed effective rela-
tionships and priority programs with key federal agen-
cies, including the U.S. DOE, EPA, and GSA.
 The council’s membership is open and balanced. 
It is comprised of leading and visionary representation 
from all segments of the building industry including 
product manufacturers, environmental groups, building 
owners, building professionals, utilities, city government, 
research institutions, professional societies and universi-
ties. This type of representation provides a unique, inte-
grated platform for carrying out important programs and 
activities.

LEED™ Overview
 The LEED Green Building Rating System™ is a pri-
ority program of the US Green Building Council. It is a 

voluntary, consensus-based, market-driven building rat-
ing system based on existing proven technology. It evalu-
ates environmental performance from an integrated or 
“whole building” perspective over a building’s life cycle, 
providing a defi nitive standard for what constitutes a 
“green building.”
 LEED™ is based on accepted energy and environ-
mental principles and strikes a balance between known 
effective practices and emerging concepts. Unlike other 
rating systems currently in existence, the development of 
LEED Green Building Rating System™ was initiated by 
the US Green Council Membership, representing all seg-
ments of the building industry. It also has been open to 
public scrutiny.
 LEED™ is an assessment system that incorporates 
third party verifi cation and is designed for rating new and 
existing commercial, institutional, and high-rise residen-
tial buildings. It is a feature-oriented system where credits, 
also called points, are earned for satisfying each criterion. 
Different levels of green building certifi cation are awarded 
based on the total credits earned. The system is designed to 
be comprehensive in scope, yet simple in operation.

29.2.3 General Introduction & Discussion
 There are several key points in this section:
• LEED is becoming nationally accepted at local, state 

and federal levels.
• The engineering community such as ASHRAE, AEE, 

IESNA has the knowledge and skills that can add 
signifi cant value to a LEED design team.

•  LEED has value to the engineering community, both 
as owners/operators of facilities or as design team 
members.

• It is a WIN-WIN proposition for us all.
• Green buildings are a process, not a collection of 

technologies.
• Encourage engineering participation/membership 

in USGBC and its local chapters.
• Encourage professional accreditation and atten-

dance at LEED workshops.
• Encourage building owners/operators to register 

and certify projects.

 There are many different terms for sustainable build-
ings, but basically they all convey the same message:

• Sustainable Design
• High Performance Buildings
• High Effi ciency Buildings
• Integrated Building Design
• Green Buildings
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 Sustainable buildings may be our goal, but the most 
common term used for these high-performance buildings 
is green buildings. For some, the term green buildings 
may sound too environmentally focused, but the way it 
is used here, it represents the all-inclusive idea of sustain-
able buildings.

Characteristics of Sustainable Green Buildings
• Optimal environmental and economic perfor-

mance.
• Increased effi ciencies saving energy and resources.
• Satisfying, productive, quality indoor spaces.
• Whole building design, construction and operation 

over the entire life cycle.
• A fully integrated approach—teams, processes, sys-

tems.

29.2.4 Green Buildings
  Green buildings are designed and constructed in ac-
cordance with practices that signifi cantly reduce or elimi-
nate the negative impact of buildings on the environment 
and its occupants. This includes design, construction, op-
erations, AND, ultimately, demolition. Five fundamental 
categories constitute the USGBC green building designa-
tion. They are:

• Sustainable Site Planning
• Safeguarding Water and Water Effi ciency
• Energy Effi ciency and Renewable Energy
• Conservation of Materials and Resources
• Indoor Environmental Quality

 All relate back to the previous defi nitions and dis-
cussions of sustainability.
 All of these are contained in the LEED standard, 
Leadership in Energy and Environmental Design. This 
is the trademark rating system developed by the United 
States Green Building Council, USGBC.
 Besides the LEED rating system to defi ne and de-
scribe sustainable buildings, there are others such as:

• The British Research Establishment Environmental 
Assessment Method (BREEAM) was launched in 
1990 and is increasing in its use.

• Canada’s Building Environmental Performance As-
sessment Criteria (BEPAC) began in 1994, but was 
never fully implemented due to its complexity. 
Canada has now licensed use of LEED from the US-
GBC.

• The Hong Kong Building Environmental Assess-
ment Method (HK-BEAM) is currently in pilot 
form.

• The USGBC LEED family of programs.
• State and regional guides include high performance 

building guidelines in NY and PA’s guidelines for 
creating high performance buildings, as well as Cal-
ifornia’s programs for school construction.

• Green Globes is a web-based self-assessment pro-
gram that guides the integration of green principles 
into a building’s design.

 LEED strives to encompass a wide band of 
sustainability that includes:
• Society and Community—recognizes that buildings 

exist to serve the needs of the community, but that 
they must also minimize their impacts.

• Environment—again striving to minimize negative 
impacts on the environment

• Economics—recognizes that the adoption of these 
sustainability initiatives by business will require 
economic benefi ts that can be delivered by green 
buildings.

• Energy—recognizes that energy plays a key role in 
building operating costs as well as a sustainable en-
ergy future.

29.2.5 Benefi ts of LEED Buildings
 The Environment
 At the onset,  LEED was created to standardize the 
concept of building green to offer the building industry a 
universal program that provided concrete guidelines for 
the design and construction of sustainable buildings for a 
livable future. As such, it is fi rmly rooted in the conserva-
tion of our world’s resources. Each credit point awarded 
through the rating system reduces our demand and foot-
print upon the natural environment.

Economics
 Conventional wisdom says that the construction 
of an environmentally friendly, energy effi cient building 
brings with it a substantial price tag and extended timeta-
bles. This need not be the case. Breakthroughs in building 
materials, operating systems and integrated technologies 
have made building green not only a timely, cost effec-
tive alternative, but a preferred method of construction 
among the nation’s leading professionals.

From the  USGBC
 “Smart business people recognize that high perfor-
mance green buildings produce more than just a cleaner, 
healthier environment. They also positively impact the 
bottom line. Benefi ts include: better use of building mate-
rials, signifi cant operational savings, and increased work-
place productivity.”
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 In many instances, green alternatives to convention-
al building methods are less expensive to purchase and 
install. An even larger number provide tremendous oper-
ational savings. The USGBC and LEED offer the building 
industry a fi scally sound platform on which to build their 
case for whole-building design and construction. Green 
buildings can show a positive return on investment for 
owners and builders.
 Economic benefi ts also can include:

• Improved occupant performance—employee pro-
ductivity rises, students’ grades improve. California 
schools have analyses that show children in high 
performance facilities have improved test scores.

• Absenteeism is reduced.
• Retail stores have observed measurable sales im-

provements in stores with daylighting.

 The savings associated with productivity gains can 
be the single largest category of savings in an offi ce build-
ing. For example, salaries per square foot can be in the 
range of ten times or more than the cost of energy per 
square foot in a typical offi ce building. So while the en-
ergy engineering community agonizes over extracting 
each cent in energy costs, there are greater savings poten-
tials by leveraging the increased employee productivity 
through high performance buildings. As described ear-
lier, these buildings provide a superior indoor environ-
ment with regard to lighting, noise control, temperature 
and humidity control, ventilation, and fresh air.
 Building green also enhances asset value. According 
to organizations such as the International Facilities Man-
agement Association ( IFMA) and the Building Owners 
and Managers Association ( BOMA), the asset value of a 
property rises at a rate of ten times the value of the opera-
tional savings. For example, if green building effi ciency 
reduces operating costs by $1/sq ft per year, the asset val-
ue of that property rises by ten times that amount, or $10. 
For a 300,000 sq ft offi ce complex, annual savings could 
be $300,000, and the asset value increase would be ap-
proximately $3,000,000. It pays to be effi cient.

Societal Implications
 In addition to the environmental and economic ben-
efi ts of building green, there are also signifi cant societal 
benefi ts. These include increased productivity, a healthy 
work environment, comfort, and satisfaction, to name a 
few. The good news about green buildings can then be 
leveraged with local and trade media through press re-
leases, ceremonies, or events. By calling attention to the 
building and its certifi cation status, owners speak vol-
umes about themselves. The USGBC writes:

 “Like a strong prospectus, building green sends the 
right message about a company or organization: it’s well 
run, responsible, and committed to the future”
 This, too, has a direct effect on the bottom line.

29.2.6 Benefi ts to the Architectural
 and Engineering Community
 All too often, market forces drive a building design 
team to focus on minimum fi rst cost regardless of what 
the overall life cycle costs of this minimum fi rst cost de-
sign may be. The end result is that all elements of soci-
ety, from owner, to occupants, and to the community end 
up with a building which is less than what it could have 
or should have been. It used too many resources in con-
struction, its energy and operating costs are high, and it 
does not provide the optimum indoor environment for 
employee productivity.
 However, installation of the LEED process of form-
ing an integrated design team on conceptual design day 
one promotes the formation of a creative solution to the 
particular buildings needs being planned for. Within this 
creative roundtable of equals, the team is able to maxi-
mize use of the collective wisdom of the members and 
develop a design concept that can be both green and eco-
nomic. For example, increasing the use of natural light to 
displace some artifi cial light can result in a reduced load 
on air conditioning systems. These AC systems can then 
be downsized, resulting in reduced equipment fi rst costs 
and reduction in electricity use, both through the artifi cial 
lighting reduction and reduced cooling loads. Small sav-
ings multiply and reverberate throughout the design, ul-
timately having signifi cant impacts on overall fi rst costs 
and operating costs.
 When building “green,” the sum is larger than the 
individual parts only when all components are integrated 
into a single unifi ed system. Integration draws upon ev-
ery aspect of the building to realize effi ciencies, cost sav-
ings, and continuous returns on investment.
 The most signifi cant benefi t to the architectural/
engineering (A/E) design community is that LEED pro-
motes and rewards creative solutions. Sustainable and 
green designs are not yet commodity skills that all fi rms 
can lay claim to. For those A/E fi rms seeking to provide 
more value to their clients, LEED is a way to achieve this. 
LEED can become a standard for design excellence, and 
provides an A/E with a brand differentiator versus the 
competition. LEED can become an outstanding competi-
tive edge in the marketplace for fi rms seeking a leader-
ship position of excellence.

LEED Acceptance
 There’s a groundswell of acceptance taking place. 
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When LEED was fi rst introduced in 2000, there was re-
luctance to accept it. It represented a new way of looking 
at the design, construction, operations, and disposal of 
facilities. It called for raising the bar, which many have 
been slow to accept. There were many questions about 
higher fi rst costs, paybacks, overall benefi ts, ability of the 
design community to deliver, doubts about the technolo-
gies involved, etc. The perception was that green build-
ings were too futuristic, unobtainable, and required too 
many tradeoffs to be able to deliver a practical, effi cient 
facility where people could live, work, and play.
 Some elements of these doubts remain, especially as 
to the fi nancial benefi ts question. However, as we gain 
experience with green buildings, we are developing the 
experience and the data needed to resolve these doubts.

The First Cost “Premium” of LEED
 Conventional wisdom says that green buildings 
cost more. However, as the industry becomes more ex-
perienced with the actual delivery of green buildings, 
green is becoming more cost-neutral. In an article titled 
“The Costs and Financial Benefi ts of High Performance 
Buildings,” Greg Kats of Capital E analyzed 40 Califor-
nia LEED buildings for the “cost premium” of LEED. The 
study consisted of 32 offi ce buildings and eight schools:

• The eight LEED-certifi ed buildings (the basic level of 
LEED certifi cation) cost an average of 0.7% more.

• The twenty-one Silver rated buildings cost an aver-
age 1.9% more.

• The nine Gold rated buildings cost average of 2.2% 
more.

• The two Platinum rated buildings cost an average of 
6.8% more.

29.2.7 LEED Described
Why was LEED created?
• LEED Developed as a way to defi ne and quantify 

what constitutes a sustainable green design.
• Defi nes “green” by providing a standard for mea-

surement.
• Addresses the “greenwashing” issue, such as false 

or exaggerated claims.
• Facilitates positive results for the environment, oc-

cupant health, and fi nancial return.
• Use as a design guideline.
• Recognizes leaders.
• Stimulates green competition.
• Establishes market value with recognizable national 

“brand.”
• Raises consumer awareness.
• Transforms the marketplace.

• Promotes a whole-building, integrated design pro-
cess.

What is LEED
• Consists of performance-based and prescriptive-

based criteria.
• Focuses on the whole building system instead of the 

components.
• Life cycle based, not fi rst cost.
• Promotes architectural and engineering innovation, 

i.e., innovation LEED credits.
• Provides a third-party verifi cation process to ensure 

quality and compliance.

 The growing family of  LEED building rating sys-
tems includes:

 LEED NC for new construction,
 LEED EB for existing buildings,
 LEED CI for commercial interiors,
 LEED CS for commercial core & shell,
 LEED H for homes, currently in pilot.

Other LEED programs are being developed.

29.3 INTRODUCING THE LEED NC RATING
 SYSTEM: A TECHNICAL REVIEW

 The LEED format for rating a green building con-
sists of two categories:
• Prerequisites—These are mandatory requirements 

and all must be satisfi ed before a building can be 
certifi ed.

• Credits—Each credit is optional, with each con-
tributing to the overall total of credits. This will 
determine the level a building will be rated at, i.e. 
Certifi ed, Silver, Gold or Platinum.

29.3.1 Sustainable Sites—14 Possible Points
Prerequisite:
• Erosion & Sedimentation Control—Control erosion 

to reduce negative impacts on water and air quality 
by complying with the EPA storm water manage-
ment requirements for construction activities.

Credits:
• Site Selection—Avoid development of inappropri-

ate sites and reduce the environmental impact from 
the location of a building on a site. One point.

• Urban Redevelopment—Channel development to 
urban areas with existing infrastructures, protecting 
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green fi elds and preserving habitat and natural re-
sources. One point.

• Brownfi eld Redevelopment—Rehabilitate damaged 
sites where development is complicated by real or 
perceived environmental contamination, thereby re-
ducing pressure on undeveloped land. One point.

• Alternative Transportation—Four points available: 
one each for public transportation access, bicycle 
storage, alternative fuel vehicles, and parking ca-
pacity.

• Reduced Site Disturbance—Conserve existing natu-
ral areas and restore damaged areas to provide habi-
tat and promote biodiversity. Two credits available:
one each to protect or restore open space, and/or 
reduce the development footprint.

• Storm Water Management—Limit disruption of 
natural water fl ows by minimizing storm water 
runoff, increasing on-site infi ltration and reducing 
contaminants. Two credits available: one each for 
no increase in the rate or quantity of runoff and/
or treatment systems designed to remove total dis-
solved solids, phosphorous, and comply with EPA 
guidelines.

• Heat Island Effect—Reduce heat islands, which are 
thermal gradient differences between developed and 
underdeveloped areas. There is one point each for 
roof and non-roof applications, up to two points.

• Light Pollution Reduction—one point. The intent 
is to eliminate light trespass from the building site, 
improve night sky access, and reduce development 
impact on nocturnal environments.

29.3.2 Water Effi ciency—5 possible points
No prerequisites in this category.
Credits:
• Water Effi cient Landscaping—Limit or eliminate the 

use of potable water for landscape irrigation. Up to 
two points available. One each for use of high effi -
ciency irrigation technology, and/or using captured 
rain or recycled water for irrigation.

• Innovative Wastewater Technologies—one point. 
Reduce the generation of wastewater and potable 
water demand, while increasing the local aquifer 
recharge.

• Water Use Reduction—20% reduction is one point, 
30% reduction is two points. Maximize water effi -
ciency within the building to reduce the burden on 
municipal water supply and wastewater systems.

29.3.3 Energy & Atmosphere—17 possible points
Three prerequisites:
• Fundamental Building Systems  Commission-

ing—Verify and ensure that fundamental building 
elements and systems such as HVAC are designed, 
installed, and calibrated to operate as intended.

• Minimum Energy Performance—Establish the min-
imum level of energy for the base building systems 
which is compliance with ASHRAE/IES 90.1-1999.

• CFC Reduction in HVAC&R Equipment—This re-
quires zero use of CFC based refrigerants in new 
buildings such as R11 and R12.

Credits:
• Optimize Energy Effi ciency—possible ten points. 

Achieve increasing levels of energy performance 
above the prerequisite standard, ASHRAE 90.1-
1999, to reduce environmental impacts associated 
with excessive energy use. 20% better is two points, 
30% is four points, and on up to 60% better is worth 
ten points.

• Renewable Energy—three points possible, one point 
each for 5%, 10%, 20% of total energy. Encourage and 
recognize increasing levels of self-supply through 
renewable technologies to reduce environmental im-
pacts associated with fossil fuel energy use.

• Additional Commissioning—one point. Verify and 
ensure that the entire building, including the building 
envelope, is designed, constructed, and calibrated to 
operate as intended. This as opposed to the prerequi-
site which called for only fundamental systems.

• Elimination of HCFC s and HALONS—one point. 
Reduce ozone depletion and support early compli-
ance with the Montreal Protocol. This applies to re-
frigerants such as R22 and R123.

• Measurement & Verifi cation—one point. Provide 
for the ongoing accountability and optimization 
of building energy and water consumption perfor-
mance over time.

• Green Power—one point. Encourage the develop-
ment and use of grid-source energy technologies on 
a net zero pollution basis by the purchase of  green 
power that meets the Center for Resource Solutions 
Green-E products.

29.3.4 Materials & Resources—13 possible points
Prerequisite:
• Storage & Collection of Recyclables—Facilitate the 

reduction of waste generated by building occupants 
that is hauled to and disposed on in landfi lls.

Credits:
• Building Reuse—two points possible at 75% and 

100% reuse of building shell and non-shell. A third 
point is available by maintaining 100% of an exist-
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ing building’s structure and 50% of the non-shell 
such as walls, fl oor coverings, and ceilings. Purpose 
is to extend the life cycle of existing building stock.

• Construction Waste Management—two points 
available. This is to divert construction, demolition, 
and land clearing debris from landfi ll disposal. Re-
direct recyclable material back into the manufactur-
ing process. 50% recycled or salvaged materials by 
weight gets one point, 75% earns one more point.

• Resource Reuse—two possible points at 5% or 10% 
of using salvaged or refurbished materials. The in-
tent is to extend the life cycle of targeted building 
materials by reducing environmental impacts relat-
ed to materials manufacturing and transport.

• Recycled Content—two possible points. One point 
specifying a minimum of 25% building materials 
that contain post consumer recycled materials. An 
additional point is available if an additional 25% is 
recycled content.

• Local/Regional Materials—two possible points ei-
ther manufactured or harvested locally. The purpose 
is to increase the demand for building products that 
are manufactured locally, less than 500 miles, there-
by reducing the environmental impacts resulting 
from long-distance transportation.

• Rapidly Renewable Materials—one point. Re-
duce the use and depletion of fi nite raw and long 
cycle renewable materials by replacing them with 
renewables.

• Forest Stewardship Council, FSC, certifi ed wood. 
One point

Note: regarding “certifi ed products.” This does not mean 
“LEED certifi ed” but certifi ed by other entities such as 
the Forest Stewardship Council FSC. Beware of manu-
factures claiming “LEED certifi ed” products. The USGBC 
and LEED do not certify products. What they do is adopt 
industry standards as applicable, such as the FSC certi-
fi ed wood.

29.3.5 Indoor Environmental Quality (IEQ)—
 15 possible points
Two prerequisites:
• Minimum IAQ Performance—Comply with 

ASHRAE 62-2004 indoor air quality standard to 
prevent the development of air quality problems.

• Environmental Tobacco Smoke (ETS) Control—Pre-
vent exposure of building occupants and systems to 
ETS.

Credits:
• Carbon Dioxide Monitoring—one point. Provide an 

HVAC system which can monitor and ventilate a 
building based upon CO2 levels.

• Ventilation Effectiveness—one point. Provide for 
the effective delivery of mixed and outdoor air to 
support health, safety, and comfort of occupants. 
Uses ASHRAE 129 methodology.

• Construction IAQ Management Plan—two possible 
points. Develop an IAQ management plan for dur-
ing construction and before occupancy, one point. 
An additional point is available by conducting a 
two-week building fl ushout prior to occupancy us-
ing 100% outside air.

• Low Emitting Materials—four possible points. One 
point for low VOC adhesives. One point for low 
 VOC paints. One point for carpet exceeding the Car-
pet & Rug Institute Green Label IAQ Program. One 
point for composite wood and agrifi ber products 
containing no additional urea formaldehyde resins.

• Indoor Chemical & Pollutant Source Control—one 
point. This is to avoid exposing occupants to po-
tentially hazardous chemicals that adversely affect 
IAQ.

• Controllability of Systems—two possible points, 
one each for perimeter and non-perimeter. This is to 
provide a high level of individual occupant control 
of thermal, ventilation, and lighting systems.

• Thermal Comfort—comply with ASHRAE Standard 
55—one point. This relates to providing a thermally 
comfortable environment that supports healthy and 
productive performance of occupants.

• Permanent Monitoring System—one point. These 
are permanent systems to monitor temperature and 
humidity which also allow occupants to have par-
tial control over these parameters.

• Daylighting & Views—two points available. This is 
to provide a connection between indoor spaces and 
outdoor environments through the introduction of 
sunlight and views into the occupied areas of the 
building. For one point, achieve a daylight factor of 
2% in 75% of all space occupied for critical visual 
tasks, but not including the likes of laundry rooms, 
copying rooms etc. For an additional point, achieve 
the 2% rating in 90% of spaces.

29.3.6 Innovation & Design Process—5 possible points
• Use of LEED-accredited professional—one point
• Innovation in design—four possible points

29.3.7 Discussion
Note: energy and engineering skills are applicable to as 
many as 58% of total available points on water, energy, 
and IAQ. Energy related credits are the largest category 
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of available credits.
 May ‘04 Energy User News article by Peter D’Antonio, 
entitled “The LEEDing Way.”
 The article analyzes the activity in energy & atmo-
sphere, E&A, and indoor environmental quality, IEQ, for 
the fi rst 53 LEED-certifi ed buildings:
• Regarding E&A, average points earned is only 5.3 

out of the possible 17!
• This is the lowest % achieved in any of the fi ve cat-

egories! So although E & A is the largest plum, few 
appear to be taking advantage of it.

• Renewable energy points are earned in fewer than 
10% of the certifi ed buildings.

• Regarding IEQ points, ventilation effectiveness and 
controllability points are achieved in less than one 
third of buildings.

 This EUN article provides support for the proposi-
tion that engineers, the AEE, ASHRAE, the IESNA, and 
others are not maximizing the potential contributions to 
LEED buildings. Hence, there is a signifi cant opportunity  
to take on a larger role in the design, construction, and 
operations of green buildings.
 Other factors for the design team to consider are the 
forces that drive the LEED points on a project. Many times, 
for the design team of an LEED project, it boils down to, 
“How many points can we get?” This becomes especial-
ly the case for the mechanical, electrical, and plumbing 
(MEP) team members. They control or infl uence approxi-
mately 75% the total LEED credits on a job. Commonly 
called “pointchasing,” it is an effort by the design team to 
achieve the maximum available points at the minimum 
cost and effort. And although it is a rather ugly approach 
to green building design, it has become a matter of fact 
that teams will focus on points. It is even possible that the 
acquisition of points is one of the elements in the design 
contract. Possibly a bonus is linked to points achieved?
 But this can and should be “managed” by the owner. 
It gets back to the integrated design process and the set-
ting of goals during the design charette. Does the owner 
want very high energy effi ciency, or does he want to make 
an environmental statement with a green roof?

29.4 LEED FOR EXISTING BUILDINGS RATING
 SYSTEM (LEED-EB) ADOPTED IN 2004

LEED for existing buildings
 Addresses:
• Operation and upgrades of existing buildings.
• Pilot: 2002—2004.
• Initial certifi cation and ongoing re-certifi cation.

• Achievements:
—More than 95 registered buildings.
—4 certifi ed buildings.

• Range of Users:
—Federal, state, and local government; schools, col-

leges and universities, commercial buildings.
LEED-EB approval completed and released for use, Oct. 
2004.

Why LEED-EB Is So Important
 Drawing on similarities to LEED NC, LEED EB has 
a larger potential impact and resultant benefi ts to society 
simply because there are many times more existing build-
ings than new construction. LEED EB focuses on where 
the greatest impact potential is.

29.4.1 LEED for Existing Buildings Rating System
LEED-EB Rating System Goals
• Help building owners upgrade and operate their 

buildings in a sustainable way over the long term. 
Avoid the “saw tooth” approach (upgrade, decline, 
upgrade, decline).

• Support high productivity by building occupants.
• Operations

—Helps building owners upgrade and operate their 
buildings in a sustainable way over the long 
term.

—Reduces building operating costs.
—Solves building operating problems.
—Improves indoor environment.
—Supports higher productivity of building occu-

pants.

• Communications
—Helps building managers, operators, and service 

providers communicate the importance of ef-
fective ongoing building operation and mainte-
nance to decision makers in their organization.

—Helps building managers and operators make 
sustainability part of the culture of their orga-
nization.

—Helps CEOs and CFOs make sustainability part 
of the culture of their organization.

—Helps communicate organization’s sustainability 
commitments and achievements to its custom-
ers and the community.

Prerequisites and Credits
Same categories as for other LEED Rating Systems:
• Sustainable Sites
• Water Effi ciency
• Energy and Atmosphere
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• Materials and Resources
• Indoor Environmental Quality
• Innovation and Accredited Professional

LEED-EB Rating System
Four Levels of Certifi cation:

• LEED-EB Certifi ed 32-39 points
• Silver Level 40-47 points
• Gold Level 48-63 points
• Platinum Level 64-85 points

29.4.2 LEED for EB Technical Review
 Similar to LEED NC, all prerequisites must be sat-
isfi ed, and the credits are optional depending upon the 
fi nal points and certifi cation level desired.

29.4.2.1 Sustainable Sites—14 possible points
Two prerequisites:
• Erosion and Sedimentation Control—Control ero-

sion to reduce negative impacts on water and air 
quality.

• Age of Building—two years old or more. 

Credits:
• Plan for Green Site & Bldg Exterior Management—

up to two points. Encourage grounds/site/build-
ing exterior management practices that have the 
lowest environmental impact possible and preserve 
ecological integrity, enhance diversity, and protect 
wildlife while supporting building performance.

• Hi Development Density Building & Area—one 
point. Channel development to urban areas with 
existing infrastructure, protect greenfi elds, and pre-
serve habitat and natural resources.

• Environmentally Preferable Alt Transportation—up 
to four points available. One point each for: public 
transportation access, bicycle storage and changing 
rooms, alternative fueled vehicles, car pooling, and 
telecommuting.

• Reduced Site Disturbance—up to two points. One 
point for protecting or restoring 50% of site area. An 
additional point to protect or restore open space at 
75% of the site area.

• Storm water Management—up to two points. One 
point for measures that mitigate at least 25% of the 
annual storm water falling on the site. An additional 
point for mitigation of at least 50% of storm water.

• Reduce Heat Islands Effect (roof and non-roof)—up 
to two points. One point for reduction of heat is-
lands. An additional point is available for an ENER-
GYSTAR-compliant roof.

• Light Pollution Reduction—one point. Eliminate 
light trespass from the building and site, improve 
the night sky, and reduce development impact on 
nocturnal environments.

29.4.2.2 Water Use and Water Effi ciency—
 5 possible points
Two Prerequisites:
• Minimum Water Effi ciency—maximize fi xture wa-

ter effi ciency within buildings to reduce the burden 
on potable water supply and wastewater systems.

• Discharge Water Compliance—protect natural habi-
tat, waterways, and water supply from pollutants 
carried by building discharge water.

Credits:
• Water Effi cient Landscaping—up to two points. Re-

quires the use of water effi cient irrigation technolo-
gies or captured rain and recycled water to reduce 
potable water consumption for irrigation. The fi rst 
point is based on a 50% reduction, and an additional 
point is available for 95% reduction in potable water 
use.

• Innovative Wastewater Technology—one point. 
Reduce the generation of wastewater and potable 
water demand, while increasing the local aquifer 
recharge.

• Water Use Reduction—up to two points. Maximize 
fi xture potable water effi ciency to reduce burdens 
on potable and wastewater municipal systems. The 
fi rst point is for a 10% reduction and an additional 
point is available for a 20% reduction.

29.4.2.3 Energy and Atmosphere—23 possible points
Three Prerequisites
• Existing Building Commissioning—Verify that fun-

damental buildings systems are performing as in-
tended.

• Minimum Energy Performance—Satisfy the mini-
mum level of energy effi ciency using the ENER-
GYSTAR portfolio manager. Needs a rating of 60 or 
more.

• Ozone Protection—Reduce ozone depletion poten-
tials by not using  CFC refrigerants such as R11 and 
R12.

Credits:
• Optimize Energy Performance—up to ten points 

available. Achieve increasing levels of energy ef-
fi ciency above the ENERGYSTAR prerequisite 
score of 60. Thus a score 63 earns one point, 79 
earns fi ve points, up to a maximum of ten points 



SUSTAINABILITY AND HIGH PERFORMANCE GREEN BUILDINGS 803

for a 99 rating.
• On-site & Off-site Renewable Energy—up to four 

points. The fi rst point is for 5% on-site renewable 
OR 25% off-site renewables up to a maximum of 
four points for 30% on-site renewable energy OR 
100% off-site renewable energy.

• Building Operations & Maintenance—up to three 
points. One point each for maintenance staff edu-
cation, building systems maintenance, building sys-
tems monitoring.

• Additional Ozone Protection—one point. Reduce 
ozone depletion potential in compliance with Mon-
treal Protocol. Thus HCFC refrigerants such as R22 
and R123 are not used.

• Performance Measurement—up to four points. 
Have in place a continuous metering system for a 
number of facilities functions as follows: lighting 
systems, electric and gas metering, cooling load, 
chilled water system effi ciency, irrigation water me-
tering, boiler effi ciencies, HVAC systems such as 
economizers, variable speed pumps and fans, air 
distribution, and emissions monitoring. Note these 
all can be incorporated into the building automation 
system (BAS).

• Documenting Sustainable Building Cost Impacts—
one point. Document overall building operating 
costs for previous fi ve years and track changes in 
the overall operating costs.

29.4.2.4 Materials and Resources -16 possible points
Two prerequisites:
• Source Reduction and Waste Management—estab-

lish minimum source reduction and recycling pro-
gram elements.

Toxic Material Source Reduction—reduced mercury in 
lamps.

Credits:
• Construction, Demolition and Renovation Waste 

Management—up to two points. First point for di-
verting 50% or more of construction, demolition and 
land clearing waste from landfi lls. An additional 
point if 75% or more is diverted.

• Optimize Use of Alternative Materials—up to fi ve 
points available. Maintain a sustainable purchas-
ing program covering at least offi ce paper, offi ce 
equipment, furniture, furnishings, and building 
materials. One point is awarded for each 10% of to-
tal purchases that achieve criteria such as 70% sal-
vaged materials, 10% post consumer recycled, 50% 
rapidly renewables, FSC-certifi ed wood, and mate-
rials manufactured within 500 miles of the site.

• Optimize Use of IAQ Compliant Products—up to 
two points. These relate to the purchase of low emit-
ting materials such as for carpets, sealants, paints 
and coatings, composite materials and agrifi ber 
products with no added urea formaldehyde.

• Sustainable Cleaning Products and Materials—up to 
three points. Points accumulate based upon quanti-
ties of products that meet the Green Seal GS-37 or 
comply with the California Code of Regulations for 
VOCs. Disposable janitorial paper products and 
trash bags meet the requirements of the EPA com-
prehensive procurement guidelines.

• Occupant Recycling—up to three points. Set up 
divert/recycle programs for occupants. 30% is one 
point, 20% another, and the third point if 30% of to-
tal waste stream is diverted or recycled.

• Additional Toxic Material Source Reduction—one 
point. Establish a program to reduce the poten-
tial amounts of mercury brought into the building 
through lamps.

29.4.2.5 Indoor Environmental Quality—
 22 points available
Four prerequisites:
• Outside Air Introduction and Exhaust Systems—

Satisfy ASHRAE 62-2004 for IAQ.
• Environmental Tobacco Smoke (ETS) Control—Pre-

vent or minimize occupant exposure to ETS.
• Asbestos Removal or Encapsulation—Establish 

an asbestos remediation and control management 
plan.

• PCB Removal—Establish a PCB management plan 
including a facility survey for PCBs.

Credits:
• Outside Air Delivery Monitoring—one point. Pro-

vide permanent monitoring systems on ventilation 
system performance measuring outdoor air and 
CO2.

• Increased Ventilation—one point. Increase ventila-
tion rates to exceed ASHRAE 62-2004 by 30%.

• Construction IAQ Management Plan—one point. 
Prevent any IAQ problems from arising due to con-
struction/renovation work. Isolate occupied areas 
from dust, noise and other irritants.

• Documenting Productivity Impacts—up to two 
points. Document the history of absenteeism, pro-
ductivity, and health care costs and submit to the 
USGBC.

• Indoor Chemical & Pollution Source Control—up 
to two points. Reduce the exposure of occupants to 
dusts and particulates by using fi lters of effective-
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ness of MERV 13 or greater. An additional point is 
earned by reducing occupants’ exposures to con-
taminants that may arise from operations such as 
copying, faxing, etc.

• Controllability of Systems—up to two points. Points 
available for occupant control of lighting systems 
and another for HVAC and temperature control.

• Thermal Comfort—ASHRAE Standard 55- up to 
two points. First point for compliance with the stan-
dard and an additional point is available for a per-
manent monitoring system to ensure compliance.

•  Daylighting and Views—up to four points. Provide 
a connection between indoor spaces and the out-
door environment through the introduction of sun-
light and views. Points available for 50% and 75% of 
spaces that have a 2% daylight factor. And two more 
points available for 45% of spaces (1 point) and 90% 
of spaces (1 point) that have direct line of sight vi-
sion to the outdoors.

• Contemporary IAQ Practice—one point. Enhance 
IAQ performance by optimizing practices and de-
veloping procedures to prevent the development of 
IAQ problems. 

• Green Cleaning—up to six points. Points available 
for cleaning entryway systems, isolation of janitorial 
closets, low environmental impact cleaning policy, 
low environmental impact pest management policy, 
and low environmental impact cleaning equipment 
policy.

29.4.2.6 Innovation and Accredited Professional
5 possible points
• LEED EB Innovation in Operation, Upgrades and 

Maintenance—up to four points.
• LEED-accredited Professional—one point.

29.5 SUMMARY DISCUSSION OF TWO
 NEW LEED PROGRAMS:

LEED-CI for Commercial Interiors and
LEED-CS for Core and Shell
 LEED-CI addresses the specifi cs of tenant spaces 
primarily in offi ce, retail and industrial buildings. It was 
formally adopted in the fall of 2004. A companion rating 
is LEED for core & shell which is currently under devel-
opment and in its pilot phase. Adoption is expected the 
fall of 2005. Together, LEED-CI and LEED-CS will estab-
lish green building criteria for commercial offi ce real es-
tate for use by both developers and tenants.
 LEED-CI serves building owners and occupants 
as well as the interior designers and architects who de-

sign building interiors and the teams of professionals 
who install them. It addresses performance areas includ-
ing water effi ciency, energy effi ciency, HVAC systems & 
equipment, resource utilization, furnishings, and indoor 
environmental quality.

29.5.1 LEED for Commercial Interiors (CI)
• Addresses the design and construction of interiors 

in existing buildings and tenant fi t-outs in new core 
and shell buildings.

• Pilot: 2002—2004.
• Achievements: More that 45 projects in pilot.
• LEED CI Adopted in fall 2004.

29.5.1.1 LEED-CI Point Distribution
 The same fi ve basic categories as the other LEED 
rating systems are used.

Possible Points
Sustainable Sites 7
Water Effi ciency 2
Energy & Atmosphere 12
Materials & Resources 14
Indoor Environmental Quality 17
Innovation & Design Process 4
LEED Accredited Professional 1

 Total Points Available 57

4 Levels of Certifi cation
Certifi ed 21-26
Silver 27-31
Gold 2-41
Platinum 42-57

 Because of its nature, i.e., the interior parts of a 
building, the energy engineer has less opportunity to aid 
in earning points in this program. This is the only pro-
gram to date wherein the E & A credits are not the largest 
category. However, engineers in general do have the po-
tential to aid points especially in the indoor environmen-
tal quality category.

29.5.2 LEED for Core & Shell, CS
 Based upon the LEED NC rating system for new 
construction and major renovation, LEED CS was devel-
oped in recognition of the unique nature of core and shell 
developments. In particular, there is the lack of developer 
control over key aspects such as interior fi nishes, lighting, 
and HVAC distribution. Thus the scope of CS is limited 
to those elements of the project under the direct control of 
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the developer.
 With its standards for CS and CI, the USGBC ad-
dresses the entire building—core, shell, and interiors. The 
responsibilities for particular sections, however are as-
signed to those parties having direct control over them. 
LEED CS is still in its pilot phase as of early 2006.

29.5.2.1 LEED CS Credit Categories
 Below is a summary of where the points will be for 
LEED CS. Note its similarities to LEED NC and that en-
ergy & atmosphere is the largest points category.

Possible Points
Sustainable Sites 15
Water Effi ciency 5
Energy & Atmosphere 16
Materials & Resources 11
Indoor Environmental Quality 13
Innovation and Design Process 4
LEED Accredited Professional 1——
 Total Points Available 65

4 Levels of Certifi cation
Certifi ed 24-29 points
Silver 30-35 points
Gold 36-47 points
Platinum 48-64 points

 You can download all four of the LEED rating sys-
tems. The rating systems download are free. However, 
other tools and workbooks such as the reference guides 
do have a fee associated with them, with discounts given 
to members.

• Visit U.S. Green Building Council Web Site at www.
usgbc.org/leed.

• Choose rating system.
• Click on rating system you would like to down-

load.

29.6 THE LEED PROCESS

• Design Team Integration
• Project Registration
• Project Certifi cation
• Documentation

The LEED Design Process:
 When does a Green Design Begin?

“It Begins in the Beginning”

 Critical to success is the integration of the design 
TEAM on Day 1 of design. LEED is a marketplace trans-
former. It is a paradigm shift away from top down, mini-
mum fi rst cost emphasis. The hierarchical old-fashioned 
way was design, bid, build.
 But the LEED design process is one of integrated, 
holistic building design, construction, operations and 
maintenance. All participate as equals on a construction 
roundtable:
• Owner Operations Personnel
• Owner
• Architect
• Engineer
• Construction Manager
• Contractors & Subcontractors
• Equipment Suppliers & Manufacturers
• Commissioning Authority—Watchdog Role

 During the very early stages of a green building’s 
development, a design charette should be held. This re-
fers to meetings that are held over the course of a day or 
two, wherein the entire team, the construction roundtable 
group, gets together to develop the roadmap to successful 
green building.

• The ENTIRE team joins in—all stakeholders, includ-
ing the owner, designers, commissioning authority, and 
operations.
• Gain buy-in and consensus.
• Explore environmental issues.
• Propose alternatives.
• Identify modeling and resource allocation.
• Use the LEED checklists as guide for level of green 

desired.
• Use an outside facilitator who specializes in inte-

grated design.
• Present examples of resources and ways to trace 

costs and benefi ts of modeling.
• Establish a task/responsible team to track and man-

age compliance with the process.
• Determine an LEED Leader who will be the “watch-

dog” over points. The commissioning authority can 
be a good choice for this.

29.6.1 The Energy Engineer’s Goal: Get Invited!
 It is during the design charette which occurs at the 
earliest moments of a project, that the energy engineer 
can provide the maximum overall benefi t to the project. 
It is during this time that key choices are made about the 
lighting, HVAC, and building envelope. The energy en-
gineer can help guide the team to the most appropriate 
energy effi cient design strategies based upon the team’s 
energy goals and the available energy sources.
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 On an LEED project, a major concern of the design 
team is simply, “How do I get the points?” Commonly 
called “points chasing,” it is an effort by the design team 
to achieve the maximum available points at the minimum 
cost and effort. However, this can be ameliorated or driven 
by the owner. During the design charette, it is the owner’s 
responsibility to clearly identify the goals and objectives 
of the project. If it is simply, “get me the most points,” 
the team will point chase. If the goals are, for example, to 
have the highest energy effi ciency possible, or the most 
daylighting possible, then other choices, alternatives, and 
evaluations may be examined.

29.6.2 Example and Discussion on Obtaining
 LEED Points on a Project
 The following is an example of how in an integrat-
ed green building design, a “simple” decision such as to 
have a computerized building automation system (BAS), 
can have substantial overall impact on acquiring points.
 Knowing that LEED buildings will generally require 
sophisticated controls, the BAS can have a major role in 
obtaining and facilitating points. The following is a sum-
mary of the impact a BAS may have on LEED points. The 
design team can use this example to guide them in the 
same process for other techniques and/or technologies. 
Again, the emphasis is on integrated design. We are de-
signing an integrated building, not a collection of parts 
and systems.

29.6.2.1 Some Examples of BAS Infl uence on
 LEED Credits:
• Sustainable Sites—Light pollution reduction 

through use of controls.
• Water Effi ciency—use of metering to document wa-

ter consumption—although not a credit itself, it can 
facilitate credits in this category.

Energy & Atmosphere—many credits and much infl u-
ence here:
• Energy Prerequisite and Optimized Energy Per-

formance—ten credits are in play here. The BAS as 
an integral part of the energy consuming systems 
including lighting, HVAC, load management, etc., 
and helps earn credits through performance im-
provements that will be quantifi ed in the building 
energy simulations required by ASHRAE 90.1

• Commissioning—BAS aids the commissioning au-
thority in performing their duties, a time saver.

• Measurement and Verifi cation—one prescriptive 
credit—provide for accountability & optimization 
of energy and water consumption over time.

• Optimize Energy Performance—in LEED CI, up to 
four prescriptive credits for lighting and power con-
trols. Other credits in energy performance, an ad-
ditional four.

• Energy Submetering—in LEED CI, measure for en-
ergy accountability. Up to two prescriptive credits.

• Building Operations & Maintenance—three pre-
scriptive credits, relating to staff education, build-
ing systems maintenance, and building systems 
monitoring.

• Performance Measurement—enhanced metering 
and emission reduction reporting—up to four cred-
its prescriptive.

Indoor Environmental Quality
• CO2 Monitoring—one prescriptive credit.
• Increase Ventilation Effectiveness—BAS can aid in 

earning this credit.
• Controllability of Systems—up to two prescriptive 

credits.
• Thermal Comfort—up to two prescriptive credits—

comply with ASHRAE Standard 55 and permanent-
ly monitor temperature and humidity.

• Outdoor Air Delivery Monitoring—one prescriptive 
credit.

 The conclusion is that a BAS can directly add to 
points accumulation, but indirectly has a great deal of 
infl uence on other points. The intent of these examples 
is to demonstrate how design decisions fl ow through the 
entire integrated design, having direct effects on some 
credits and indirect effects on others.

29.6.3 Marketing LEED and  Sustainability
 to the Community, Owners, and Designers
 LEED offers a great deal of value to various mem-
bers of the community. The owners benefi t by having high 
performance buildings that are cost effi cient and provide 
for better employee productivity. The design community 
benefi ts by now having a way to craft a stronger value 
message for superior architecture and design. LEED pro-
vides a way for designers to qualify and quantify their 
competitive advantage over other non-green designers. 
The community benefi ts by having a program such as 
LEED that promotes urban and brownfi eld development, 
reduces demands on infrastructure such as roads and 
waste disposal, improves the environment, and provides 
for a healthy living style.
 Elaborating as to why a design team should be pro-
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moting LEED design, let us examine the overall life cycle 
cost of a typical commercial offi ce building.

Ownership Cost Breakdown—40 Year Life Cycle Costs

Construction or First Cost is 11%
Financing is 14%
Alterations are 25%
Operations are 50%

 It is interesting that the cost that most design teams 
grapple with, fi rst costs, and keeping them low, is actu-
ally the least signifi cant cost element in the overall life 
cycle costs of a building. Thus, those decisions to keep 
fi rst costs low by specifying cheaper designs and equip-
ment can have a serious negative impact on the overall 
life cycle performance of a facility.
 Additionally, considering that fi rst cost is only 11% 
of the total life cycle cost and that A/E fees are only 6% 
to 8% of that 11%, or .88% of the total costs, could it be 
benefi cial to the owner to pay more for superior archi-
tecture and engineering? This is because the designs and 
selections made by the design team have a great deal of 
leverage on the total costs of life cycle ownership costs.

29.6.4 Credits that Engineers can help in acquiring
 Many times it is believed that the architectural pro-
fession has the most potential to aid in acquiring LEED 
credits. However it is the engineering profession that in 
fact infl uences the most points. For example:

• Energy & atmosphere and indoor environments are 
40% of available points.

• Minimum energy performance is a prerequisite!
• Energy modeling is required.
• Energy measurement and verifi cation is a credit.
• Commissioning is required.

Other benefi ts engineers bring to the design team
• Requires creativity vs. CAD commodity design. 

Creativity is desired and rewarded.
• Promotes investment in A/E design $ to value engi-

neer before, not after.
• Promotes the collective wisdom of the integrated 

design team. 
• This is the interplay between professions that occurs 

during the design charette.
• Catalyst for the design team to do the high perfor-

mance job that it is capable of.
• Provides a value message of premium engineering 

and design to the owner—this may be the path to 
higher fees and/or more work?

29.6.5 Impediments to Green Acceptance
 Typically, the fi rst and possibly most serious im-
pediment to the wide-scale adoption of LEED is the per-
ception that it costs more. The facts are that it may add 
cost, from 1% to 5%, depending upon the level of green 
the ownership team has identifi ed in that design charette. 
But it does not necessarily cost more if the design team is 
clever about making design decisions and using all avail-
able resources that may be at hand.
 Hint: If trying to promote LEED, look to identify 
market conditions in the project’s locale that supports 
LEED. Many states have various programs to incentiv-
ize energy effi ciency and other marketplace conditions 
which can affect the viability of a green project. The fol-
lowing uses New Jersey as an example of “market condi-
tions” that can drive LEED adoption:

The Case for LEED in New Jersey:
 First cost is less of an issue because of high effi ciency 
equipment incentives. There is a program through the NJ 
Board of Public Utilities called NJ Smart Start Buildings, 
which provides rebates for high effi ciency equipment such 
as lighting, HVAC, boilers, and chillers, as well as commis-
sioning and design team meetings. Essentially much of the 
cost differential between cheap ineffi cient equipment and 
high effi ciency equipment is offset by the rebates.
 Renewable energy sources are promoted by state-
wide programs such as the Clean Energy Program. Simi-
lar to Smart Start, renewables such as wind, solar PV, and 
biomass projects are rebated up to 50% of the initial in-
stalled cost.
 ASHRAE Std 90.1-1999 is the State Energy Code as 
well as the prerequisite for energy and atmosphere LEED 
credits. So there is no additional cost for NJ buildings to 
comply with this. In other states that may not have this 
code requirement, compliance with ASHRAE 90.1 would 
add cost.
 Many brownfi elds are available for development 
with incentives from the NJ Economic Development Ad-
ministration, NJEDA. This can be a simple prescriptive 
credit.
 Mass transportation is generally adjacent to the 
brownfi elds, which aids in acquiring more points. NJ, as 
the most densely populated state in the nation, has many 
former industrial sites which are in inner city areas close 
to mass transit and part of urban renewal. Thus a brown-
fi eld site can facilitate a number of other credits.
 Environmental—voluntary LEED adoption de-
creases need for additional regulation. NJ is one of the 
most regulated and legislated states, but if we have more 
adoption of LEED, many of the goals of environmental 
legislation can be achieved voluntarily.
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 High energy costs in NJ promote equipment and 
operational cost effi ciencies. Paybacks on high effi ciency 
equipment are quicker than in other states, which helps 
drive the recognized value of energy effi ciency versus 
low fi rst cost equipment.
 Other states and regions may have similar incen-
tives and programs. New York and California are two that 
come to mind. In addition, the Energy Policy Act of 2005, 
promises to encourage energy effi ciency through various 
programs.

29.7 ASHRAE GUIDES DEVELOPED
 TO SUPPORT LEED

Introduction to ASHRAE’s GreenGuide and the
Advanced Energy Design Guide
 Besides the market conditions which may favor 
LEED adoption, organizations, such as ASHRAE, are de-
veloping tools to help the design teams accomplish their 
green design goals.
 During the year 2000, the USGBC released its fi rst 
Green Building Rating System. Called “Leadership in En-
ergy and Environmental Design for New Construction,” 
LEED 2.0, later revised and reissued as LEED 2.1 NC. 
Although the LEED rating system incorporated many 
ASHRAE standards into the rating system, the architec-
tural community, not the engineering community, was in 
the vanguard of LEED. ASHRAE recognized the potential 
value of LEED to the community and the building indus-
try and the value that ASHRAE could bring to the LEED 
program. Under then president-elect Bill Coad, Tech Com-
mittee 1.10 Energy Resources was tasked with developing 
a handbook or guide for sustainable engineering design, 
specifi cally targeted for ASHRAE members. In addition, 
during this time, after dialog between both organizations, 
the USGBC and ASHRAE entered into a partnering agree-
ment. The result of these efforts was the development of 
the ASHRAE GreenGuide, released in December 2003, to 
assist the USGBC in its efforts at promoting sustainable 
design. Additionally, in 2005, ASHRAE released the Ad-
vanced Energy Design Guide for Small Offi ce Buildings (less 
than 20,000 square feet). This guide provides a prescrip-
tive description and requirements for various building 
components and systems that would be energy effi cient.

29.7.1 ASHRAE GreenGuide
 The ASHRAE GreenGuide aids designers of sustain-
able, high performance green facilities. It offers various 
“green tips” to aid the integrated design team in devel-
oping a green building. In 2002, the American Society of 
Refrigerating and Air-Conditioning Engineers, ASHRAE, 

and the United States Green Building Council, USGBC, 
entered into a partnering agreement to team together to 
promote green buildings. This GreenGuide was developed 
by ASHRAE to assist the USGBC in their efforts at pro-
moting sustainable design.
 The guide was developed to provide guidance on 
how to apply green design techniques. Its purpose is to 
help the designer of a “green design” with the question of 
“What do I do next?” It is organized to be relevant to the 
audience, useful, and practical, and to encourage innova-
tive ideas from the design team. A key component of the 
guide is the “green tips,” which will be covered in some 
detail later in this section.
 However, the guide is not a consensus document, 
and one does not have to agree with all elements of the 
guide for it to be helpful. It was not developed to moti-
vate the use of green design.

29.7.1.1 Green Design,  Sustainability and Good Design
 “Green” has become one of those words that can 
have too many possible meanings. One of the USGBC’s 
initial goals was to provide a defi nition of green through 
the development and release of the LEED rating system. 
It was here that we had a measurable, quantifi able way 
of determining how green a building was. It also ad-
dresses the “greenwashing” issue wherein all types of 
green technologies and techniques could be employed, 
some valid and others questionable, all in the effort 
to be able to label a building green. The conclusion is 
that green buildings are LEED buildings. This mes-
sage is almost universally accepted, in the USA as well 
as internationally. But do be aware that there are other 
strong green rating systems that have been developed in 
Canada and Europe. For example Canada has the Green 
Building Challenge, GBC, and Britain has the Building 
Research Establishment Environmental Assessment 
Method, BREEAM. According to the guide, the consen-
sus on green buildings is that they achieve a high level 
of performance over the full life cycle in the following 
areas:

• Minimal consumption of nonrenewable, depletable 
resources such as water, energy, land, and materi-
als.

• Minimal atmospheric emissions that have negative 
environmental effects.

• Minimal discharge of harmful liquid and solid ma-
terials, including demolition debris at the end of a 
building’s life.

• Minimal negative impact on site ecosystems.
• Maximum quality of indoor environment including 

lighting, air quality, temperature, and humidity.
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29.7.1.2 “Good” Design
 ASHRAE asks whether good design is intrinsically 
green design. The GreenGuide authors make the distinc-
tion between green and good. Good design includes:
• Meeting the purpose and needs of the building’s 

owners and occupants.
• Meets the requirements of health and safety.
• Achieves a good indoor environment consisting of 

thermal comfort, indoor air quality, acoustical com-
fort, and is compatible with the surrounding build-
ings.

• Creates the intended emotional impact on building’s 
occupants.

 But this is not green design in the sense that it does 
not address energy conservation, environmental impact, 
low impact emissions, and waste disposal. So integrating 
good and green design, such as the LEED rating system, 
helps us achieve the optimum building for the owners’ 
needs as well as the needs of society. Hence the authors 
of GreenGuide “strongly advocate that buildings should 
strive to achieve both.”
 The GreenGuide emphasizes the design process. 
This process is the fi rst crucial element in producing a 
green building. There needs to be an integrated design 
team created in the beginning. This team should in-
clude the owner, project manager, representative of the 
end user, architect, mechanical engineer, plumbing and 
fi re protection engineer, electrical engineer, lighting de-
signer, structural engineer, landscaping specialist, civil 
engineer, energy analyst, environmental consultant, 
commissioning authority, construction manager, cost es-
timator, building operator, and code enforcement repre-
sentative.
 Each individual profession works together in a 
team environment to establish the building’s goals and 
the manner in which these goals will be achieved. Each 
profession must be able to recognize the impact of one 
another on others designs and process.
 For example, during conceptual design, the archi-
tect will determine the size and number of fl oors of the 
building. The building envelope will determine the size 
of HVAC equipment, as well as the types of systems be-
ing evaluated. The energy analyst will advise the team 
on the energy cost implications of their selections. Ev-
eryone is interdependent upon the others. What should 
come at the end of this iterative process is a single inte-
grated design that functions a unit and not as a collec-
tion of parts.
 Integration and interdependency of the design team 
professionals are the keys to a successful green design.

29.7.2 Conceptual Engineering Design
 The principle intent of the GreenGuide is to assist 
the design-engineering professionals in integrating their 
skills and bringing value into the green design. The guide 
discusses a number of design responsibilities and sug-
gests a number “green tips” to the design team. You may 
fi nd that these suggestions are not new to you, and many 
of these concepts have been in use or at least in consider-
ation for years. However, with the advent of the desire to 
build green, which requires high performance systems, 
these techniques have a much better chance of being in-
corporated into the green building than in the past when 
fi rst cost was possibly the primary concern of on owner 
and the design team. The tips are arranged so that they 
are listed after the design section responsibility to which 
it is most closely linked.

29.7.2.1 Load Determination
 Loads are determined by summing up internal and 
external gains and losses. The HVAC engineer can assist 
the architect in determining necessary characteristics of 
the building envelope. Working together with the energy 
analyst and others, they will aid the architect in select-
ing building orientation, insulation, fenestration, roofi ng, 
lighting, day lighting, systems sizes, and effi ciencies, etc. 
A key element to strive for is the initial reduction of loads 
resulting from effi cient building envelope, lighting loads, 
power loads and A/C tonnages.

Green Tip #1: Night Precooling
 This involves the circulation of cool air during the 
nighttime hours during the cooling season with the intent 
of cooling the structure. There are two variations on this 
theme. First is the use of fans only to bring in cool ventila-
tion air; this is a somewhat passive technique. The other 
is to actively run the HVAC plants to precool the facility, 
potentially below daytime occupied temperatures to take 
advantage of the building’s thermal mass. Parameters to 
consider when evaluating this strategy are local diurnal 
temperature variations, humidity levels, and thermal cou-
pling of the circulated air to the building’s thermal mass.

29.7.2.2 Space Thermal/Comfort Delivery Systems
 Occupant comfort and health are important and the 
quality of the indoor environment promotes satisfi ed, 
productive workers within the building. Green buildings 
provide a more productive workplace environment.
 Thermal comfort is primarily concerned with satis-
fying ASHRAE Standard 55 for temperature and humid-
ity requirements.
 Indoor air quality is primarily concerned with 
ASHRAE Standard 62 for fresh air and ventilation. How-
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ever, both of these can negatively impact energy con-
sumption and thus the following green tips are offered:

Green Tip #2 Air-to-Air Heat Recovery—
Heat Exchange Enthalpy Wheels
 This is a rotary cylinder fi lled with an air-permeable 
medium with a large internal surface area. Intake and 
exhaust air streams pass through opposite ends of the 
wheel in a reverse fl ow confi guration. Latent and sensible 
heat are then transferred from exhaust to inlet air, thereby 
recovering some of the conditioning energy that was in-
vested in the exhaust air.

Green Tip #3 Air-to-Air Heat Recovery—
Heat Pipe Systems
 These are passive devices, usually confi gured as 
tubes with fi ns for maximum surface area. They contain a 
thermal fl uid that transports sensible heat only between 
exhausts and inlet air streams.

Green Tip #4 Air-to-Air Heat Recovery—
Run Around Systems
 This consists of energy recovery coils in the exhaust 
and inlet air streams and a circulating loop containing a 
heat transfer fl uid. These systems do not transfer latent 
energy. An option added to this system and the heat pipe 
system is the use of an indirect evaporative water process 
that can reduce cooling loads in addition to the heat re-
covery process.

Green Tip #5 Displacement Ventilation
 This technique supplies conditioned air at a tempera-
ture slightly lower than the desired room temperature at low 
velocities horizontally at the fl oor level. Returns are located 
in the ceiling. This supply air rises by convection, picks up 
the room load and exits through the ceiling returns.

Green Tip #6  Dedicated Outdoor Air Systems ( DOAS)
 This uses a dedicated, separate air handler to con-
dition the outdoor air before delivering it directly to the 
occupants. The air delivered should be conditioned suf-
fi ciently to not adversely affect the thermal comfort of 
the occupants. The only absolute with this system is that 
the ventilation air must be delivered directly to the space 
from a separate system. Control strategy, energy recov-
ery, and leaving air conditions are all variables that can be 
fi xed by the designer.

Green Tip #7 Ventilation Demand Control Using CO2
 CO2 concentrations are measured in a space and 
ventilation rates are automatically adjusted by the BAS 
to maintain CO2 concentrations within predetermined 

limits. This system is best used in buildings and spaces 
with variable occupancies such as public spaces, theaters, 
meeting rooms etc.

Green Tip #8 Hybrid Ventilation
 This allows the controlled introduction of outside 
air ventilation into a building by both mechanical and 
passive means. It is sometimes called “mixed mode ven-
tilation.” It has built-in strategies to allow the mechanical 
and passive portions to work with one another so as to not 
cause additional ventilation loads as would occur using 
mechanical ventilation alone. This is a non- conventional 
technique that has the promise of reducing operating ex-
penses as well as providing a healthier stimulating envi-
ronment.

29.7.2.3 Energy Distribution Systems
 These provide the heating, cooling, lighting, and 
electric power throughout the building. The most common 
media to distribute energy are steam, hydronics (water), 
air and electricity. Steam supply, because of its pressure 
characteristics, does not need to be pumped although gen-
erally the steam condensate is pumped back to the boilers. 
Water and air are the principle media that require mechan-
ical intervention for distribution, and hence can be major 
consumers of electric power for pumps and fans.

Green Tip #9 Variable Flow/Variable
Speed Pumping Systems
 Pumps and fans can be signifi cant users of electric 
power. In a conventional application, the pumps and fans 
operate at a fi xed rate based on maximum design condi-
tions, regardless of actual loads. Adding variability to the 
pumping and fans to allow modulation of fl ows based 
upon actual systems needs as opposed to design condi-
tions can provide signifi cant electrical savings.

29.7.2.4 Energy Conservation Systems
 This section focuses on the equipment that gener-
ates electricity, steam, hot water, and chilled water. These 
include distributed electrical generation, boilers, furnac-
es, electrically driven water chillers and thermally driven 
absorption chillers.

Green Tip #10 Low-NOx Burners
 These are natural gas burners that improve energy 
effi ciency and lower emissions of oxides of nitrogen, NOx.
They can be purchased as an option for new equipment 
or retrofi tted to existing equipment.

Green Tip #11 Combustion Air Preheating
 This tip preheats combustion air by using waste 
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heat from the exhaust stack, increasing energy effi ciency 
of equipment such as boilers and furnaces. The principle 
is to introduce preheated hot air into the combustor in-
stead of cold air, thereby reducing energy consumption.

Green Tip #12 Combustion Space/Water Heaters
 These consist of a storage water heater, a heat de-
livery system such as fan coils or baseboards, and associ-
ated pumps and controls. The single unit does dual duty, 
as a water heater for domestic hot water heater and as a 
source of hot water for the hydronic heating system.

Green Tip #13 Ground Source Heat Pumps, GSHP
 These extract heat stored in the ground when in the 
heating mode, and rejects heat removed from the build-
ing into the ground in the cooling season. They consist 
of a loop of piping or a well in the ground and indoor 
units consisting of evaporators and condensers connected 
into the ground water loop. GSHPs can reduce the energy 
required for space heating, cooling, and service water in 
commercial/institutional buildings by as much as 50%.

Green Tip #14 Water Loop Heat Pump Systems
 Consists of multiple water source heat pumps within a 
building and tied into a neutral temperature loop that serves 
as a heat source and a heat sink. The loop temperature in 
turn is maintained at this neutral point by supplementing 
with heat from a boiler or cooling from a cooling tower.

Green Tip #15 Thermal Energy Storage for Cooling
 This is an active storage system that uses the build-
ing’s cooling equipment to remove heat, usually dur-
ing the night and off-peak periods, to take advantage of 
lower-cost electricity during those periods and make ice 
slurry or chilled water. This enables a number of control 
and operational strategies. For example, smaller chillers 
can be purchased and the building peak loads are satis-
fi ed with ice made during the off- peak periods.

Green Tip #16 Double Effect Absorption Chillers
 Chilled water for facility cooling can be driven by 
electricity or thermal energy such as steam. In absorption 
chillers, thermal energy such as steam is used to drive a 
process using water and a salt solution such as lithium 
bromide in a vacuum-sealed shell to produce chilled 
water. There are no ozone depleting refrigerants used in 
this process. Absorbers come in single and double effect 
types, the double effect having a COP of about 1.2 versus 
the single effect COP of about .8.

Green Tip #17 Gas Engine Driven Chillers
 Chilled water systems that use energy sources be-

sides electricity can help offset high electricity costs. 
Generally, these are engines run on natural gas and are 
coupled to a chiller compressor section. Essentially, it is 
an engine replacing the electric motor of an electrically 
driven chiller. Gasoline and diesel fuel can also be used 
depending upon engine types selected.

Green Tip #18 Gas-Fired Chiller/Heater
 Gas-fi red absorption chillers are a special type of ab-
sorption chillers wherein the thermal energy source is a 
direct burner typically fi ring natural gas, although other 
fuels could be used. This is as opposed to the convention-
al absorber operated with steam. The chiller/heater can 
do double duty both to make cold and hot water simulta-
neously.

Green Tip #19 Desiccant Cooling and 
Dehumidifi cation
 Rotary  desiccant dehumidifi ers use solid desiccants 
such as silica gel to attract water from the air. Humid air 
is dehumidifi ed in one part of the desiccant bed while a 
different part of the bed is dried for reuse by a second air 
stream.

Green Tip #20  Evaporative Cooling
 This technique can be used to reduce the amount 
of energy consumed by mechanical cooling equipment. 
There are two types of evaporation coolers, direct and in-
direct. Direct introduces water directly into the air stream, 
and the water evaporates, reducing the dry bulb tempera-
ture of the air while raising the relative humidity. Indirect 
systems spray water onto a coil and, through evaporation 
from the fi ns of the coils, reduces the dry bulb tempera-
ture also. However, no water is added to the air stream 
with this method.

29.7.2.5 Energy and Water Sources
 The designer may not have much option in the selec-
tions of energy sources for the building being designed. 
Typically, energy is provided by the area utilities in the 
form of gas and electric. However, the designer can consid-
er options to supplement the conventional energy sources 
with renewables such as wind, solar photovoltaics, PV, 
and hydro as the site permits. PV is generally the most 
applicable renewable energy source for buildings. The 
others are too site specifi c.

Green Tip #21 Solar Energy System—Photovoltaics
 Sunlight shines on solid state crystals of silicon and 
generates low voltage direct current electricity. Applica-
tions simply require full access to the sun and suffi cient 
space, typically on the roof, to generate useful amounts of 
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electricity. The low voltage DC can be inverted and volt-
age boosted to be supplied directly into the building’s 
electrical distribution system. Thus there is no need to 
locate a specifi c low voltage DC load for the power pro-
duced.

29.7.2.6 Lighting Systems
 The GreenGuide section here is designed to famil-
iarize the HVAC&R engineer with lighting systems and 
their potential impact on the equipment sizes and de-
signs. However, it states that it is best to engage a lighting 
designer who will design according to IESNA standards 
(Illuminating Engineering Society-North America). How-
ever, the guide does make one suggestion for lighting.

Green Tip #22 Light Conveyor
 A light conveyor is a large pipe or duct with refl ec-
tive sides that transmits artifi cial or natural light along its 
length. There are occasions wherein designers have used 
light tracking to enhance the performance of the light 
conveyors.

29.7.2.7 Plumbing and Fire Protection Systems
Although not usually within the purview of the HVAC 
designer’s expertise, both must be able to work together 
in developing a fully integrated design. There are several 
tips that include aspects of both skill sets.

Green Tip #23 Water Conserving Plumbing Fixtures
 Water conserving strategies can save owners both 
consumption and demand charges. Options to be consid-
ered for water conservation are:
• Infrared faucet sensors
• Delayed action shut off valves
• Low fl ow toilets
• Faucets with fl ow restrictors
• Metering faucets
• Water effi cient dishwashers
• Waterless urinals
• Closed cooling towers to eliminate drift and fi lters 

for cleaning tower water

Green Tip #24 Graywater Systems
 Graywater is defi ned as wastewater coming from 
operations such as showers, bathtubs, washing machines 
and sinks. This is separate from blackwater, which is 
wastewater from toilets and sinks that contain organic or 
toxic materials. Where allowed by code, graywater can 
be fi ltered, treated, stored, and later used for nonpotable 
uses such as irrigation of landscaping and fl ushing of 
toilets. Distribution would be through a piping system 
clearly separated from all others.

Green Tip #25 Point-of-Use Domestic Hot Water Heat-
ers
 These provide small quantities of hot water at the 
point of use, without a tie into a central hot water source. 
Generally electrically heated, savings are obtained 
through the avoidance of large amounts of hot water stor-
age, and thermal losses of hot water distribution piping.

Green Tip #26 Direct Contact Water Heaters
 This consists of a heat exchanger in which fl ue gases 
are in direct contact with the water to be heated. Cold 
water enters the top of the heat exchanger, natural gas is 
burned and fl ows up through the heat exchanger where-
in the water is cascading down, acquiring the heat of the 
burned gas. Although there is direct contact between ex-
haust gases and the water, there is very little contamina-
tion of the water. These are suitable for dairy and food 
processing uses, as well as many other processes.

Green Tip #27 Rainwater Harvesting
 Although this is not a new concept, it has been 
around for thousands of years, and is a simple and effec-
tive technology to apply. Rainwater is channeled into cis-
terns for nonpotable uses as needed for irrigation, toilet 
fl ushing etc.

29.7.2.8 Controls
 These can be thought of as the “nervous systems” 
of the building’s mechanical and electrical infrastructure. 
Controls can be used for temperature and humidity con-
trol, ventilation control, energy management and analy-
sis, etc. (See also Chapter 22.)

Green Tip #28 Mixed Air Temperature Reset
 This refers to the mix of outside and return air that 
exist on an operating system supply air handling unit pri-
or to any “new” energy being applied to it. The concept 
is to  reset the mixed air temperature (MAT) to a tempera-
ture that just satisfi es the lowest cold air demand. Reset 
controls involve raising the setpoint of the MAT controls 
based on input that indicates the demand of the zone 
needing the coldest air, limited by the minimum amount 
of outside air for IAQ purposes.

Green Tip #29 Cold Deck Temperature Reset,
CDT, with Humidity Override
 CDT is similar to MAT, but it applies to air leaving 
a cooling coil. The concept here is to allow the discharge 
temperature from the cooling coil to go to higher tem-
peratures when demand for cooling is low. However, this 
strategy can create high humidity conditions indoors on 
occasion. Thus humidity sensors are located in the spaces 
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to override the rising cold deck temperatures and drive 
temperatures back down to extract more moisture based 
upon demands for temperature and humidity control.

 Other elements of green, good design covered by 
the GreenGuide but with no specifi c green tips suggested 
are:
• Expressing and Testing Concepts
• Completing Design and Documentation for Con-

struction
• Post Design—Construction to Demolition
• Builder/Contractor Selection
• Construction
• Commissioning
• Operation/Maintenance/Performance Evaluation

29.7.3 ASHRAE Advanced Energy Design Guide

 This ASHRAE manual for small offi ce buildings is 
intended for buildings up to 20,000 square feet in size. 
It is a prescriptive description of how designers and 
contractors can achieve up to 30% reduction in energy 
consumption in comparison to ASHRAE Standard 90.1-
1999. This would be worth four credits in LEED NC. The 
manual, although primarily of use for new construction 
(NC) design, can also be used as a planning tool for LEED 
EB because the measures given are a form of best energy 
practices for new or existing buildings.
 The guide is divided into three basic chapters:

(I) Integrated Process to Achieve Energy Savings
1. Pre-Design Phase—Prioritize Goals

2. Design Phase
3. Construction
4. Acceptance
5. Occupancy
6. Operation

(II) The guide provides recommendations by climate. It 
divides the USA into 8 zones, with #1 the warmest zone 
(the southern tip of Florida) to #8 for Alaska.

(III) For each climate zone there is a table providing pre-
scriptive recommendations for the building components 
listed below:
 1. Roofs
 2. Walls
 3. Floors
 4. Slabs
 5. Doors
 6. Vertical Glazing
 7. Skylighting
 8. Interior Lighting
 9. HVAC category includes air-conditioning, heating, 

air side economizers, ventilation and air handling 
ducts.

 10. Service Water Heating

References:
ASHRAE GreenGuide, 2003—Editor David L. Grumman
ASHRAE Advanced Energy Design Guide
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APPENDIX I

THERMAL SCIENCES REVIEW

L.C. WITTE
Professor of Mechanical Engineering
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Houston, Texas

I.1. INTRODUCTION

Many technical aspects of energy management involve 
the relationships that result from the thermal sciences: 
classical thermodynamics, heat transfer, and fl uid me-
chanics. For the convenience of the user of this hand-
book, brief reviews of some applicable topics in the 
thermal sciences are presented. Derivation of equations 
are omitted; for readers needing those details, references 
to readily available literature are given.

I.2. THERMODYNAMICS

 Classical thermodynamics represents our under-
standing of the relationships of energy transport to prop-
erties and characteristics of various types of systems. 
This science allows us to describe the global behavior 
of energy-sensitive devices. The relationships that can be 
developed will fi nd application in both fl uid-fl ow and 
heat-transfer systems.
 A thermodynamic system is a region in space that 
we select for analysis. The boundary of the system 
must be defi ned. Usually, the system boundary will 
coincide with the physical shell of a piece of hardware. 
A closed system is one where no mass may cross the 
boundary, whereas an open system, sometimes called 
a control volume, will generally have mass fl owing 
through it.
 We generally divide energy into two categories: 
stored and transient types of energy. The stored forms 
are potential, kinetic, internal, chemical, and nuclear. 
These terms are fairly self-descriptive in that they re-
late to ways in which the energy is stored. Chemical 
and nuclear energy represent the energy tied up in the 
structure of the molecular and atomic compounds them-
selves. These two types of stored energy presently form 
the prime energy sources for most industrial and utility 
applications and thus are of great importance to us.

 Potential, kinetic, and internal energy forms gen-
erally are nonchemical and nonnuclear in nature. They 
relate to the position, velocity, and state of material in 
a thermodynamic system. More detailed representations 
of these energy forms will be shown later.

I.2.1 Properties and States
Thermodynamic systems are a practical necessity 

for the calculation of energy transformations. But to 
do this, certain characteristics of the system must be 
defi ned in a quantifi able way. These characteristics are 
usually called properties of the system. The properties 
form the basis of the state of the system. A state is the 
overall nature of the system defi ned by a unique rela-
tionship between properties.
 Properties are described in terms of four funda-
mental quantities: length, mass, time, and temperature. 
Mass, length, and time are related to a force through 
Newton’s second law.
 In addition to the fundamental quantities of a 
system there are other properties of thermodynamic 
importance. They are pressure, volume, internal energy, 
enthalpy, and entropy—P, V, U, H, and S, respectively.

 Equation of State. Returning to the concept of a 
state, we use an equation of state to relate the pertinent 
properties of a system. Generally, we use P = P(m, V,
T) as the functional equation of state. The most familiar 
form is the ideal gas equation of state written as

 PV= mRT (I.1)
or

PV = nRT (I.2)

Equation I.1 is based on the mass in a system, whereas 
equation I.2 is molal-based. R is called the gas con-
stant and is unique to a particular gas. R, on the other 
hand, is called the universal gas constant and retains 
the same value regardless of the gas (i.e., R = 1545 ft 
lbƒ/lbm •  mol • °R = 1.9865 Btu/lbm • mol • °R. It can 
be easily shown that R is simply R/M, where M is the 
molecular weight of the gas.
 The ideal gas equation is useful for superheated 
but not for saturated vapors. A vexing question that 
often arises is what is the range of application of the 
ideal gas equation. Figure I.1 shows the limits of appli-

815



816 ENERGY MANAGEMENT HANDBOOK

cability. The shaded areas demonstrate where the ideal 
gas equation applies to within 10% accuracy.
 If high pressures or vapors near saturation are 
involved, other means of representing the equation of 
state are available. The compressibility factor Z for ex-
ample Z = PV/RT, is a means of accounting for nonideal 
gas conditions. Several other techniques are available; 
see Ref. 1 for example.
 Changes of state for materials that do not behave 
in an ideal way can be calculated by use of general-
ized charts for property changes. For example, changes 
in enthalpy and entropy can be presented in terms of 
reduced pressure and temperature, Pr and Tr. The re-
duced properties are the ratio of the actual to the critical 
properties. These charts (see Appendix II) can be used 
to calculate the property changes for any change in state 
for those substances whose thermophysical properties 
are well documented.

 Ideal Gas Mixtures. Where several gases are 
mixed, a way to conveniently represent the properties of 
the mixture is needed. The simplest way is to treat the 
system as an ideal gas mixture. In combustion systems 
where fuel vapor and air are mixed, and in the atmo-
sphere where oxygen nitrogen and water vapor form 
the essential elements of air, the concept of the ideal gas 
mixture is very useful.
 There are two ways to represent gas mixtures. One 
is to base properties on mass, called the gravimetric 
approach. The second is based on the number of moles 
in a system, called a molal analysis. This leads to the 
defi nition of a mass fraction, xi = mi/mt, where mi is 
the mass of the ith component in the mixture and mt is 
the total mass of the system, and the mole fraction, yi
= ni/nt, where n represents the number of moles.
 Commonly, the equation of state for an ideal 
mixture involves the use of Dalton’s law of additive 

pressures. This uses the concept that the volume of a 
system is occupied by all the components. Using a two-
component system as an example, we write

P1V1 = n1RT 1

and P2V2 = n2RT 2

Also P1V1 = n1RT 2

Since V, R, and T are the same for all three equations 
above, we see that

Pt = P1 + P2

and P1P2 V = n1n1 RT

for a mixture. Each gas in the mixture of ideal gases then 
behaves in all respects as though it exists alone at the 
volume and temperature of the total system.

I.2.2 Thermodynamic Processes
 A transformation of a system from one state to 
another is called a process. A cycle is a set of processes 
by which a system is returned to its initial state. Thermo-
dynamically, it is required that a process be quantifi able 
by relations between properties if an analysis is to be 
possible.
 A process is said to be reversible if a system can 
be returned to its initial state along a reversed process 
line with no change in the surroundings of the system. 
In actual practice a reversible process is not possible. 
All processes contain effects that render them irrevers-
ible. For example, friction, nonelastic deformation, 
turbulence, mixing, and heat transfer are all effects that 
cause a process to be irreversible. The reversible process, 
although impossible, is valuable, because it serves as a 
reference value. That is, we know that the ideal process 
is a theoretical limit toward which we can strive by 
minimizing the irreversible effects listed above.
 Many processes can be described by a phrase 
which indicates that one of its properties or charac-
teristics remains constant during the process. Table I.1 
shows the more common of these processes together 
with expressions for work, heat transfer, and entropy 
change for ideal gases.

I.2.3 Thermodynamic Laws
Thermodynamic laws are relationships between 

mass and energy quantities for both open and closed 
systems. In classical form they are based on the conser-
vation of mass for a system with no relativistic effects. 
Table I.2 shows the conservation-of-mass relations for 

Fig. I.1 Applicability of ideal gas equation of state.
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various types of systems. In energy conservation, the 
fi rst and second laws of thermodynamics form the basis 
of most technical analysis.
 For open systems two approaches to analysis can 
be taken, depending upon the nature of the process. For 
steady systems, the steady-state steady-fl ow assumption 

(SSSF) is adequate. This approach assumes that the state 
of the material is constant at any point in the system. 
For transient processes, the uniform fl ow uniform state 
(UFUS) assumption fi ts most situations. This involves 
the assumption that at points where mass crosses the 
system boundary, its state is constant with time. Also, 
the state of the mass in the system may vary with time 
but is uniform at any time.
 Tables I.3 and I.4 give listings of the conservation-
of-energy (fi rst-law) and the second-law relations for 
various systems.
 The first law simply gives a balance of energy 
during a process. The second law, however, extends the 
utility of thermodynamics to the prediction of both the 
possibility of a proposed process or the direction of a 
system change following a perturbation of the system. 
Although the fi rst law is perhaps more directly valuable 
in energy conservation, the implications of the second 
law can be equally illuminating.

Table I.2 Law of Conservation of Mass
—————————————————————————
Closed system, any process: m = constant

Open system, SSSF:
m = mΣΣ

out
ΣΣ
in

Open system, USUF:
m2 – m2 c.v. = m =ΣΣ

in
mΣΣ

out
t

Open system, general case:

d
dt

mc.v. = mΣΣ
in

= mΣΣ
in

or d
dt

ρ dV = ρ dVrn dA
A

v

 —————————————————————————

Table I.1 Ideal Gas Processesa

Process Describing Equations 1W2 1Q2 S2 – S1

Isometric or  0 U2 – U1 = m (u2 – u1)
 constant V = c, (1) υ = c,υt = c

 volume        = mc  (T2 – T1)(2)

Isobaric, isopiestic,  P = c, V/T = c,υt = c p (V2 – V1) H2 – H1 = m (h2 – h1)
 or constant
 pressure     = mR(T2 – T1)       = mcp (T2 – T1) = mcp ln

T2
T1

Isothermal or T = c, pV = pv = c p1V1  ln  r(4) = (p2 – V2)  ln  r 1 W2 mR  ln r
 constant                       = mRT  ln  r
 temperature

Isentropic or s = c U1 – U2 = m (u1 – u2)
 reversible                      0       0
 adiabatic

  
           Use fi rst law  

= k – n
k – 1

ln rPolytropic 

———————————————————————————————————————————————————
a(1) c stands for an unspecifi ed constant; (2) the second line of each entry applies when cp and cv are independent of 
temperature; (3) s2 – s1 = s0(T2) – s0(T1) – R ln (p2/p1); (4) r = volume ratio or compression ratio = V2/V1; (5) k = cp/cv
> 1; (6) n = polytropic exponent.

P1V1 – P2V2
k – 1

=
mR T1 – T2

k – 1

P1V1 – P2V2
n – 1 =

mR T1T2
n – 1

pV k 5
= c, TV k – 1

= c, pk – 1T k – 1 = c

pV k 6
= c, TV n – 1

= c, pn – 1T n – 1 = c

= mcυ ln
T2
T1

m s2
0 – s1

0 – R ln
ρ2
ρ1

(3)

m s2
0 – s1

0

m s2
0 – s1

0 – R ln
ρ2
ρ1
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 There are two statements of the second law. The 
two, although appearing to be different, actually can be 
shown to be equivalent. Therefore, we state only one of 
them, the Kelvin-Planck version:

It is impossible for any device to operate in a cycle and 
produce work while exchanging heat only with bodies 
at a single fi xed temperature.

The other statement is called the Clausius statement.
 The implications of the second law are many. For 
example, it allows us to (1) determine the maximum 
possible effi ciency of a heat engine, (2) determine the 
maximum coefficient of performance for a refrigera-
tor, (3) determine the feasibility of a proposed process, 
(4) predict the direction of a chemical or other type of 

process, and (5) correlate physical properties. So we see 
that the second law is quite valuable.

I.2.4 Effi ciency
Effi ciency is a concept used to describe the effec-

tiveness of energy conversion devices that operate in 
cycles as well as in individual system components that 
operate in processes. Thermodynamic effi ciency, , and 
coeffi cient of performance, COP, are used for devices 
that operate in cycles. The following defi nitions apply:

η =
Wnet
QH

COP =
QL
W

where QL and QH represent heat transferred from cold 
and hot regions, respectively, Wnet is useful work pro-

Table I.3 First Law of Thermodynamics

Closed system, cyclic process:

dQ = dW

Closed system, state 1 to state 2:

1Q2 = E2 – E1 + 1W2

 E = internal energy + kinetic energy + potential energy = m(u + V2/2 + gz)

Open system:

Qc.v. = d
dt

ρ u + V 2 ⁄ 2 + gz dV +
υ

ρ h + V 2 ⁄ 2 + gz VrndA + Wc.v.,
A

where enthalpy per unit mass h = u + pv;

 alternative form:

Qc.v. + mΣΣ
in

h + V 2 ⁄ 2 + gz = Wc.v. + mΣΣ
out

h + V 2 ⁄ 2 + gz + Ec.v.,

where

Ec.v. = d
dt

u + V 2/2 + gz dV
v

Open system, steady state steady fl ow (SSSF):

Qc.v. + m h + V 2/2 + gz = Wc.v. + mΣΣ
out

h + V 2/2 + gzΣΣ
in

Open system, uniform state uniform fl ow (USUF):

1Qc.v. + m h + V 2/2 + gz = +W2c.v.1 m h + V 2/2 + gz + m u + V 2/2 + gz 2c.v.
1c.v.ΣΣ

out
ΣΣ
in



THERMAL SCIENCES REVIEW 819

duced in a heat engine, and W is the work required to 
drive the refrigerator. A heat engine produces useful 
work, while a refrigerator uses work to transfer heat 
from a cold to a hot region. There is an ideal cycle, called 
the Carnot cycle, which yields the maximum effi ciency 
for heat engines and refrigerators. It is composed of four 
ideal reversible processes; the effi ciency of this cycle is

η c = 1 –
TL
TH

and the COP is

COP c = TL/TH
1 – TL/TH

These represent the best possible performance of cyclic 
energy conversion devices operating between tempera-
ture extremes, TH and TL. The thermodynamic effi ciency 

should not be confused with effi ciencies applied to de-
vices that operate along a process line. This effi ciency 
is defi ned as

  actual energy transfer
device = ———————————

  ideal energy transfer

for a work-producing device and

  ideal energy transfer
device = ———————————

  actual energy transfer

for a work-consuming device. Note these defi nitions 
are such that  < 1. These effi ciencies are convenience 
factors in that the actual performance can be calculated 
from an ideal process line and the efficiency, which 
generally must be experimentally determined. Table I.5 
shows the most commonly encountered versions of ef-
fi ciencies.

I.2.5 Power and Refrigeration Cycles
Many cycles have been devised to convert heat 

into work, and vice versa. Several of these take ad-
vantage of the phase change of the working fl uid: for 
example, the Rankine, the vapor compression, and the 
absorption cycles. Others involve approximations of 
thermodynamic processes to mechanical processes and 
are called air-standard cycles.

Table I.4 Second Law of Thermodynamics

Closed system, cyclic process:

dQ
T 0

Closed system, state 1 to state 2:

dQ
T S2 – S1 = m S2 – S1

1

2

Open system:

d
dt V

ρ s dV + msΣΣ
out

ms +
A

Q
T dAΣΣ

in

or

d
dt

ρ s dV
V

+ ρ s VrndA
V

Q
T dA

A

Open system, SSSF:

msΣΣ
out

+ msΣΣ
in A

Q
T dA

Open system, USUF:

m2s2 – m1s1 c.v. + ms msΣΣ
in A

Qc.v.
T dAΣΣ

out

—————————————————————————

Table I.5 Thermodynamic Effi ciency
—————————————————————————
Heat engines and refrigerators:

Engine effi ciency W/QH Carnot = (TH – TL)/ TH < 1

Heat pump c.o.p. ' QH/W 'Carnot = TH/(TH – TL) > 1

Refrigerator c.o.p. QL/W Carnot = TL/(TH – TL),

 0 <  < , (QH/QL)Carnot = TH – TL

Process effi ciencies

ad, turbine = wactual, adiabatic/wisentropic

ad, compressor = wisentropic/wactual, adiabatic

ad, nozzle = K.E.actual, adiabatic/K.E.isentropic

η nozzle =
Va

2/2gc

Vs
2/2gc

cooled nozzle = wisentropic rev./wactual

—————————————————————————
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 The Rankine cycle is probably the most frequently 
encountered cycle in thermodynamics. It is used in al-
most all large-scale electric generation plants, regardless 
of the energy source (gas, coal, oil, or nuclear). Many 
modern steam-electric power plants operate at super-
critical pressures and temperatures during the boiler 
heat addition process. This leads to the necessity of 
reheating between high- and lower-pressure turbines to 
prevent excess moisture in the latter stages of turbine 
expansion (prevents blade erosion). Feedwater heating 
is also extensively used to increase the effi ciency of the 
basic Rankine cycle (see Ref. 1 for details).
 The vapor compression cycle is almost a reversed 
Rankine cycle. The major difference is that a simple 
expansion valve is used to reduce the pressure between 
the condensor and the evaporator rather than being a 
work-producing device. The reliability of operation of 
the expansion valve is a valuable trade-off compared to 
the small amount of work that could be reclaimed. The 
vapor compression cycle can be used for refrigeration or 
heating (heat pump).
 In the energy conservation area, applications of the 
heat pump are taking on added emphasis. The device is 
useful for heating from an electrical source (compressor) 
in situations where direct combustion is not available. 
Additionally, the device can be used to upgrade the 
temperature level of waste heat recovered at a lower 
temperature.
 Air-standard cycles, useful both for power genera-
tion and heating/cooling applications, are the thermo-
dynamic approximations to the processes occurring in 
the actual devices. In the actual cases, a thermodynamic 

cycle is not completed, necessitating the approximations. 
Air-standard cycles are analyzed by using the following 
approximations:

1. Air is the working fl uid and behaves as an ideal 
gas.

2. Combustion and exhaust processes are replaced by 
heat exchangers.

 Other devices must be analyzed component by 
component using property data for the working fl uids 
(see Appendix II). Figure I.2 gives a listing of various 
power systems with their corresponding thermody-
namic cycle and other pertinent information.

I.2.6 Combustion Processes
The combustion process continues to be the most 

prevalent means of energy conversion. Natural and 
manufactured gases, coal, liquid fuel/air mixtures, even 
wood and peat are examples of energy sources requiring 
combustion.
 There are two overriding principles of importance 
in analyzing combustion processes. They are the com-
bustion equation and the fi rst law for the combustion 
chamber. The combustion equation is simply a mass 
balance between reactants and products of the chemical 
reaction combustion process. The fi rst law is the energy 
balance for the same process using the results of the 
combustion equation as input.
 In practice, we can restrict our discussion to hy-
drocarbon fuels, meaning that the combustion equation 
(chemical balance) is written as

H    H    H    H

H—C —C—C—C—H

H    H    H    H

H                  H

H—C—C—C—C—H

H    H    H    H

H      H

H       C       H

 C       C

H       C       H

H      H

Table I.6 Characteristics of Some of the Hydrocarbon Families

Family Formula Structure Saturated

Paraffi n CnH2n + 2 Chain Yes
Olefi n CnH2n  Chain No
Diolefi n CnH2n – 2 Chain No
Naphthene CnH2n  Ring Yes
Aromatic Benzene CnH2n – 6 Ring No
Aromatic Naphthalene CnH2n – 12 Ring No

Molecular structure of some hydrocarbon fuels:

 Chain structure, Chain structure, Ring structure,
 saturated unsaturated saturated
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 CxHy + (O2 + 3.76N2) b CO2 + c CO2

  + e H2O + d O2 + 3.76a N2

This equation neglects the minor components of air; 
that is, air is assumed to be 1 mol of O2 mixed with 
3.76 mol of N2. The balance is based on 1 mol of fuel 
CxHy. The unknowns are determined for each par-

ticular application. Table I.6 gives 
the characteristics of some of the 
hydrocarbons. Table I.7 shows 
the volumetric analyses of several 
gaseous fuels.
 Once a combustion process 
is decided upon (i.e., the fuel to be 
used and the heat transfer/com-
bustion chamber are selected), 
the relative amount of fuel and 
air become of prime importance. 
This is because the air/fuel ratio 
(AF) controls the temperature 
of the combustion zone and the 
energy available to be transferred 
to a working fl uid or converted 
to work. Stoichiometric air is that 
quantity of air required such that 
no oxygen would appear in the 
products. Excess air occurs when 
more than enough air is provided 
to the combustion process. Ideal 
combustion implies perfect mix-
ing and complete reactions. In this 
case theoretical air (TA) would 
yield no free oxygen in the prod-
ucts. Excess air then is actual air 
less theoretical air.
 Most industrial combus-
tion processes conform closely to 
a steady-state, steady-flow case. 
The fi rst law for an open control 
volume surrounding the combus-
tion zone can then be written. If 
we assume that Q and W are zero 
and that K.E. and P.E. are neg-
ligible, then the following equation 
results:

(I.3)

Subscripts i and e refer to inlet and exit conditions, 
respectively. Href is the enthalpy of each component 
at some reference temperature. Hcomb represents the 
heat of combustion for the fuel and, in general, carries 
a negative value, meaning that  heat  would  have  to  
be  transferred out of the system to maintain inlet and 
exit temperatures at the same level.
 The adiabatic fl ame temperature occurs when the 

Fig. I.2 Air standard cycles.

He – Href =ΣΣ
products

Hi – Href + HcombΣΣ
reactants
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combustion zone is perfectly insulated. The solution of 
equation I.3 would give the adiabatic fl ame temperature 
for any particular case. The maximum adiabatic fl ame 
temperature would occur when complete combustion 
occurs with a minimum of excess O2 appearing in the 
products.
 Appendix II gives tabulated values for the impor-
tant thermophysical properties of substances important 
in combustion.

 Gas Analysis. During combustion in heaters and 
boilers, the information required for control of the 
burner settings is the amount of excess air in the fuel 
gas. This percentage can be a direct refl ection of the ef-
fi ciency of combustion.
 The most accurate technique for determining the 
volumetric makeup of combustion by-products is the 
Orsat analyzer. The Orsat analysis depends upon the 
fact that for hydrocarbon combustion the products may 
contain CO2, O2, CO, N2, and water vapor. If enough 
excess air is used to obtain complete combustion, no CO 
will be present. Further, if the water vapor is removed, 
only CO2, O2, and N2 remain.
 The Orsat analyzer operates on the following 
principles. A sample of fuel gas is fi rst passed over a 
desiccant to remove the moisture. (The amount of water 
vapor can be found later from the combustion equation.) 
Then the sample is exposed in turn to materials that 
absorb fi rst the CO2, then the O2, and fi nally the CO (if 
present). After each absorption the volumetric change is 
carefully measured in a graduated pipette system. The 

remaining gas is assumed to be N2. Of course, it could 
contain some trace of gases and pollutants.

I.2.7 Psychrometry
Psychrometry is the science of air/water vapor 

mixtures. Knowledge of the behavior of such systems is 
important, both in meteorology and industrial processes, 
especially heating and air conditioning. The concepts can 
be applied to other ideal gas/water vapor mixtures.
 Air and water vapor mixed together at a total 
pressure of 1 atm is called atmospheric air. Usually, the 
amount of water vapor in atmospheric air is so minute 
that the vapor and air can be treated as an ideal gas. The 
air existing in the mixture is often called dry air, indicat-
ing that it is separate from the water vapor coexisting 
with it.
 Two terms frequently encountered in psychrom-
etry are relative humidity and humidity ratio. Relative 
humidity,  , is defi ned as the ratio of the water vapor 
pressure to the saturated vapor pressure at the tem-
perature of the mixture. Figure I.3 shows the relation 
between points on the T–s diagram that yield the rela-
tive humidity. Relative humidity cannot be greater than 
unity or 100%, as is normally stated.
 The humidity ratio, , on the other hand, is de-
fi ned as the ratio of the mass of water vapor to the 
mass of dry air in atmospheric air,  = mv/ma. This can 
be shown to be  = va/vv, and a relationship between 
and  exists,  = (va/vg) , where vg refers to the specifi c 
volume of saturated water vapor at the temperature of 
the mixture.

Table I.7 Volumetric Analyses of Some Typical Gaseous Fuels

Various Natural Gases Producer
      Gas from
      Bituminous Carbureted Coke
Constituent A B C D Coal Water Gas Oven Gas

Methane 93.9 60.1 67.4 54.3 3.0 10.2 32.1
Ethane 3.6 14.8 16.8 16.
Propane 1.2 13.4 15.8 16.2
Butanes plusa 1.3 4.2  7.4
Ethene      6.1 3.5
Benzene      2.8 0.5
Hydrogen     14.0 40.5 46.5
Nitrogen  7.5  5.8 50.9 2.9 8.1
Oxygen     0.6 0.5 0.8
Carbon monoxide     27.0 34.0 6.3
Carbon dioxide     4.5 3.0 2.2

aThis includes butane and all heavier hydrocarbons.
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 A convenient way of describing the condition of 
atmospheric air is to defi ne four temperatures: dry-bulb, 
wet-bulb, dew-point, and adiabatic saturation tempera-
tures. The dry-bulb temperature is simply that tempera-
ture which would be measured by any of several types 
of ordinary thermometers placed in atmospheric air.
 The dew-point temperature (point 2 on Figure 
I.3) is the saturation temperature of the water vapor at 
its existing partial pressure. In physical terms it is the 
mixture temperature where water vapor would begin to 
condense if cooled at constant pressure. If the relative 
humidity is 100% the dew-point and dry-bulb tempera-
tures are identical.
 In atmospheric air with relative humidity less 
than 100%, the water vapor exists at a pressure lower 
than saturation pressure. Therefore, if the air is placed 
in contact with liquid water, some of the water would 
be evaporated into the mixture and the vapor pressure 
would be increased. If this evaporation were done in an 
insulated container, the air temperature would decrease, 
since part of the energy to vaporize the water must come 
from the sensible energy in the air. If the air is brought 
to the saturated condition, it is at the adiabatic satura-
tion temperature.
 A psychrometric chart is a plot of the properties of 
atmospheric air at a fi xed total pressure, usually 14.7 psia. 
The chart can be used to quickly determine the properties 
of atmospheric air in terms of two independent proper-
ties, for example, dry-bulb temperature and relative hu-
midity. Also, certain types of processes can be described 
on the chart. Appendix II contains a psychrometric chart 
for 14.7-psia atmospheric air. Psychrometric charts can 
also be constructed for pressures other than 14.7 psia.

I.3 HEAT TRANSFER

 Heat transfer is the branch of engineering science 
that deals with the prediction of energy transport caused 

by temperature differences. Generally, the fi eld is broken 
down into three basic categories: conduction, convec-
tion, and radiation heat transfer.
 Conduction is characterized by energy transfer by 
internal microscopic motion such as lattice vibration and 
electron movement. Conduction will occur in any region 
where mass is contained and across which a tempera-
ture difference exists.
 Convection is characterized by motion of a fl uid 
region. In general, the effect of the convective motion is 
to augment the conductive effect caused by the existing 
temperature difference.
 Radiation is an electromagnetic wave transport 
phenomenon and requires no medium for transport. In 
fact, radiative transport is generally more effective in a 
vacuum, since there is attenuation in a medium.

I.3.1 Conduction Heat Transfer
The basic tenet of conduction is called Fourier’s 

law,

Q = – kA dT
dx

The heat fl ux is dependent upon the area across which 
energy fl ows and the temperature gradient at that plane. 
The coeffi cient of proportionality is a material property, 
called thermal conductivity k. This relationship always 
applies, both for steady and transient cases. If the gradi-
ent can be found at any point and time, the heat fl ux 
density, Q/A, can be calculated.

 Conduction Equation. The control volume ap-
proach from thermodynamics can be applied to give an 
energy balance which we call the conduction equation. 
For brevity we omit the details of this development; see 
Refs. 2 and 3 for these derivations. The result is

G + K∇2T = – ρC T
τ (I.4)

This equation gives the temperature distribution in 
space and time, G is a heat-generation term, caused 
by chemical, electrical, or nuclear effects in the control 
volume. Equation I.4 can be written

∇2T + G
K = ρC

k
T
τ

The ratio k/ C is also a material property called thermal 
diffusivity u. Appendix II gives thermophysical proper-
ties of many common engineering materials.
 For steady, one-dimensional conduction with no 
heat generation,

Fig. I.3 Behavior of water in air: = P1/P3; T2 = dew 
point.

s

T

P3 P1

3

1
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D2T
dx2 = 0

This will give T = ax + b, a simple linear relationship 
between temperature and distance. Then the application 
of Fourier’s law gives

Q = kAT
x

a simple expression for heat transfer across the x dis-
tance. If we apply this concept to insulation for example, 
we get the concept of the R value. R is just the resistance 
to conduction heat transfer per inch of insulation thick-
ness (i.e., R = 1/k).

 Multilayered, One-Dimensional Systems. In 
practical applications, there are many systems that can 
be treated as one-dimensional, but they are composed 
of layers of materials with different conductivities. For 
example, building walls and pipes with outer insulation 
fi t this category. This leads to the concept of overall 
heat-transfer coeffi cient, U. This concept is based on the 
defi nition of a convective heat-transfer coeffi cient,

Q = hA T

This is a simplifi ed way of handling convection at a 
boundary between solid and fl uid regions. The heat-
transfer coeffi cient h represents the infl uence of fl ow 
conditions, geometry, and thermophysical properties on 
the heat transfer at a solid-fl uid boundary. Further dis-
cussion of the concept of the h factor will be presented 
later.
 Figure I.4 represents a typical one-dimensional, 
multilayered application. We define an overall heat-
transfer coeffi cient U as

Q = UA (Ti – To)

We fi nd that the expression for U must be

U = 1
1
h 1

+
x1
k 1

+
x2
k 2

+
x3
k 3

+ 1
h 0

This expression results from the application of the 
conduction equation across the wall components and 
the convection equation at the wall boundaries. Then, 
by noting that in steady state each expression for heat 
must be equal, we can write the expression for U, which 
contains both convection and conduction effects. The U
factor is extremely useful to engineers and architects in 
a wide variety of applications.

 The U factor for a multilayered tube with convec-
tion at the inside and outside surfaces can be developed 
in the same manner as for the plane wall. The result is

U = 1

1
h 0

+
r0ln r j + 1/r j

k j
ΣΣ
j

+
1r0
h iri

where ri and ro are inside and outside radii.

Caution: The value of U depends upon which radius you 
choose (i.e., the inner or outer surface).
 If the inner surface were chosen, we would get

U = 1
1ri

h 0r0
+

riln r j + 1/r j

k j
ΣΣ
j

+ 1
h i

However, there is no difference in heat-transfer rate; 
that is,

Qo = UiAiToverall = UoAoToverall

so it is apparent that

UiAi = UoAo

for cylindrical systems.

 Finned Surfaces. Many heat-exchange surfaces 
experience inadequate heat transfer because of low 
heat-transfer coeffi cients between the surface and the 
adjacent fl uid. A remedy for this is to add material to 
the surface. The added material in some cases resembles 
a fi sh “fi n,” thereby giving rise to the expression “a 
fi nned surface.” The performance of fi ns and arrays of 
fi ns is an important item in the analysis of many heat-ex-
change devices. Figure I.5 shows some possible shapes 
for fi ns.

Fig. I.4 Multilayered wall with convection at the inner 
and outer surfaces.
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 The analysis of fi ns is based on a simple energy 
balance between one-dimensional conduction down 
the length of the fi n and the heat convected from the 
exposed surface to the surrounding fluid. The basic 
equation that applies to most fi ns is

d2   1dA d h 1 dS
 —— + ———— –   ———   = 0 (I.5) 

dx2  A dx dx k A dx

when  is (T – T ), the temperature difference between 
fi n and fl uid at any point; A is the cross-sectional area 
of the fi n; S is the exposed area; and x is the distance 
along the fi n. Chapman2 gives an excellent discussion 
of the development of this equation.
 The application of equation I.5 to the myriad of 
possible fi n shapes could consume a volume in itself. 
Several shapes are relatively easy to analyze; for ex-
ample, fi ns of uniform cross section and annular fi ns can 
be treated so that the temperature distribution in the fi n 
and the heat rate from the fi n can be written. Of more 
utility, especially for fi n arrays, are the concepts of fi n 
effi ciency and fi n surface effectiveness (see Holman3).
 Fin effi ciency ƒ is defi ned as the ratio of actual 
heat loss from the fi n to the ideal heat loss that would 
occur if the fi n were isothermal at the base temperature. 
Using this concept, we could write

Qfin = A fin
h Tb – TÜ η f

ƒ is the factor that is required for each case. Figure I.6 
shows the fi n effi ciency for several cases.

 Surface effectiveness K is defi ned as the actual heat 
transfer from a fi nned surface to that which would occur 
if the surface were isothermal at the base temperature. 
Taking advantage of fi n effi ciency, we can write

  (A – Af)h 0 + fAf 0
K = —————————— (I.6)

Ah 0

Equation I.6 reduces to

Af
K = 1 —— (1 – f)

A

which is a function only of geometry and single fi n ef-
fi ciency. To get the heat rate from a fi n array, we write

Qarray = Kh (Tb – T ) A

where A is the total area exposed.

 Transient Conduction. Heating and cooling prob-
lems involve the solution of the time-dependent conduc-
tion equation. Most problems of industrial signifi cance 
occur when a body at a known initial temperature is 
suddenly exposed to a fl uid at a different temperature. 
The temperature behavior for such unsteady problems 
can be characterized by two dimensionless quantities, 
the Biot number, Bi = hL/k, and the Fourier modulus, 
Fo = /L2. The Biot number is a measure of the ef-
fectiveness of conduction within the body. The Fourier 
modulus is simply a dimensionless time.
 If Bi is a small, say Bi  0.1, the body undergoing 
the temperature change can be assumed to be at a uni-
form temperature at any time. For this case,

T – Tf

Ti – Tf
= exp – hA

ρCV
τ

where Tƒ and Ti are the fl uid temperature and initial 
body temperature, respectively. The term ( CV/hA) takes
on the characteristics of a time constant.
 If Bi  0.1, the conduction equation must be solved 
in terms of position and time. Heisler4 solved the equa-
tion for infi nite slabs, infi nite cylinders, and spheres. For 
convenience he plotted the results so that the tempera-
ture at any point within the body and the amount of 
heat transferred can be quickly found in terms of Bi and 
Fo. Figures I.7 to I.10 show the Heisler charts for slabs 
and cylinders. These can be used if h and the properties 
of the material are constant.

Fig. I.5 Fins of various shapes. (a) Rectangular, (b) Trap-
ezoidal, (c) Arbitrary profi le, (d ) Circumferential.
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I.3.2 Convection Heat Transfer
Convective heat transfer is considerably more com-

plicated than conduction because motion of the medium 
is involved. In contrast to conduction, where many geo-
metrical confi gurations can be solved analytically, there 
are only limited cases where theory alone will give 
convective heat-transfer relationships. Consequently, 
convection is largely what we call a semi-empirical sci-
ence. That is, actual equations for heat transfer are based 
strongly on the results of experimentation.
 Convection Modes. Convection can be split into 
several subcategories. For example, forced convection 
refers to the case where the velocity of the fl uid is com-
pletely independent of the temperature of the fl uid. On 
the other hand, natural (or free) convection occurs when 
the temperature fi eld actually causes the fl uid motion 
through buoyancy effects.
 We can further separate convection by 
geometry into external and internal fl ows. Inter-
nal refers to channel, duct, and pipe fl ow and 
external refers to unbounded fl uid fl ow cases. 
There are other specialized forms of convection, 
for example the change-of-phase phenomena: 
boiling, condensation, melting, freezing, and so 
on. Change-of-phase heat transfer is diffi cult to 
predict analytically. Tongs5 gives many of the 
correlations for boiling and two-phase fl ow.

 Dimensional Heat-Transfer Parameters. 
Because experimentation has been required to 
develop appropriate correlations for convective 
heat transfer, the use of generalized dimension-
less quantities in these correlations is preferred. 
In this way, the applicability of experimental 
data covers a wider range of conditions and fl u-
ids. Some of these parameters, which we gener-
ally call “numbers,” are given below:

hL
Nusselt number: Nu = ——

 k

where k is the fl uid conductivity and L is mea-
sured along the appropriate boundary between 
liquid and solid; the Nu is a nondimensional 
heat-transfer coeffi cient.

Lu
Reynolds number: Re = ——

defi ned in Section I.4: it controls the character 
of the fl ow

C
Prandtl number: Pr = ——

k

ratio of momentum transport to heat-transport charac-
teristics for a fl uid: it is important in all convective cases, 
and is a material property

g (T – T )L3
Grashof number: Gr = ——————

2

serves in natural convection the same role as Re in 
forced convection: that is, it controls the character of 
the fl ow

h
Stanton number: St = ———

uCp

Fig. I.6 (a) Effi ciencies of rectangular and triangular fi ns, (b) Ef-
fi ciencies of circumferential fi ns of rectangular profi le.
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also a nondimensional heat-transfer coeffi cient: it is very 
useful in pipe fl ow heat transfer.
 In general, we attempt to correlate data by using 
relationships between dimensionless numbers: for ex-
ample, in many convection cases, we could write Nu = 
Nu(Re, Pr) as a functional relationship. Then it is pos-
sible either from analysis, experimentation, or both, to 
write an equation that can be used for design calcula-
tions. These are generally called working formulas.

 Forced Convection Past Plane Surfaces. The aver-
age heat-transfer coeffi cient for a plate of length L may 
be calculated from

NuL = 0.664 (ReL)1/2(Pr)1/3

if the fl ow is laminar (i.e., if ReL  4,000). For this case 
the fl uid properties should be evaluated at the mean 
fi lm temperature Tm, which is simply the arithmetic 

Fig. I.7 Midplane temperature for an infi nite plate of thickness 2L. (From Ref. 4.)

Fig. I.8 Axis temperature for an infi nite cylinder of radius ro. (From Ref. 4.)
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average of the fl uid and the surface temperature.
 For turbulent fl ow, there are several acceptable cor-
relations. Perhaps the most useful includes both laminar 
leading edge effects and turbulent effects. It is

Nu = 0.0036 (Pr)1/3 [(ReL)0.8 – 18.700]

where the transition Re is 4,000.

 Forced Convection Inside Cylindrical Pipes or 
Tubes. This particular type of convective heat trans-
fer is of special engineering signifi cance. Fluid fl ows 
through pipes, tubes, and ducts are very prevalent, both 
in laminar and turbulent fl ow situations. For example, 
most heat exchangers involve the cooling or heating of 
fl uids in tubes. Single pipes and/or tubes are also used 
to transport hot or cold liquids in industrial processes. 
Most of the formulas listed here are for the 0.5  Pr 
100 range.

 Laminar Flow. For the case where ReD < 2300, 
Nusselt showed that NuD = 3.66 for long tubes at a 
constant tube-wall temperature. For forced convection 
cases (laminar and turbulent) the fl uid properties are 
evaluated at the bulk temperature Tb. This temperature, 
also called the mixing-cup temperature, is defi ned by

Tb =
uTr dr

0

R

ur dr
0

R

if the properties of the fl ow are constant.
 Sieder and Tate developed the following more 
convenient empirical formula for short tubes:

NuD = 1.86 ReD
1/3 Pr 1/3 D

L
1/3 Ç
Ç s

0.14

The fl uid properties are to be evaluated at Tb  except for 
the quantity s, which is the dynamic viscosity evalu-
ated at the temperature of the wall.

 Turbulent Flow. McAdams suggests the empirical 
relation

NuD = 0.023 (PrD)0.8(Pr)n (I.7)

where n = 0.4 for heating and n = 0.3 for cooling. Equa-
tion I.7 applies as long as the difference between the 
pipe surface temperature and the bulk fl uid temperature 
is not greater than 10°F for liquids or 100°F for gases.
 For temperature differences greater then the limits 
specifi ed for equation I.7 or for fl uids more viscous than 
water, the following expression from Sieder and Tate 
will give better results:

NUD = 0.027 PrD
0.8 Pr 1/3 Ç

Ç s

0.14

Note that the McAdams equation requires only a knowl-
edge of the bulk temperature, whereas the Sieder-Tate 
expression also requires the wall temperature. Many 
people prefer equation I.7 for that reason.

Fig. I.9 Temperature as a function of center temperature 
in an infi nite plate of thickness 2L. (From Ref. 4.) Fig. I.10 Temperature as a function of axis temperature in 

an infi nite cylinder of radius ro. (From Ref. 4.)
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 Nusselt found that short tubes could be repre-
sented by the expression

NuD = 0.036 PeD
0.8 Pr 1/3 Ç

Ç s

0.14 D
L

1/18

For noncircular ducts, the concept of equivalent diam-
eter can be employed, so that all the correlations for 
circular systems can be used.

 Forced Convection in Flow Normal to Single 
Tubes and Banks. This circumstance is encountered 
frequently, for example air fl ow over a tube or pipe 
carrying hot or cold fl uid. Correlations of this phenom-
enon are called semi-empirical and take the form NuD
= C(ReD)m. Hilpert, for example, recommends the values 
given in Table I.8. These values have been in use for 
many years and are considered accurate.
 Flows across arrays of tubes (tube banks) may be 
even more prevalent than single tubes. Care must be 
exercised in selecting the appropriate expression for the 
tube bank. For example, a staggered array and an in-line 
array could have considerably different heat-transfer 
characteristics. Kays and London6 have documented 
many of these cases for heat-exchanger applications. For 
a general estimate of order-of-magnitude heat-transfer 
coeffi cients, Colburn’s equation

NuD = 0.33 (ReD)0.6 (Pr)1/3

is acceptable.

 Free Convection Around Plates and Cylinders. 
In free convection phenomena, the basic relationships 
take on the functional form Nu = ƒ(Gr, Pr). The Grashof 
number replaces the Reynolds number as the driving 
function for fl ow.
 In all free convection correlations it is customary to 
evaluate the fl uid properties at the mean fi lm tempera-
ture Tm, except for the coeffi cient of volume expansion 

, which is normally evaluated at the temperature of the 
undisturbed fl uid far removed from the surface—name-
ly, Tƒ. Unless otherwise noted, this convention should be 
used in the application of all relations quoted here.
 Table I.9 gives the recommended constants and ex-
ponents for correlations of natural convection for vertical 
plates and horizontal cylinders of the form Nu = C • Ram.
The product Gr • Pr is called the Rayleigh number (Ra) 
and is clearly a dimensionless quantity associated with 
any specifi c free convective situation.

I.3.3 Radiation Heat Transfer
Radiation heat transfer is the most mathematically 

complicated type of heat transfer. This is caused pri-
marily by the electromagnetic wave nature of thermal 
radiation. However, in certain applications, primarily 
high-temperature, radiation is the dominant mode of 
heat transfer. So it is imperative that a basic understand-
ing of radiative heat transport be available. Heat transfer 
in boiler and fi red-heater enclosures is highly dependent 
upon the radiative characteristics of the surface and the 
hot combustion gases. It is known that for a body radiat-
ing to its surroundings, the heat rate is

Q = εσA T 4 – Ts
4

where  is the emissivity of the surface,  is the Stefan-
Boltzmann constant,  = 0.1713 × 10– 8 Btu/hr ft2 • R4.
Temperature must be in absolute units, R or K. If  = 1 
for a surface, it is called a “blackbody,” a perfect emit-
ter of thermal energy. Radiative properties of various 
surfaces are given in Appendix II. In many cases, the 
heat exchange between bodies when all the radiation 
emitted by one does not strike the other is of interest. 
In this case we employ a shape factor Fij to modify the 
basic transport equation. For two blackbodies we would 
write

Q12 = F12σA T1
4 – T2

4

Table I.8 Values of C and m for Hilpert’s Equation

 Range of NReD C m

 1-4 0.891 0.330
 4-40 0.821 0.385
 40-4000 0.615 0.466
 4000-40,000 0.175 0.618
 40,000-250,000 0.0239 0.805

Table I.9 Constants and Exponents
for Natural Convection Correlations

 Vertical Platea Horizontal Cylindersb

 Ra c m c m

104 < Ra < 109 0.59 1/4 0.525 1/4
109 < Ra < 1012 0.129 1/3 0.129 1/3

aNu and Ra based on vertical height L.
bNu and Ra based on diameter D.



830 ENERGY MANAGEMENT HANDBOOK

for the heat transport from body 1 to body 2. Figures 
I.11 to I.14 show the shape factors for some commonly 
encountered cases. Note that the shape factor is a func-
tion of geometry only.
 Gaseous radiation that occurs in luminous com-
bustion zones is diffi cult to treat theoretically. It is too 
complex to be treated here and the interested reader is 
referred to Siegel and Howell7 for a detailed discussion.

I.4 FLUID MECHANICS

 In industrial processes we deal with materials that 
can be made to fl ow in a conduit of some sort. The laws 
that govern the fl ow of materials form the science that 
is called fl uid mechanics. The behavior of the fl owing 
fl uid controls pressure drop (pumping power), mixing 
effi ciency, and in some cases the effi ciency of heat trans-
fer. So it is an integral portion of an energy conservation 
program.

I.4.1 Fluid Dynamics
When a fl uid is caused to fl ow, certain governing 

laws must be used. For example, mass fl ows in and out 
of control volumes must always be balanced. In other 
words, conservation of mass must be satisfi ed.
 In its most basic form the continuity equation 
(conservation of mass) is

 c.s. c.v.

In words, this is simply a balance between mass enter-
ing and leaving a control volume and the rate of mass 
storage. The (υ•n) terms are integrated over the control 
surface, whereas the dV term is dependent upon an 
integration over the control volume.
 For a steady fl ow in a constant-area duct, the con-
tinuity equation simplifi es to

m = ρ fΑ cu = constant

That is, the mass fl ow rate m is constant and is equal to 
the product of the fl uid density ƒ, the duct cross section 
Ac, and the average fl uid velocity u.
 If the fl uid is compressible and the fl ow is steady, 
one gets

m
ρ f

= constant = uΑ c uΑ c 2

where 1 and 2 refer to different points in a variable 
area duct.

I.4.2 First Law—Fluid Dynamics
 The fi rst law of thermodynamics can be directly 
applied to fl uid dynamical systems, such as duct fl ows. 
If there is no heat transfer or chemical reaction and if the 
internal energy of the fl uid stream remains unchanged, 
the fi rst law is

Vi
2 _ Ve

2

2gc
+

zi – ze
gc

g +
pi – pe
ρ + wp – w f = 0

 (I.8)

Fig. I.11 Radiation shape factor for perpendicular rectangles with a common edge.

ÌÌ ÌÌÌρ υ [•n dA +
t

ρ dV = 0
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In the English system, horsepower is

hp = m
lb m
sec wp =

ft • lb f
lb m

×
1 hp – sec
500 ft – lb

=
mwp

550

Referring back to equation I.8, the most diffi cult term to 
determine is usually the frictional work term wƒ. This is 
a term that depends upon the fl uid viscosity, the fl ow 
conditions, and the duct geometry. For simplicity, wƒ is 
generally represented as

pf
 wf = ——

when pƒ is the frictional pressure drop in the duct. 
Further, we say that

p f
ρ =

2 f u2L
gc

D

in a duct of length L and diameter D. The friction factor 
ƒ is a convenient way to represent the differing infl uence 
of laminar and turbulent fl ows on the friction pressure 
drop.

Fig. I.13 Radiation shape factor for concentric cylinders 
of fi nite length.

Fig. I.14 Radiation shape factor for parallel, directly 
opposed rectangles.

where the subscripts i and e refer to inlet and exit condi-
tions and wp and wƒare pump work and work required 
to overcome friction in the duct. Figure I.15 shows sche-
matically a system illustrating this equation.

 Any term in equation I.8 can be converted to a rate 
expression by simply multiplying by , the mass fl ow 
rate. Take, for example, the pump horsepower,

W
energy

time = mwp
mass
time

energy
mass

Fig. I.12 Radiation shape factor for parallel, concentric 
disks.

Fig. I.15 The fi rst law applied to adiabatic fl ow system.
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 The character of the fl ow is deter-
mined through the Reynolds number, 
Re = uD/ , where  is the viscosity of 
the fl uid. This nondimensional group-
ing represents the ratio of dynamic to 
viscous forces acting on the fl uid.
 Experiments have shown that if Re 

 2300, the fl ow is laminar. For larger Re 
the fl ow is turbulent. Figure I.16 shows 
how the friction factor depends upon 
the Re of the fl ow. Note that for laminar 
fl ow the ƒ vs. Re curve is single-valued 
and is simply equal to 16/Re. In the 
turbulent regime, the wall roughness e
can affect the friction factor because of 
its effect on the velocity profi le near the 
duct surface.
 If a duct is not circular, the equiva-
lent diameter De can be used so that all 
the relationships developed for circular 
systems can still be used. De is defi ned as

4Ac
 De = ——

P

P is the “wetted” perimeter, that part of the fl ow cross 
section that touches the duct surfaces. For a circular 
system De = 4( D2/4 D) = D, as it should. For an an-
nular duct, we get

De =
ÉDo

2 ⁄ 4 – ÉDi
2 ⁄ 4 4

ÉDo + ÉDi
=
É Do + Di Do + Di

ÉDo + ÉDi

= Do + Di

 Pressure Drop in Ducts. In practical applications, 
the essential need is to predict pressure drops in piping 
and duct networks. The friction factor approach is ad-
equate for straight runs of constant area ducts. But valves 
nozzles, elbows, and many other types of fi ttings are nec-
essarily included in a network. This can be accounted for 
by defi ning an equivalent length Le for the fi tting. Table 
I.10 shows Le/D values for many different fi ttings.

 Pressure Drop across Tube Banks. Another com-
monly encountered application of fl uid dynamics is the 
pressure drop caused by transverse fl ow across arrays 
of heat-transfer tubes. One technique to calculate this 
effect is to fi nd the velocity head loss through the tube 
bank:

Nv = ƒNFd

where ƒ is the friction factor for the tubes (a function 
of the Re), N the number of tube rows crossed by the 
fl ow, and Fd is the “depth factor.” Figures I.17 and I.18 
show the ƒ factor and Fd relationship that can be used in 
pressure-drop calculations. If the fl uid is air, the pressure 
drop can be calculated by the equation

p = N 30
B

T
1.73 × 105

G
103

2

where B is the atmospheric pressure (in. Hg), T is tem-
perature (°R), and G is the mass velocity (lbm/ft2 hr).

Bernoulli’s Equation. There are some cases where the 
equation

p  u2
 — + — + gz = constant

  2

which is called Bernoulli’s equation, is useful. Strictly 
speaking, this equation applies for inviscid, incompress-
ible, steady fl ow along a streamline. However, even in 
pipe fl ow where the fl ow is viscous, the equation can 
be applied because of the confi ned nature of the fl ow. 
That is, the fl ow is forced to behave in a streamlined 
manner. Note that the first law equation (I.8) yields 
Bernoulli’s equation if the friction drop exactly equals 
the pump work.

I.4.3 Fluid-Handling Equipment
For industrial processes, another prime applica-

tion of fl uid dynamics lies in fl uid-handling equipment. 

Fig. I.16 Friction factors for straight pipes.
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Pumps, compressors, fans, and blowers are extensively 
used to move gases and liquids through the process 
network and over heat-exchanger surfaces. The general 
constraint in equipment selection is a matching of fl uid 
handler capacity to pressure drop in the circuit con-
nected to the fl uid handler.
 Pumps are used to transport liquids, whereas 
compressors, fans, and blowers apply to gases. There 
are features of performance common to all of them. For 
purposes of illustration, a centrifugal pump will be used 
to discuss performance characteristics.

 Centrifugal Machines. Centrifugal machines op-
erate on the principle of centrifugal acceleration of a 
fl uid element in a rotating impeller/housing system to 
achieve a pressure gain and circulation.
 The characteristics that are important are fl ow rate 
(capacity), head, effi ciency, and durability. Qƒ (capac-
ity), hp (head), and p (effi ciency) are related quantities, 
dependent basically on the fl uid behavior in the pump 
and the fl ow circuit. Durability is related to the wear, 
corrosion, and other factors that bear on a pump’s reli-
ability and lifetime.
 Figure I.19 shows the relation between fl ow rate 
and related characteristics for a centrifugal pump at con-
stant speed. Graphs of this type are called performance 
curves; fhp and bhp are fl uid and brake horsepower, re-
spectively. The primary design constraint is a matching 

Table I.10 Le/D for Screwed Fittings, Turbulent
Flow Onlya

—————————————————————————
Fitting Le/D
—————————————————————————
45° elbow 15
90° elbow, standard radius 31
90° elbow, medium radius 26
90° elbow, long sweep 20
90° square elbow 65
180° close return bend 75
Swing check valve, open 77
Tee (as el, entering run) 65
Tee (as el, entering branch) 90
Couplings, unions Negligible
Gate valve, open 7
Gate valve, 1/4 closed 40
Gate valve, 1/2 closed 190
Gate valve, 3/4 closed 840
Globe valve, open 340
Angle valve, open 170
—————————————————————————
aCalculated from Crane Co. Tech. Paper 409, May 1942.

Fig. I.17 Depth factor for number of tube rows crossed 
in convection banks.

Fig. I.18 Friction factor ƒ as affected by Reynolds number 
for various in-line tube patterns, crossfl ow gas or air, do,
tube diameter; l , gap distance perpendicular to the fl ow; 
l||, gap distance parallel to the fl ow.
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Qf ghp fhp = ————
  550gc

  Qf ghp550gc  fhp
pp = —————— = ——

  bhp  bhp

system effi ciency s = p × m (motor effi ciency)

It is important to select the motor and pump so that 
at nominal operating conditions, the pump and motor 
operate at near their maximum effi ciency.
 For systems where two or more pumps are pres-
ent, the following rules are helpful. To analyze pumps 
in parallel, add capacities at the same head. For pumps 
in series, simply add heads at the same capacity.
 There is one notable difference between blowers 
and pump performance. This is shown in Figure I.20. 
Note that the bhp continues to increase as permissible 
head goes to zero, in contrast to the pump curve when 
bhp approaches zero. This is because the kinetic energy 
imparted to the fl uid at high fl ow rates is quite signifi -
cant for blowers.
 Manufactures of fl uid-handling equipment provide 
excellent performance data for all types of equipment. 
Anyone considering replacement or a new installation 
should take full advantage of these data.
 Fluid-handling equipment that operates on a prin-
ciple other than centrifugal does not follow the centrifu-
gal scaling laws. Evans8 gives a thorough treatment of 
most types of equipment that would be encountered in 
industrial application.

of fl ow rate to head. Note that as the fl ow-rate require-
ment is increased, the allowable head must be reduced 
if other pump parameters are unchanged.
 Analysis and experience has shown that there are 
scaling laws for centrifugal pump performance that give 
the trends for a change in certain performance param-
eters. Basically, they are:

Effi ciency:

η p = ƒ1
Q f

D3n

Dimensionless head:

h pg

D2n2
= f 2 Q f

D3n

Dimensionless brake horsepower: 

bhp • g

γD2n3
= f 3 Q f

D3n

where D is the impeller diameter, n is the rotary impel-
ler speed, g is gravity, and  is the specifi c weight of 
fl uid.

 The basic relationships yield specifi c proportionali-

ties such as Qƒ n (rpm), hp  n2, fhp  n3, Q f ∝
1

D2
,

h p ∝
1

D4, and fhp ∝
1

D4.

 For pumps, density variations are generally negli-
gible since liquids are incompressible. But for gas-han-
dling equipment, density changes are very important. 
The scaling laws will give the following rules for chang-
ing density:

 hp

 fhp  (Qf, n constant)

n
fhp
Q f

∝ ρ !– 1/2

 (hp constant

n
Q f

h p

∝ 1
ρ

 (m constant)

  1
 fhp  ——

2

For centrifugal pumps, the following equations hold:

Fig. I.19 Performance curve for a centrifugal pump.
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SYMBOLS

Thermodynamics
AF air/fuel ratio
Cp constant-pressure specifi c heat
Cv constant-volume specifi c heat
Cp0 zero-pressure constant-pressure specifi c heat
Cv0 zero-pressure constant-volume specufi c heat
e, E specifi c energy and total energy
g acceleration due to gravity
g, G specifi c Gibbs function and total Gibbs func-

tion
ge a constant that relates force, mass, length, and 

time
h, H specifi c enthalpy and total enthalpy
k specifi c heat ratio: Cp/Cv

K.E. kinetic energy
lbf pound force
lbm pound mass
lb mol pound mole
m mass
m mass rate of fl ow
M molecular weight
n number of moles
n polytropic exponent
P pressure
Pi partial pressure of component i in a mixture
P.E. potential energy
Pr relative pressure as used in gas tables
q, Q heat transfer per unit mass and total heat 

transfer
Q rate of heat transfer
QH, QL heat transfer from high- and low-temperature 

bodies
R gas constant
R universal gas constant
s, S specifi c entropy and total entropy
t time
T temperature
u, U specific internal energy and total internal 

energy
v, V specifi c volume and total volume
V velocity
Vr relative velocity
w, W work per unit mass and total work
W rate of work, or power
wrev reversible work between two states assuming 

heat transfer with surroundings
x mass fraction
Z elevation
Z compressibility factor

Greek Letters
 coeffi cient of performance for a refrigerator
' coeffi cient of performance for a heat pump
 effi ciency
 density
 relative humidity
 humidity ratio or specifi c humidity

Subscripts
c property at the critical point
c.v. control volume
e state of a substance leaving a control vol-

ume
ƒ formation
ƒ property of saturated liquid
ƒg difference in property for saturated vapor 

Fig. I.20 Variation of head and bhp with fl ow rate for a 
typical blower at constant speed.
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and saturated liquid
g property of saturated vapor
r reduced property
s isentropic process

Superscripts
- bar over symbol denotes property on a molal 

basis (over V, H, S, U, A, G, the bar denotes 
partial molal property)

° property at standard-state condition
* ideal gas
L liquid phase
S solid phase
V vapor phase

Heat Transfer—Fluid Flow
A surface area
Am profi le area for a fi n
Bi Biot number, (hL/k)
cp specifi c heat at constant pressure
c specifi c heat
D diameter
De hydraulic diameter
Fi-j shape factor of area i with respect to area j
ƒ friction factor
Gr Grashof number, g βÄTL c

3/υ2

g acceleration due to gravity
gc gravitational constant
h convective heat-transfer coeffi cient
k thermal conductivity
m mass
m mass rate of fl ow
N number of rows
Nu Nusselt number, hL/k
Pr Prandtl number, Cp/k
p pressure
Q volumetric fl ow rate
Q rate of heat fl ow
Ra Rayleigh number, g βÄTL c

3/υ ∝

Re Reynolds number, uav Lc/
r radius
St Stanton number, h/Cp u
T temperature
U overall heat-transfer coeffi cient
u velocity
ux free-stream velocity
V volume
V velocity
W rate of work done

Greek Symbols
 thermal diffusivity
 coeffi cient of thermal expansion
 difference, change
 surface emissivity

f fi n effectiveness
 viscosity

v kinematic viscosity
 density
 Stefan-Boltzmann constant
 time

Subscripts
b bulk conditions
cr critical condition
c convection
cond conduction
conv convection
e entrance, effective
ƒ fi n, fl uid
i inlet conditions
o exterior condition
0 centerline conditions in a tube at r = 0
o outlet condition
p pipe, pump
s surface condition

 free-stream condition
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CONVERSION FACTORS AND PROPERTY TABLES
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Table II.1 Conversion Factors

To Obtain: Multiply: By:

Acres Sq miles 640.0
Atmospheres Cm of Hg @ 0 deg C 0.013158
Atmospheres Ft of H2O @ 39.2 F. 0.029499
Atmospheres Grams/sq cm 0.00096784
Atmospheres In. Hg @ 32 F 0.033421
Atmospheres In. H2O @ 39.2 F 0.0024583
Atmospheres Pounds/sq ft 0.00047254
Atmospheres Pounds/sq in. 0.068046
Btu Ft-lb 0.0012854
Btu Hp-hr 2545.1
Btu Kg-cal. 3.9685
Btu kW-hr 3413
Btu Watt-hr 3.4130
Btu/(cu ft) (hr) kW/liter 96,650.6
Btu/hr Mech. hp 2545.1
Btu/hr kW 3413
Btu/hr Tons of refrigeration 12,000
Btu/hr Watts 3.4127
Btu/kW hr Kg cal/kW hr 3.9685
Btu/(hr) (ft) (deg F) Cal/(sec) (cm) (deg C) 241.90
Btu/(hr) (ft) (deg F) Joules/(sec) (cm) (deg C) 57.803
Btu/(hr) (ft) (deg F) Watts/(cm) (deg C) 57.803
Btu/(hr) (sq ft) Cal/(sec) (sq cm) 13,273.0
Btu/min Ft-lb/min 0.0012854
Btu/min Mech. hp 42.418
Btu/min kW 56.896
Btu/lb Cal/gram 1.8
Btu/lb Kg cal/kg 1.8
Btu/(lb) (deg F) Cal/(gram) (deg C) 1.0
Btu/(lb) (deg F) Joules/(gram) (deg C) 0.23889
Btu/sec Mech. hp 0.70696
Btu/sec Mech. hp (metric) 0.6971
Btu/sec Kg-cal/hr 0.0011024
Btu/sec kW 0.94827
Btu/sq ft Kg-cal/sq meter 0.36867

837
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Table II.1 Continued
To Obtain: Multiply: By:

Calories Ft-lb 0.32389
Calories Joules 0.23889
Calories Watt-hr 860.01
Cal/(cu cm) (sec) kW/liter 0.23888
Cal/gram Btu/lb 0.55556
Cal/(gram) (deg C) Btu/(lb) (deg F) 1.0
Cal/(sec) (cm) (deg C) Btu/(hr) (ft) (deg F) 0.0041336
Cal/(sec) (sq cm) Btu/(hr) (sq ft) 0.000075341
Cal/(sec) (sq cm) (deg C) Btu/(hr) (sq ft) (deg F) 0.0001355
Centimeters Inches 2.540
Centimeters Microns 0.0001
Centimeters Mils 0.002540
Cm of Hg @ 0 deg C Atmospheres 76.0
Cm of Hg @ 0 deg C Ft of H2O @ 39.2 F 2.242
Cm of Hg @ 0 deg C Grams/sq cm 0.07356
Cm of Hg @ 0 deg C In. of H2O @ 4 C 0.1868
Cm of Hg @ 0 deg C Lb/sq in. 5.1715
Cm of Hg @ 0 deg C Lb/sq ft 0.035913
Cm/deg C In./deg F 4.5720
Cm/sec Ft/min 0.508
Cm/sec Ft/sec 30.48
Cm/(sec) (sec) Gravity 980.665
Cm of H2O @39.2 F Atmospheres 1033.24
Cm of H2O @39.2 F Lb/sq in. 70.31
Centipoises Centistokes Density
Centistokes Centipoises l/density
Cu cm Cu ft 28,317
Cu cm Cu in. 16.387
Cu cm Gal. (USA, liq.) 3785.43
Cu cm Liters 1000 03
Cu cm Ounces (USA, liq.) 29.573730
Cu cm Quarts (USA, liq.) 946.358
Cu cm/sec Cu ft/min 472.0
Cu ft Cords (wood) 128.0
Cu ft Cu meters 35.314
Cu ft Cu yards 27.0
Cu ft Gal. (USA, liq.) 0.13368
Cu ft Liters 0.03532
Cu ft/min Cu meters/sec 2118.9
Cu ft/min Gal. (USA, liq./sec) 8.0192
Cu ft/lb Cu meters/kg 16.02
Cu ft/lb Liters/kg 0.01602
Cu ft/sec Cu meters/min 0.5886
Cu ft/sec Gal. (USA, liq.)/min 0.0022280
Cu ft/sec Liters/min 0.0005886
Cu in. Cu centimeters 0.061023
Cu in. Gal. (USA, liq.) 231.0
Cu in. Liters 61.03
Cu in. Ounces (USA. liq.) 1.805
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Table II.1 Continued
To Obtain: Multiply: By:

Cu meters Cu ft 0.028317
Cu meters Cu yards 0.7646
Cu meters Gal. (USA. liq.) 0.0037854
Cu meters Liters 0.001000028
Cu meters/hr Gal./min 0.22712
Cu meters/kg Cu ft/lb 0.062428
Cu meters/min Cu ft/min 0.02832
Cu meters/min Gal./sec 0.22712
Cu meters/sec Gal./min 0.000063088
Cu yards Cu meters 1.3079
Dynes Grams 980.66
Dynes Pounds (avoir.) 444820.0
Dyne-centimeters Ft-lb 13 ,558,000
Dynes/sq cm Lb/sq in. 68947
Ergs Joules 10,000,000
Feet Meters 3.281
Ft of H2O @ 39.2 F Atmospheres 33.899
Ft of H2O @ 39.2 F Cm of Hg @ 0 deg C 0.44604
Ft of H2O @ 39.2 F In. of Hg @ 32 deg F 1.1330
Ft of H2O @ 39.2 F Lb/sq ft 0.016018
Ft of H2O @ 39.2 F Lb/sq in. 2.3066
Ft/min Cm/sec 1.9685
Ft/min Miles (USA. statute)/hr 88.0
Ft/sec Knots 1.6889
Ft/sec Meters/sec 3.2808
Ft/sec Miles (USA, statute)/hr 1.4667
Ft/(sec) (sec) Gravity (sea level) 32.174
Ft/(sec) (sec) Meters/(sec) (sec) 3.2808
Ft-lb Btu 778.0
Ft-lb Joules 0.73756
Ft-lb Kg-calories 3087.4
Ft-lb kW-hr 2,655,200
Ft-lb Mech. hp-hr 1,980,000
Ft-lb/min Btu/min 778.0
Ft-lb/min Kg cal/min 3087.4
Ft-lb/min kW 44,254.0
Ft-lb/min Mech. hp 33,000
Ft-lb/sec Btu/min 12.96
Ft-lb/sec kW 737.56
Ft-lb/sec Mech. hp 550.0
Gal. (Imperial, liq.) Gal. (USA. Liq.) 0.83268
Gal. (USA, liq.) Barrels (petroleum, USA) 42
Gal. (USA. liq.) Cu ft 7.4805
Gal. (USA. liq.) Cu meters 264.173
Gal. (USA, liq.) Cu yards 202.2
Gal. (USA. liq.) Gal. (Imperial, liq.) 1.2010
Gal. (USA. liq.) Liters 0.2642
Gal. (USA. liq.)/min Cu ft/sec 448.83
Gal. (USA, liq.)/min Cu meters/hr 4.4029
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Table II.1 Continued
To Obtain: Multiply: By:

Gal. (USA. liq.)/sec Cu ft/min 0.12468
Gal. (USA. liq.)/sec Liters/min 0.0044028
Grains Grams 15.432
Grains Ounces (avoir.) 437.5
Grains Pounds (avoir.) 7000
Grains/gal. (USA. liq.) Parts/million 0.0584
Grams Grains 0.0648
Grams Ounces (avoir.) 28.350
Grams Pounds (avoir.) 453.5924
Grams/cm Pounds/in. 178.579
Grams/(cm) (sec) Centipoises 0.01
Grams/cu cm Lb/cu ft 0 .016018
Grams/cu cm Lb/cu in. 27.680
Grams/cu cm Lb/gal. 0.119826
Gravity (at sea level) Ft/(sec) (sec) 0.03108
Inches Centimeters 0.3937
Inches Microns 0.00003937
Inches of Hg @ 32 F Atmospheres 29.921
Inches of Hg @ 32 F Ft of H2O @ 39.2 F 0.88265
Inches of Hg @ 32 F Lb/sq in. 2.0360
Inches of Hg @ 32 F In. of H2O @ 4 C 0.07355
Inches of H2O@ 4 C In. of Hg @ 32 F 13.60
Inches of H2O @ 39.2 F Lb/sq in. 27.673
Inches/deg F Cm/deg C 0.21872
Joules Btu 1054.8
Joules Calories 4.186
Joules Ft-lb 1.35582
Joules Kg-meters 9.807
Joules kW-hr 3,600,000
Joules Mech. hp-hr 2,684,500
Kg Pounds (avoir.) 0.45359
Kg-cal Btu 0.2520
Kg-cal Ft-lb 0.00032389
Kg-cal Joules 0.0002389
Kg-cal kW-hr 860.01
Kg-cal Mech. hp-hr 641.3
Kg-cal/kg Btu/lb 0.5556
Kg-cal/kW hr Btu/kW hr 0.2520
Kg-cal/min Ft-lb/min 0.0003239
Kg-cal/min kW 14,33
Kg-cal/min Mech. hp 10.70
Kg-cal/sq meter Btu/sq ft 2.712
Kg/cu meter Lb/cu ft 16.018
Kg/(hr) (meter) Centipoises 3.60
Kg/liter Lb/gal. (USA, liq.) 0.11983
Kg/meter Lbm 1.488
Kg/sq cm Atmospheres 1.0332
Kg sq cm Lb/sq in . 0.0703
Kg/sq meter Lb/sq ft 4.8824



CONVERSION FACTORS AND PROPERTY TABLES 841

Table II.1 Continued
To Obtain: Multiply: By:

Kg/sq meter Lb/sq in. 703.07
Km Miles (USA, statute) 1.6093
kW Btu/min 0.01758
kW Ft-lb/min 0.00002259
kW Ft-lb/sec 0.00135582
kW Kg-cal/hr 0.0011628
kW Kg-cal/min 0.069767
kW Mech. hp 0.7457
kW-hr Btu 0.000293
kW-hr Ft-lb 0.0000003766
kW-hr Kg-cal 0.0011628
kW-hr Mech. hp-hr 0.7457
Knots Ft/sec 0.5921
Knots Miles/hr 0.8684
Liters Cu ft 28 . 316
Liters Cu in. 0.01639
Liters Cu centimeters 999.973
Liters Gal. (Imperial. liq.) 4.546
Liters Gal. (USA, liq.) 3.78533
Liters/kg Cu ft/lb 62.42621
Liters/min Cu ft/sec 1699.3
Liters/min Gal. (USA. liq.)/min 3.785
Liters/sec Cu ft/min 0.47193
Liters/sec Gal./min 0.063088
Mech. hp Btu/hr 0.0003929
Mech. hp Btu/min 0.023575
Mech. hp Ft-lb/sec 0.0018182
Mech. hp Kg-cal/min 0.093557
Mech. hp kW 1.3410
Mech. hp-hr Btu 0.00039292
Mech. hp-hr Ft-lb 0.00000050505
Mech. hp-hr Kg-calories 0.0015593
Mech. hp-hr kW-hr 1.3410
Meters Feet 0.3048
Meters Inches 0.0254
Meters Miles (Int., nautical) 1852.0
Meters Miles (USA, statute) 1609.344
Meters/min Ft/min 0.3048
Meters/min Miles (USA. statute)/hr 26.82
Meters/sec Ft/sec 0.3048
Meters/sec Km/hr 0.2778
Meters/sec Knots 0.5148
Meters/sec Miles (USA, statute)/hr 0.44704
Meters/(sec) (sec) Ft/(sec) (sec) 0.3048
Microns Inches 25,400
Microns Mils 25.4
Miles (Int., nautical) Km 0.54
Miles (Int., nautical) Miles (USA, statute) 0.8690
Miles (Int., nautical)/hr Knots 1.0



842 ENERGY MANAGEMENT HANDBOOK

Table II.1 Continued
To Obtain: Multiply: By:

Miles (USA, statute) Km 0.6214
Miles (USA, statute) Meters 0.0006214
Miles (USA, statute) Miles (Int., nautical) 1.151
Miles (USA, statute)/hr Knots 1.151
Miles (USA, statute)/hr Ft/min 0.011364
Miles (USA, statute)/hr Ft/sec 0.68182
Miles (USA, statute)/hr Meters/min 0.03728
Miles (USA, statute)/hr Meters/sec 2.2369
Milliliters/gram Cu ft/lb 62.42621
Millimeters Microns 0.001
Mils Centimeters 393.7
Mils Inches 1000
Mils Microns 0.03937
Minutes Radians 3437.75
Ounces (avoir. ) Grains (avoir. ) 0.0022857
Ounces (avoir.) Grams 0.035274
Ounces (USA, liq.) Gal. (USA, liq.) 128.0
Parts/million Gr/gal. (USA, liq.) 17.118
Percent grade Ft/100 ft 1.0
Pounds (avoir.) Grains 0.0001429
Pounds (avoir.) Grams 0.0022046
Pounds (avoir.) Kg 2.2046
Pounds (avoir.) Tons, long 2240
Pounds (avoir.) Tons, metric 2204.6
Pounds (avoir.) Tons, short 2000
Pounds/cu ft Grams/cu cm 62.428
Pounds/cu ft Kg/cu meter 0.062428
Pounds/cu ft Pounds/gal. 7.48
Pounds/cu in . Grams/cu cm 0.036127
Pounds/ft Kg/meter 0.67197
Pounds/hr Kg/min 132.28
Pounds/(hr) (ft) Centipoises 2.42
Pounds/inch Grams/cm 0.0056
Pounds/(sec) (ft) Centipoises 0.000672
Pounds/sq inch Atmospheres 14.696
Pounds/sq inch Cm of Hg @ 0 deg C 0.19337
Pounds/sq inch Ft of H2O @ 39.2 F 0.43352
Pounds/sq inch In. Hg @ l 32 F 0.491
Pounds/sq inch In. H2O @ 39.2 F 0.0361
Pounds/sq inch Kg/sq cm 14 . 223
Pounds/sq inch Kg/sq meter 0.0014223
Pounds/gal. (USA, liq.) Kg/liter 8.3452
Pounds/gal. (USA, liq.) Pounds/cu ft 0.1337
Pounds/gal. (USA, liq.) Pounds/cu inch 231
Quarts (USA, liq.) Cu cm 0.0010567
Quarts (USA, liq.) Cu in. 0.01732
Quarts (USA, liq.) Liters 1.057
Sq centimeters Sq ft 929.0
Sq centimeters Sq inches 6.4516
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Table II.1 Continued
To Obtain: Multiply: By:

Sq ft Acres 43,560
Sq ft Sq meters 10.764
Sq inches Sq centimeters 0.155
Sq meters Acres 4046.9
Sq meters Sq ft 0.0929
Sq mlles (USA. statute) Acres 0.001562
Sq mils Sq cm 155.000
Sq mils Sq inches 1,000.000
Tons (metric ) Tons (short) 0.9072
Tons (short) Tons (metric) 1.1023
Watts Btu/sec 1054.8
Yards Meters 1.0936
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Table 11.2-1     Continued
————————————————————————————————————————————————————
 Abs. Specifi c Volume Enthalpy Entropy
 Press. Temp.   Sat. Sat.  Sat. Sat.  Sat. Temp.

p t Sat. Liquid Evap Vapor Liquid Evap Vapor Liquid Evap Vapor t
 (psi) (°F) vf vfx vx hf hfx hx sf sfx sf (°F)
————————————————————————————————————————————————————
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Source: Modifi ed and greatly reduced from J.H. Keenan and F.G. Keyes, Thermodynamic Properties of Steam, John 
Wiley & Sons Inc., New York, 1936; reproduced by permission of the publishers.

Mollier Diagram for Steam
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Table II.5-1, Continued
——————————————————————————————————————————————————————

Properties at 68°F k(Btu/hr-ft-.F)
——————————————————————————————————————————————————————

CP k  –148°F 32°F  212°F  392°F  572°F  752°F  1112°F  1472°F  1832°F  2192°F

Metal (lbm/ft3) (Btu/lbm•°F) (Btu/hr • ft • °F) (ft2/hr) –100°C 0°C 100°C 200°C 300°C 400°C 600°C 800°C 1000°C 1200°C
——————————————————————————————————————————————————————
Copper
 Pure  559 0.0915 223 4.353 235 223 219 216 — 210 204
  Aluminum bronze: 95 541 0.098 48 0.903
   Cu, 5 Al
  Bronze: 75 Cu. 25 Sn 541 0.082 15 0.333
  Red brass: 85 Cu. 9 Sn. 6 544 0.092 35 0.699 — 34 41
   Zn
  Brass: 70 Cu. 30 Zn 532 0.092 64 1.322 51 — 74 83 85 85

  German silver 62 Cu, 15 538 0.094 14.4 0.290 11.1 — 18 23 26 28
   Ni. 22 Zn
  Constantan: 60 Cu, 40 Ni 557 0.098 13.1 0.237 12 — 12.8 15
Magnesium
 Pure  109 0.242 99 3.762 103 99 97 94 91
  Mg-Al (electrolytic) 6-8% 113 0.24 38 1.397 — 30 36 43 48
   Al, 1-2% Zn
  Mg-Mn: 2% Mn 111 0.24 66 2.473 54 64 72 75
Molybdenum 638 0.060 79 2.074 80 79 79
Nickel
 Pure (99.9%) 556 0.1065 52 0.882 60 54 48 42 37 34
 Impure (99.2%) 556 0.106 40 0.677 — 40 37 34 32 30 32 36 39 40
 Ni-Cr: 90 Ni. 10 Cr 541 0.106 10 0.172 — 9.9 10.9 12.1 13.2 14.2
  80 Ni, 20 Cr 519 0.106 7.3 0.129 — 7.1 8.0 9.0 9.9 10.9 13.0

Silver
 Purest  657 0.0559 242 6.601 242 241 240 238
 Pure (99.9%) 657 0.0559 235 6.418 242 237 240 216 209 208
Tungsten   1208 0.0321 94 2.430 — 96 87 82 77 73. 65 44
Zinc. Pure  446 0.0918 64.8 1.591 66 65 63 61 58 54
Tin. pure  456 0.0541 37 1.505 43 38.1 34 33
——————————————————————————————————————————————————————
Source: From E.R.G. Eckert and R.M. Drake, Heat and Mass Transfer-, copyright 1959 McGraw-Hill; used with the permission of McGraw-Hill Book Com-
pany.

Table II.5-2 Thermal Properties of Some Nonmetals
——————————————————————————————————————————————————————

CP t k 
Substance (Btu/lbm • °F) lbm/°F3 (°F) (Btu/hr • ft2 • °F) (ft2/hr)
——————————————————————————————————————————————————————
Structural

Asphalt    68 0.43 a
 Bakelite 0.38 b 79.5 b 68 0.134 b 0.0044
 Bricks
  Common 0.20 d 100 d 68 0.40 a 0.02
  Face   128 d 68 0.76 a

  Carborundum brick   1110 10.7 a
  2550 6.4 a

  392 1.34 a 0.036
  Chrome brick 0.20 d 188 d 1022 1.43 a 0.038

  1652 1.15 a 0.031

  Diatomaceous earth   400 0.14 a
   (fired)     1600 0.18 a

  932 0.60 a 0.020
  Fire clay brick (burnt 0.23 d 128 d 1472 0.62 a 0.021
   2426 F)   2012 0.63 a 0.021

  Fire clay brick (burnt 912 0.74 a 0.022
   2642 F) 0.23 d 145 d 1472 0.79 a 0.024

  2012 0.81 a 0.024

  392 0.58 a 0.015
  Fire clay brick (Missouri) 0.23 d 165 f 1112 0.85 a 0.022

  2552 1.02 a 0.027

  400 2.2 a
  Magnesite 0.27 d   1200 1.6 a

  2200 1.1 a

 Cement, portland   94   0.17 a
Cement, mortar     75 0.67 a

 Concrete 0.21 b 119-144 b 68 0.47-0.81 b 0.019-0.027
Concrete, cinder     75 0.44 a——————————————————————————————————————————————————————
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RUSSELL L. HEISERMAN, Ed.D.

School of Technology
Oklahoma State University
Stillwater, Oklahoma

III. 1 INTRODUCTION

This brief review of electrical science is intended for 
those readers who may use electrical principles only on 
occasion and is intended to be supportive of the mate-
rial found in those chapters of the handbook based on 
electrical science. The review consists of selected topics 
in basic ac circuit theory presented at a nominal analyti-
cal level. Much of the material deals with power in ac 
circuits and principles of power-factor improvement.

III.2 REVIEW OF VECTOR ALGEBRA

 Vector algebra is the mathematics most appropriate 
for ac circuit problems. Most often electric quantities, 
voltage and current, are not in phase in ac circuits, so 
phase relationships as well as magnitude have to be 
considered. This brief review will cover the basic idea of 
a vector quantity and then refresh the process of adding, 
subtracting, multiplying, and dividing vectors.

III.2.1 Review
 A vector is a quantity having both direction and 
magnitude. Familiar vector quantities are velocity and 
force. Other familiar quantities, such as speed, volume, 
area, and mass, have magnitude only.
 A vector quantity is expressed as having both 
magnitude and direction, such as

Ae ± j

where A is the magnitude and e ± j  expresses the direc-
tion in the complex plane (Figure III.1).
 The important feature of this vector notation is to 
note that the angle of displacement is in fact an expo-
nent. This feature is signifi cant, since it will allow the 
use of the law of exponents when multiplying, dividing, 
or raising to a power.

APPENDIX III

REVIEW OF ELECTRICAL SCIENCE

Fig. III.1 The generalized vector Aej  shown in the com-
plex plane. If j is positive, it is referenced to the positive 
real axis with a counterclockwise displacement. If j is 
negative, it is referenced to the positive real axis with a 
clockwise displacement.

 Common practice has created a shorthand for ex-
pressing vectors. This method is quicker to write and 
for many, more clearly expresses the idea of a vector:

A Â

Fig. III.2 The vector A  shown in the polar coordinate 
system. A vector expressed as A  is said to be in polar 
form.

887
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This shorthand is read as a vector magnitude A operat-
ing or pointing in the direction . It is termed the polar 
representation of a vector as shown in Figure III.2.
 Now the function e j  may be expressed or re-
solved into its horizontal and vertical components in 
the complex plane:

e j = cos + j sin 

The vector has been resolved and expressed in rectan-
gular form. Using the shorthand notation

A  = A cos  + jA sin 

where A cos  is the vector projection on the real axis 
and jA sin  is the vector projection on the imaginary 
axis, as shown in Figure III.3.
 Both rectangular and polar expressions of a vec-
tor quantity are useful when performing mathematical 
operations.

III.2.2 Addition and Subtraction of Vectors
 When adding or subtracting vectors, it is most con-
venient to use the rectangular form. This is best demon-
strated through an example. Suppose that we have two 
vectors, 20 30° and 25 –45°, and these vectors are to be 
added. The quickest way to accomplish this is to resolve 
each vector into its rectangular components, add the real 
components, then add the imaginary components, and, 
if needed, express the results in polar form:

20 30° = 20 cos 30° + j20 sin 30°

= 17.3 + j10

25 –45° = 25 cos 45° – j25 sin 45°

= 17.7 – j17.7

A calculator is a handy tool for resolving vectors. Many 
calculators have automatic programs for converting vec-
tors from one form to another.

Now adding we obtain
 17.3 + j10
(+) 17.7 – j17.7
 35.0 – j7.7

 By inspection, this vector is seen to be slightly 
greater in magnitude than 35.0 and at a small angle 
below the positive real axis. Again using a calculator to 
express the vector in polar form: 35.8 –12.4°, an answer 
in agreement with what was anticipated. Figure III.4 
shows roughly the same result using a graphical tech-
nique. Subtraction is accomplished in much the same 
way. Suppose that the vector 25 –45° is to be subtracted 
from the vector 20 30°.

     20 30° = 17.3 + j10

25 –45° = 17.7 - j17.7

To subtract
17.3 + j10
17.7 – j17.7

fi rst change sign of the subtrahend and then add:

17.3 + j10
  – 17.7 + j17.7
  – 0.4 + j27.7

 The effect of changing the sign of the subtrahend 
is to push the vector back through the origin. as shown 
in Figure III.5.
 The resulting vector appears to be about 28 units 
long and barely in the second quadrant. The calculator 
gives 27.7 90.8°.

III.2.3 Multiplication and Division of Vectors
 Vectors are expressed in polar form for multipli-
cation and division. The magnitudes are multiplied 
or divided and the angles follow the rules governing 

Fig. III.3 The vector A  shown together with its 
rectangular components.
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exponents, added when multiplying, subtracted when 
dividing. Consider

20 30° × 25 –45° = 500 –15°

The magnitudes are multiplied and the angles are 
added. Consider

 20 30°
 ——— = 0.8 75°
 25 –45°

The magnitudes are divided and the angle of the divisor 
is subtracted from the angle of dividend.
 Raising to powers is a special case of multiplica-
tion. The magnitude is raised to the power and the angle 
is multiplied by the power. Consider

(20 30)3 = 8000 90°
or consider

(20 30°)l/2 = 4.47/15°

III.2.4 Summary
 Vector manipulation is straightforward and easy 
to do. This presentation is intended to refresh those 
techniques most commonly used by those working at 
a practical level with ac electrical circuits. It has been 
the author’s intent to exclude material on dot and cross 
products in favor of techniques that tend to allow the 
user more of a feeling for what is going on.

III.3 RESISTANCE, INDUCTANCE,
 AND CAPACITANCE

 The three types of electric circuit elements having 
distinct characteristics are resistance, inductance, and 
capacitance. This brief review will focus on the charac-
teristics of these circuit elements in ac circuits to support 
later discussions on circuit impedance and power-factor-
improvement principles.

III.3. 1 Resistance
Resistance R in an ac circuit is the name given to 

circuit elements that consume real power in the form 
of heat, light. mechanical work, and so on. Resistance 
is a physical property of the wire used in a distribution 
system that results in power loss commonly called I 2R
loss. Resistance can be thought of as a name given that 
portion of a circuit load that performs real work, that 
is, the portion of the power fed to a motor that results 
in measurable mechanical work being accomplished.
 If resistance is the only circuit element in an ac 
circuit, the physical properties of that circuit are easily 
summarized, as shown in Figure III.6. The important 
property is that the voltage and current are in phase.
 Since the current and voltage are in phase and the 
ac source is a sine wave, the power used by the resistor 
is easily computed from root-mean-square (rms) (effec-
tive) voltage and current readings taken with a typical 
multimeter. The power is computed by taking the prod-
uct of the measured voltage in volts or kilovolts and the 
measured current in amperes:

P(watts) = V(volts) × I (amperes)

where V is the voltage measured in volts and I is the 
current measured in amps. Both quantities are measured 
with an rms reading meter.
 In many industrial settings the voltage may be 

Fig. III.4 Use of the graphical parallelogram method for 
adding two vectors. The result or sum is the diagonal 
originating at the origin of the coordinate system.

Fig. III.5 Graphical solution to subtraction of vectors.
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measured in kilovolts and current in amperes. The 
power is computed as the product of current and volt-
age and expressed as kilowatts:

P (kilowatts) = V (kilovolts) × I (amps)

If it is unhandy to measure both voltage and current, 
one can compute power using only voltage or current 
if the resistance R is known:

 P (watts) = I 2(amps) × R (ohms)
or
  V2(volts)

P(watts) = ————
R(ohms)

III.3.2 Inductance
Inductance L in an ac circuit is usually formed as 

coils of wire, such as those found in motor windings, 
solenoids, or inductors. In a real circuit it is impossible 
to have only pure inductance, but for purposes of es-
tablishing background we will take the theoretical case 
of a pure inductance so that its circuit properties can be 
isolated and presented.
 An inductor is a circuit element that uses no real 
power; it simply stores energy in the form of a magnetic 
fi eld and will give up this stored energy, alternately stor-
ing energy and giving it up every half-cycle. The result 
of this storing and giving up energy when an inductor 
is driven by a sine-wave source is to put the measured 
magnetizing current (ic.) 90° out of phase with the 
driving voltage. The magnetizing current lags behind 
the driving voltage by 90°. If pure inductance were the 
load of a sine-wave generator, we could summarize its 
characteristics as in Figure III.7.
 An inductor limits the current flowing through 
it by reacting with the voltage change across it. This 
property is called inductive reactance XL. The inductive 

reactance of a coil whose inductance is known in henrys 
(H) may be computed using the expression

XL = 2 ƒL

where ƒ is the frequency in hertz and L is the coil’s 
inductance in henrys.

III.3.3 Capacitance
Capacitance C, like inductance, only stores and 

gives up energy. However, the voltage and current phas-
ing is exactly opposite that of a inductor in an ac circuit. 
The current in an ac circuit containing only capacitance 
leads the voltage by 90°. Figure III.8 summarizes the 
characteristics of an ac circuit with a pure capacity 
load. A capacitor also reacts to changes. This property 
is called capacitive reactance Xc. The capacity reactance 
may be computed by using the expression

1
Xc = ———

2 fC

Fig. III.6 Circuit showing an ac source with radian fre-
quency . The current through the resistor is in phase 
with the voltage across the resistor.

Fig. III.7 (a) Ac circuit with pure inductance. (b) Plot 
of the voltage across the inductor vL, and the current iL
through it. The plot shows a 90° displacement between 
the current and the voltage.
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where ƒ is the frequency in hertz and C is the capacity 
in farads.

III.3.4 Summary
Circuit elements are resistance that consumes real 

power and two reactive elements that only store and 
give up energy. These two reactive elements, capacitors 
and inductors, have opposite effects on the phase dis-
placement between the current and voltage in ac circuits. 
These opposite effects are the key to adding capacitors 
in an otherwise inductive circuit for purposes of reduc-
ing the current-voltage phase displacement. Reducing 
the phase displacement improves the power factor of the 
circuit. (Power factor is defi ned and discussed later.)

III.4 IMPEDANCE

 In the preceding section it was mentioned that pure 
inductance does not occur in a real-world circuit. This is 
because the  wire that is used to form the most carefully 
made coil still has resistance. This section considers cir-
cuits containing resistance and inductive reactance and 
circuits containing resistance and capacity reactance. At-

tention will be given to the notation used to describe such 
circuits since vector algebra must be used exclusively.

III.4.1 Circuits with Resistance and Inductive Reactance
Figure III.9 shows a circuit that has both resistive 

and inductive elements. Such a circuit might represent 
a real inductor with the resistance representing the wire 
resistance, or such a circuit might be a simple model of a 
motor, with the inductance refl ecting the inductive char-
acteristics of the motor’s windings and the resistance 
representing both the wire resistance and the real power 
consumed and converted to mechanical work performed 
by the motor.
 In Figure III.9 the current is common to both circuit 
elements. Recall that the voltage across the resistor is 
in phase with this current while the voltage across the 
inductor leads the current. This idea is shown by plot-
ting these quantities in the complex plane. Since i is the 
reference, it is plotted on the positive real axis as shown 
in Figure III.10.
 The voltage across the resistor is in phase with the 
current, so it is also on the positive real axis. whereas 
the voltage across the inductor is on the positive j axis Fig. III.8 (a) Ac circuit with pure capacitance. (b) Plot 

of the voltage across the capacitor vc, and the current ic
through it. The plot shows a 90° displacement between 
the current and the voltage.

Fig. III.9 Circuit with both resistance and inductance. The 
circuit current i is common to both elements.

Fig. III.10 Circuit voltages and current plotted in the 
complex plane. Both i and VR are on the positive real axis 
since they are in phase, VL is on the positive j axis since 
it leads the current by 90°.
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since it leads the current by 90°. However, the sum of 
the voltages must be the source voltage e. Figure III.10 
shows that the two voltages must be added as vectors:

e = vr + jvL

e = iR + jiXL

If we call the ratio of voltage to current the circuit im-
pedance, then

e
Z = — = R + jXL

i

Z, the circuit impedance, is a complex quantity and may 
be expressed in either polar or rectangular form:

Z = R + jXL
or

Z = |Z |

In circuits with resistance and inductance the complex 
impedance will have a positive phase angle and if R and
XL are plotted in the complex plane, XL is plotted on the 
positive j axis, as shown in Figure III.11.

III.4.2 Circuits with Resistance and Capacity Reac-
tance

Circuits containing resistance and capacitance are 
approached about the same way. Going through a simi-
lar analysis and looking at the relationship among R, Xc,
and Z would show that Xc is plotted on the negative j
axis, as shown in Figure III.12.

III.4.3 Summary

In circuits containing both resistive and reactive el-
ements, the resistance is plotted on the positive real axis 
while the reactances are plotted on the imaginary axis. 
The fact that inductive and capacitive reactance causes 
opposite phase displacements (has opposite effects in 
ac circuits) is further emphasized by plotting their re-
actance effects in opposite directions on the imaginary 
axis of the complex plane. The case is building for why 
capacitors might be used in an ac circuit with inductive 
loading to improve the circuit’s power factor.

III.5 POWER IN AC CIRCUITS

 This section considers three aspects of power in ac 
circuits. First, the case of a circuit containing resistance 
and inductance is discussed, followed by the introduc-
tion of the power triangle for circuits containing resis-
tance and inductance. Finally, power-factor improve-
ment by the use of capacitors is presented.

III.5.1 Power in a Circuit Containing 
 Both Resistance and Inductance

Figure III.13 reviews this situation through a circuit 
drawing and the voltages and currents shown in the 
complex plane. Meters are in place that read the effec-
tive or rms voltage V across the complex load and the 
effective or rms line current I.
 Power is usually thought of as the product of volt-
age and the current in a circuit. The question is: The 
current I times which voltage will yield the correct or 
true power? This is an important question, since Figure 
III.13b shows three voltages in the complex plane.
 Each of the three products may be taken, and each 

Fig. III.11 Plot in the complex plane showing the complex 
relationship of R, XL, and Z.

Fig. III.12 Summary of the relationship among R, Xc,
and Z shown in the complex plane.
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has a name and a meaning. Taking the ammeter reading I
times the voltmeter reading yields the apparent power. The
apparent power is the load current-load voltage product 
without regard to the phase relationship of the current 
and voltage. This fi gure by itself is meaningless:

P(apparent) = IV

If the voltmeter could be connected across the resistor 
only, to measure vR, then the line current-voltage prod-
uct would yield the true power, since the current and 
voltage are in phase.

P(true) = IvR

Usually, this connection cannot be made, so the true 
power of a load is measured with a special meter called 
a wattmeter that automatically performs the following 
calculation.

P(true) = IV cos 

Note that in Figure III.13b, the circuit voltage V and the 
resistance voltage VR are related through the cosine of .
The third product that could be taken is called imaginary
power or VAR, the voltampere reactive product.

P(imaginary) = IvL

This is the power that is alternately stored and given up 
by the inductor to maintain its magnetic fi eld. None of 
this reactive power is actually used.
 If the voltages in the foregoing examples were 
measured in kilovolts, the three values computed would 
be the more familiar:

P(apparent) = kVA

P(real) = kW

P(imaginary) = kVAR

This discussion, together with Figure III.13b, leads to 
the power triangle.

III.5.2 The Power Triangle
The power triangle consists of three values, kVA, 

kW, and kVAR, arranged in a right triangle. The angle 
between the line current and voltage, , becomes an 
important factor in this triangle. Figure III.14 shows the 
power triangle.
 To emphasize the relationship between these three 
quantities, an example may be helpful. Suppose that we 
have a circuit with inductive characteristics and using a 
voltmeter, ammeter, and wattmeter the following values 
are measured:

  watts = 1.5 kW

  line current = 10 A

  line voltage = 240 V

From this information we should be able to determine 
the kVA, , and the kVAR.
 The kVA can be computed directly from the volt-
meter and ammeter readings:

kVA = (10 A)(0.24) kV = 2.4 kVA

Fig. III.14 Power triangle for an inductive load. The angle 
 is the angle of displacement between the line voltage 

and the line current.

Fig. III.13 (a) Circuit having resistance and inductance; 
meters are in place to measure the line current I and 
the voltage V. (b) Relationship between the various 
voltages and the line current for this circuit.
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Looking at the triangle in Figure III.14 and recalling 
some basic trigonometry, we have

and  is the angle whose cosine equals 0.625. This can 
be looked up in a table or calculated using a hand cal-
culator that computes trig functions:

 = cos–1 0.625 = 51.3°

Again referring to the power triangle and a little trig, 
we see that
  kVAR = kVA sin 

   = 2.4 kVA sin 51.3°

   = 1.87 kVAR

Figure III.15 puts all these measured and calculated data 
together in a power triangle.
 Of particular interest is the ratio kW/kVA. This 
ratio is called the power factor (PF) of the circuit. So 
the power factor is the ratio of true power to apparent 
power in a circuit. This is also the cosine of the angle 

, the angle of displacement between the line voltage 
and the line current. To improve the power factor, the 
angle  must be reduced. This could be accomplished 
by reducing the kVAR side of the triangle.

Fig. III.15 Organization 
of the measured and 
computed data of the 
example into a power 
triangle.

III.5.3 Power-Factor Improvement
Recall that inductive reactance and capacity reac-

tance are plotted in opposite directions on the imaginary 
axis, j. Thus it should be no surprise to consider that 
kVAR produced by a capacitive load behave in an op-
posite way to kVAR produced by inductive loads. This 
is the case and is the reason capacitors are commonly 
added to circuits having inductive loads to improve 
power factor (reduce the angle ).
 Suppose in the example being considered that 
enough capacity is added across the load to offset the 
effects of 90% of the inductive load. That is, we will try 

to improve the power factor by better than 90%. Figure 
III.16 shows the circuit arrangement with the kW and 
kVAR vectors drawn to show their relationship.
 Following the example through, consider Figure 
III.17, where 90% of the kVAR inductive load has been 
neutralized by adding the capacitor.
 Working with the modifi ed triangle in Figure III.17, 
we can compute the new , call it 2.

 0.19

2 = tan–1 ——
 1.5
= 7.2

Again, a calculator comes in handy.
 Since the new power factor is the cosine of 2, we 
compute

PF new = cosine 7.2 = 0.99

certainly an improvement.
 Recall that the power factor can be expressed as a 
ratio of kW to kVA. From this idea we can compute a 
new kVA value:

  1.5 kW
PF = 0.99 = —————

  kVA new
or

Fig. III.16 (a) Inductive circuit with capacity added to 
correct power factor. (b) Power vectors showing the 
relationship among kW, kVAR inductive, and kVAR 
capacitive.
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   1.5 kW
 kVA new = ———
   0.99

 = 1.52 kVA

The line voltage did not change, so the line current must 
be lower.

1.52 kVA new = 0.24 kV × I new

  1.52 kVA
I new = ————— = 6.3 A

  0.24

Comparing the original circuit to the circuit after adding 
capacity, we have:

Inductive Circuit  Improved Circuit
—————————————————————————

Line voltage 240 V 240 V

Line current 10 A 6.3 A

PF 62.5% 99%

kVA  2.4 kVA 1.52 kVA

kW  1.5 kW 1.5 kW

kVAR 1.87 kVAR 0.19 kVAR

The big improvement noted is the reduction of line 
current by 37% with no decrease in real power, kW, 
used by the load. Also note the big change in kVA; less 
generating capacity is used to meet the same real power 
demand (generator input power is determined by KVA 
output).

III.5.4 Summary
Through an example it has been demonstrated 

how the addition of a capacitor across an inductive 
load can improve power factor, reduce line current, and 
reduce the amount of generating capacity required to 
supply the load. The way this comes about is by having 
the capacitor supply the inductive magnetizing current 
locally. Since inductive and capacitive elements store 
and release power at different times in each cycle, this 
reactive current simply fl ows back and forth between 
the capacitor and inductor of the load. This idea is 

reinforced by Figure III.18. Adding capacitors to induc-
tive loads can free generating capacity, reduce line loss, 
improve power factor, and in general be cost effective 
in controlling energy bills.

III.6 THREE-PHASE POWER

 Three-phase power is the form of power most of-
ten distributed to industrial users. This form of transmis-
sion has three advantages over single-phase systems: (1) 
less copper is required to supply a given power at given 
voltage; (2) if the load of each phase of the three-phase 
source is identical, the instantaneous output of the alter-
nator is constant; and (3) a three-phase system produces 
a magnetic fi eld of constant density that rotates at the 
line frequency—this greatly reduces the complexity of 
motor construction.
 The author realizes that both delta systems and 
wye systems exist, but will concentrate on four-wire wye 
systems as being representative of internal distribution 
systems. This type of internal distribution system allows 
the customer both single-phase and three-phase service. 
Our focus will be on measuring power and determining 
power factor in four-wire three-phase wye-connected 
systems.

III.6.1 The Four-Wire Wye-Connected System
Figure III.19 shows a generalized four-wire wye-

connected system. The coils represent the secondary 
windings of the transformers at the site substation while 
the generalized loads represent phase loads that are the 

Fig. III.18 (a) Pictorial showing the inductive load of 
the example in this section. (b) The load with a ca-
pacitor added. With the exchange of the kVAR current 
between the capacitor and inductive load, very little 
kVAR current is supplied by the generator.

Fig. III.17 Resulting net power triangle when the ca-
pacitor is added. A new kVA can be calculated as well 
as a new .
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Table III.1 How to Select Capacitor Ratings for Induction Motors/Source: 1.

Fig. III.19 Generalized four-wire wye-
connected system. The coils A, B, and C 
represent the three transformer second-
aries at the site substation; while ZA, ZB.
and ZC are the generalized loads seen 
by each phase.
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sum loads on each phase. These loads may be compos-
ites of single-phase services and three-phase motors 
being fed by the distribution system. N is the neutral 
or return.
 To determine the power and power factor of any 
phase A, B, or C, consider that phase as if it were a 
single-phase system. Measure the real power, kW, deliv-
ered by the phase by use of a wattmeter and measure 
and compute the volt-ampere product, apparent power, 
kVA, using a voltmeter and ammeter.
 The power factor of the phase can then be de-
termined and corrected as needed. Each phase can be 

treated independently in turn. The only caution to note 
is to make the measurements during nominal load peri-
ods, this will allow power-factor correction for the most 
common loading.
 If heavy motors are subject to intermittent duty, 
additional power and power-factor information can be 
gathered while they are operating. Capacitors used to 
correct power factor for these intermittent loads should 
be connected to relays so that they are across the motors 
and on phase only when the motor is on; otherwise, 
overcorrection can occur.



898 ENERGY MANAGEMENT HANDBOOK

 In the special case of a four-wire wye-connected 
system with balanced loading, two wattmeters may be 
used to monitor the power consumed on the service and 
also allow computation of the power factor from the two 
wattmeter readings.

III.6.1.1 Balanced Four-Wire Wye-Connected System
 Figure III.20 shows a balanced system containing 
two wattmeters. The sum of these two wattmeter read-
ings are the total real power being used by the service:

Table III.2 How to Select Capacitor Ratings for Induction Motors/Source: 2.

PT = P1 + P2

Further, the angle of displacement between each line 
current and voltage can be computed from P1 and P2:

θ = tan–1 3
P2 – P1
P2 + P1

and the power factor PF = cos .



REVIEW OF ELECTRICAL SCIENCE 899

 This quick method for monitoring power and pow-
er factor is useful in determining both fi xed capacitors to 
be tied across each phase for the nominal load, and the 
capacitors that are switched in only when intermittent 
loads come on-line.
 The two-wattmeter method is useful for determin-
ing real power consumed in either wye- or delta-con-
nected systems with or without balanced loads:

PT = P1 + P2

However, the use of these readings for determining 

phase power factor as well is restricted to the case of 
balanced loads.

III.6.2 Summary
This brief coverage of power and power-factor 

determination in three-phase systems covers only the 
very basic ideas in this important area. It is the aim of 
this brief coverage to recall or refresh ideas once learned 
but seldom used.
 Tables III.1 and III.2 were supplied by General 
Electric. who gave permission for the reproduction of 
their materials in this handbook.
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Fig. III.20 Four-wire wye-connected system with wattmeter connections 
detailed. Solid circle voltage connections to wattmeter; open circle, current 
connections to wattmeter.
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Symbols
1995 Model Energy Code (MEC) 

541
2000 International Energy Conser-

vation Code (IECC) 541

A
absolute pressure 126
absorber plate 475
absorptance 476
absorption chillers 272
abuse 445
acceptable indoor air quality 499
accidents 623
accuracy 588
active power 279
actuator 588
adaptive control 318
adjustable speed drive 291
administrative sequence logic 333
AEE (Association of Energy Engi-

neers) xi, 1, 501
after-tax cost of capital 43
AFUE 789, 791
AGA 172
aggregation 643
AHU 339
 systems 684
air-handling units 716
air-source heat pump 757
airfl ow measurement devices 25
air change method 238
air collectors 477
air compressors 406
 maintenance for 407
air conditioning optimization 345
air handler 748
 systems 684
air velocity and airfl ow 260
alarms 346
 monitoring and reporting 321
all-air systems 250
all-water systems 255
alternative energy source 471
ambient temperature 299, 449
American Boiler Manufacturers As-

sociation (ABMA) 415

American Council for an Energy 
Effi cient Economy 379

American Physical Society 7
American Society of Heating, Re-

frigeration, and Air Condition-
ing (ASHRAE) 397, 499, 540

American Society of Testing Materi-
als 437

ammeters
clamp on 24
amperage 284
ampere 397
amps 275, 298
anaerobic digestion processes 492
analog 616
 input 342, 349
 output (AO) 342, 349
 to digital A/D converter 349
annual cost 468
annual energy review 193
annual energy use 716
annual expenses 42
annual worth 55
anode 493
ANSI 397
anti-wind-up 583
application requirements 443
approach 604
arc tube 397
ASHRAE 397, 499, 540
ASHRAE “Zone Method” 227
ASHRAE 90.1-1999 540
ASHRAE 90.2-1993 540
ASHRAE Equipment Handbook 

407
ASHRAE Guidelines 3-1990
 Reducing Emission of
 Fully Halogenated Chlorofl uo-

rocarbon (CFC) 544
ASHRAE Handbook of Fundamen-

tals 237, 246, 460, 473
ASHRAE Standard 501
ASHRAE Standard 62-1999 543
ASHRAE Standard 90-80 540
ASHRAE Standard 90.1 226, 229
ASHRAE ventilation standard, 62-

1989 543

Association of Energy Engineers 
(AEE) xi, 1, 501

ASTM 450
as built drawings 348
auditor’s toolbox 24
audits
 commercial 36
 industrial 34
 planning 14
 residential 37
available forms 440
average rated life 397
avoided costs 177

B
baffl e 397
ballast 360, 397
 cycling 397
 effi ciency factor 397
 factor 360, 397
bare-surface heat loss 461
base 222
bath-tub curve 623
bearings 407
before tax cash fl ows (BTCF) 44
Betz coeffi cient 485
bin 775, 777
 method 246, 768
blower door attachment 25
boiler 338, 402, 722, 748
 economizer 216
 effi ciency 128, 414
 maintenance 413
 measurements 722
 optimization 320
boiling point 126
BOMA 797
bonds 655
borehole 766
bottoming cycle 157
Bourdon gauge 428
British thermal unit (Btu) 126
building automation system 616
building balance temperature 245
building envelope 221, 402
building load coeffi cient (BLC) 239, 

242

INDEX
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Building Offi cials and Code Ad-
ministrators International 
(BOCA) 541

building related illness 499
 causes 499
by-pass 291

C
calcium silicate 441
calibration 615
California Title 24 540
candela 397
 distribution 397
candle power 397
capacitive switching HID fi xtures 

361
capacitor 279
capitalize 666
capital investments 41, 42
 cost categories 42
capital or fi nancial lease 666
capital rationing 42
cash fl ow diagrams 42
cathode 493
CELCAP 174
cellular glass 441
cell structure 440
central chiller plants 693
ceramic metal halide lamps (CMH) 

376
ceramic recuperator 213
Certifi ed Energy Manager 1
CFC 793, 802
CFL 393
chilled water reset 320
chilled water storage 523
chiller 271, 339, 531, 693, 718, 720, 

748
 consumption profi le 522
 demand limiting 321
 optimization 321
 system capacity 526
chlorofl uorocarbons (CFCs) 543
circulators 338
Clean Air Act Amendment 544
Climatic Change Action Plan 547
closed loop 589, 616
 heat pumps 257
closed heat exchangers 200
code 299
coeffi cient of heat transmission 439
coeffi cient of performance (COP) 

198, 719, 776, 790, 791
coeffi cient of utilization (CU) 362, 

397
cogeneration 545
 facility 176
COGENMASTER 175
collectively exhaustive 60
collector 478
 effi ciency 475
color 356
color rendering index (CRI) 356, 

397
color temperature 397
combined cycle 157
combustion analyzers 25
combustion or gas turbines 169
commissioning 329, 799
 a new building 704
 for energy management 671
 measures 680
compact fl uorescent 397
 lamps (CFLs) 358
compound interest 47, 48
comprehensive, explicit, and rel-

evant training and support 
(CERTs) 331

compression of insulation 224
compressive strength 440
computer programs 468
concentrating collectors 478
condensate systems 125, 147
condensation 125
 control 454
conduction 437
constant-worth dollars 66
constant fi re boilers 724
constant volume dual duct 254
constrained deterministic analysis 

59
contaminants 38, 39
contaminant amplifi cation 499
contingency 59
 planning 632
contingent 60
continuous commissioning 672, 687
contrast 356, 397
controls 503
control drawings 347
control loop 349, 616
control relays 343
control systems 264, 404, 481
control valves 337, 339

convection 437
convective recuperator 212
converter 300
conveyor systems 423
cooling systems 271
cooling towers 272, 339, 693, 748
cool white lamps 359
coordinated color temperature 

(CCT) 356
COP 198, 719, 776, 790, 791
correlation coeffi cient, R 243
corrosion 492
 control 209
costs 41
cost effectiveness 41
cost factors 446
cost of capital 44
Council of American Building Of-

fi cials (CABO) 541
countermeasures 630, 633
criteria for selection 208
cross-contamination 214
cubic feet per minute (CFM) 290
current transformers 343
cut-in 578, 616
cut-out 578, 616
cut set 630

D
daily scheduling 319
daisy chain 349
dampers 300, 337, 338
daylighting 383, 804
daylight harvesting 364
DDC 579, 580, 581
DDC EMCS 317, 319, 324
dead band 345, 349, 595, 616
deal time 349
debt fi nancing 43
dedicated outdoor air systems 810
deductive analysis 624
deductive method 627
deferred maintenance 634
Degree Days 240
demand controlled ventilation 

(DCV) 598, 612
demand limiting or load shedding 

320
demand management 261
demand shedding 345
demand side management (DSM) 1
depreciation 44, 666
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 accelerated cost recovery sys-
tem 45

 clining balance 45
 straight line 45
 sum-of-the-years digits 45
Dept. of Energy 539
deregulation 634, 640, 641
derivative control 349
desiccant 811
design 298
 life 447
 of the waste-heat-recovery 

system 206
desuperheating 765
deterministic analysis
 constrained 59
 economic 64
deterministic dew-point determina-

tion 454
dew-point temperature 449
DG economics 168
diaphragm gauge 428
differential temperature controller 

481
diffuser 397
digital communication bus 349
digital inputs 342
digital outputs (DO) 342
digital to analog D/A converter 349
dilution 501, 543
dimmable CFLs 375
direct digital control 315, 579
direct glare 397
discounted cash fl ow (DCF) 466
discounted payback 465
disk traps 421
distributed control 349
distributed generation 167
distribution energy 270
distribution systems 690
DOAS 810
domestic hot water (DHW) 272, 339
doors 237
double failure matrix (DFM) 625, 

626, 627
downlight 397
downsizing 634
drift 584, 588, 589
drive system effi ciency 273
dry contact 617
dual-technology sensors (DT) 366
dual duct systems 254

tion Act in 1977 541
energy conservation opportunities 

(ECOs) 24
energy consumption 222
energy effi ciency provisions 539
energy fl ux 202
Energy Information Administration 

539
energy maintenance 403
energy management 9, 315, 633
 control system 315
 functions 344
 in materials handling 430
 program 7, 247
 energy management systems 

315, 617
energy manager 10
energy marketer 640
energy monitoring and control 

system 617
energy policy 13, 18
Energy Policy Act of 1992 237, 539, 

544, 546
Energy Policy and Conservation 

Act 541
Energy Productivity Center of the 

Carnegie-Mellon Institute of 
Research 5

energy savings 707
 calculations 463
 measurement of 696
energy security 621
energy services
 in-house vs. outsourced 643
energy service company (ESCO) 

666
energy systems maintenance 401
energy team 11
enthalpy 128
envelope analysis 223, 242
Environmental Protection Agency 

416
equal percentage 586
equipment effi ciency 267
equipment failure 622
equipment list 326
equity fi nancing 43
equivalence 52
equivalent thickness 450
ESCOs (energy service companies) 2
eutectic salts 525, 531
eutectic storage 531

dual duct VAV 254
dumping waste heat 199
duplex steels 210
duty 299
 cycling 320, 345
 logs 321
dynamic system 525

E
E.O. 13123 542
economics 481
economic analysis 41, 58
economic calculations 464
economic thickness (ETI) 466, 468
economizers 263
eddy-current clutch 300
educational planning 15
EER 776, 790, 791
effi cacy 354, 398
effi ciency 276
 index 299
elastomeric cellular plastic 442
electric/pneumatic relays 317, 341
electrical measurements 427
electrical system 404
electric energy management 273
electric industry deregulation 638
electric lift trucks 422
electric motor effi ciency 275
electric power industry
 historical perspective 637
Electric Power Research Institute 

(EPRI) 35, 368
electronic ballast 398
electronic ballasts 361
EMCS application 322
EMCS installation 339
EMCS Retrofi t 324
EMCS software specifi cations 333
emissivity 235
emittance 451, 476
end-of-year cash fl ow 42
energy-saving ballast 398
energy-saving lamp 398
energy analysis and diagnostic 

centers 4
energy audit 23, 32, 247
energy audit format 32
energy broker 640
energy conservation 634
 analyzing 138
Energy Conservation and Produc-



904 ENERGY MANAGEMENT HANDBOOK

evaporative-condensing cycle 216
evaporative cooling 597, 811
event tree analysis 625
excess CO 415
excess O2 413
executive orders 542
exempt wholesale generators 

(EWGs) 546
exhaust fans 339
exit signs 363
expenses 42
extraction 501

F
facility appraisal 326
facility layout 28
facility specifi c instructions 331
failure mode and effect analysis 

(FMEA) 624
failure mode effect and criticality 

analysis (FMECA) 624
fan-coils 256
fan law 290
fans 716
faradaic or current effi ciency 494
fault hazard analysis (FHA) 624
fault tree 627, 630
 analysis 627
FCU 349
Federal Energy Administration 467
Federal Energy Management Imple-

mentation Act (FEMIA) 542
Federal Energy Management Pro-

gram (FEMP) 2
Federal Energy Regulatory Com-

mission (FERC) 546, 638
Federal Power Act 545
feedback 617
fenestration 234
FERC 177
FERC Order No. 436 547
FERC Order No. 636 547
FERC Order No. 636A 547
FHA 625
fi ber optics 378
fi ll factor 483
fi ltration 498, 502, 503, 543
fi nance terminology 652
fi nancial analysis 464
fi nancing 43, 649
fi nned tube 215, 218
fi reproofi ng 444

fi re hazard classifi cation 440
fi rst cost 41
fi xture 399
 dirt depreciation (LDD) 369
 effi ciency 399
fl ash steam 128, 149, 420
fl ash tanks 148
fl at-plate collector 473, 477
fl oating control 579, 582, 617
fl oat and thermostatic traps 420
fl oors 233
 below grade 234
 on grade 234
fl ow hoods 429
fl ow meters 343
fl uorescent lamps 358, 398
follow-up 412
foot-candles 353, 398
footlambert 398
form required 446
fouling 415, 492
frame 298
 size 276
freeze protection 346, 459
free cooling 321, 336
frequency 276
fuel cells 170, 493
 molten carbonate (MCFC) 495
full-load speed 274
full storage systems 521, 526, 528
functions 319
furnaces 722
future cash fl ows 66
 constant-worth dollars 66
 then-current dollars 66

G
gain 581, 617
gas or Liquid-to-Liquid Regenera-

tors 216
Gas Research Institute (GRI) 35
gauge pressure 126
general test form 282
geographic location 28
Gibbs free energy 493
glare 356, 398
glass fi ber 441
glazed fl at-plate collectors 476
global data exchange 342
gradient series 52
graphics 579
greenhouse effect 475

green buildings 795, 796
green power 799
ground-source heat pumps 755, 

756, 757, 783
group relamping 370
grout 766
guidevanes 300

H
harmonic 281, 380, 398
 distortion 361
health effect consequences 499
heat-balance diagram 203
heat/power ratio 157
heating, ventilating, air condition-

ing (HVAC) 315
 systems 402
heat exchangers
 concentric-tube 217
 shell-and tube 217
heat fl ow 449, 450
heat fl ux 449
heat gain 221
heat loss 221
 from a fl oor to a crawl space 

234
heat pipe 216
 array 215
heat plant 447
heat pumps 198
heat recovery systems 263
heat transfer 438
heat wheel 208, 213
HID 398
high-bay 398
high-intensity discharge (HID) 359
high-temperature controller 481
higher heating value 203
high inertia load 276
high output (HO) 398
high pressure sodium 359
high pressure sodium lamp 398
holiday programming 319
host 666
hot deck/cold deck temperature 

reset 321
hot water distribution 405
hot water reset 320
HP 298, 349
HSPF 790
human dimension 317, 331
hunting 583
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hurdle rate 58
HVAC 398
HVAC systems 247, 448, 497, 730
 types 249
HZ 298

IEQ (indoor environmental quality) 
500

ice storage 525, 531
ideal heat pump 198
IES (Illuminating Engineering Soci-

ety) 353, 405, 428
IFMA 797
IGSHPA 769
illuminance 398
Illuminating Engineering Society 

(IES) 353, 405, 428
improper drainage 419
incandescent 358
income 43
indifference 53
indirect glare 398
indoor air quality (IAQ) 38, 260, 

497, 498, 501, 542
 manager 501
 problems, solutions and pre-

vention of 500
induction lighting 377
induction motors 274, 279, 285, 286
induction systems 257
inductive methods 624
industrial assessment centers 4
industrial light meter 428
infi ltration 237
 air fl ow 237
 commercial buildings 238
 residential buildings 237
infl ation 41, 46, 66
infrared cameras 24
infrared equipment 429
initial costs 41, 42
input/output point 326
input/output units 342
inputs 342
insolation 473
installation 340
instant start 398
insulation
 class 276, 299
 cost considerations 461
 economics 461

 equivalent thickness 449
fl exible 441

 formed-in-place 441
 materials 439
 nonrigid 445
 penetrations 224
 properties 439
 removable-reusable 441
 selection 443
 thickness determination 448
integral control 350
integrated solid waste management 

489
intelligent building 350
interest 46
interest rate
  effective 65
  nominal 65
  period 65
interface temperature 450
interlock 583, 596
internal rate of return 56
International Code Council (ICC) 

541
International Conference of Build-

ing Offi cials (ICBO) 541
inverted bucket traps 420
inverter 300, 301
investment 41
investment analysis 42
IPLV 790, 791
isotherms 225

J
Justifi cation of EMCSs 321

K
Kyoto protocol 544

L
LAG 350
laminar wheel 214
lamp lumen depreciation (LLD) 369
 factor 398
latent heat 128
 of fusion 525, 530
 transfer 224
lay-in troffer 398
leasing 659
least cost 497
LED 393, 398
LEED 795, 796, 798

lender 667
lens 398
lessee 667
lessor 667
leveraged lease 667
liability 39
life-cycle cost 503, 778, 780
 analysis 41, 42
lift trucks, non-electric 422
lighting 724
 fundamentals 353
 quality 355
 quantity 353
lightmeter 24
light color 355
light generated current 483
light loss factor (LLF) 398
light measurements 428
light meter 353
limitations of metal recuperators 

212
line of credit 667
liquidity 667
litigation, risk of 500
load 282
 diversity factor 304
 factor 431
 limiting 596
 profi le 303, 637
 types 277
loans 654
local distribution companies (LDCs) 

546
location 444
loose-fi ll insulation 440
louver 398
low-pressure sodium 359, 399
low-temperature controller 481
lumen 353, 399
 depreciation compensation 365
luminaires 361

M
magnetic ballasts 360
maintainability 211
maintenance 42, 424, 503
 actions 416
 for air compressors 407
 manual 347
 of the lighting 405
 procedures 413
 program 401
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 schedule 411
management control systems 7
management decisions 423
manifold 478
manometer 428
manual override 321, 346
Markey Bill 294
MARR (minimum attractive rate of 

return) 668
mass fl ow rate 202, 449
mass resistances 438
materials and construction 209
materials handling energy savings 

432
materials handling maintenance 421
maximum theoretical COP 198
MCS (multiple-chemical-sensitivity) 

497, 499
mean light output 399
mean temperature 440, 449, 450
mean time between failure 631
measurement and verifi cation 

(M&V) 707, 711
measuring instruments 426
mechanical equipment 748
mercury vapor 359
 lamp 399
metallic radiation recuperator 211
metal building roofs 232
metal building walls 228
metal elements envelope 225
metal halide 359, 399
microturbines 170
mineral Fiber/Rock Wool 441
miniature data loggers 25
minimum annual cost analysis 465
minimum attractive rate of return 

(MARR) 43, 54
minimum on-minimum off times 

320
model energy code 541
Model Energy Codes 540
modifi ed accelerated cost recovery 

system (MACRS) 45
modulation 579, 618
molten carbonate fuel cell (MCFC) 

170
monitoring 346, 431
Montreal protocol 543
most-open valve 618
motor-generator sets 300
motor 407

 code letters 275
 effi ciency 284, 294
 manager 294
 operating loads 281, 282
 performance management 
  process 294
 record form 295, 296
 rpm 290
 speed control 321
multimeters 427
multizone systems 253
mutually exclusive 59, 60
 set 60

N
National Electrical Code 279
National Electrical Manufacturers 

Association (NEM) 273, 285, 
379

National Fenestration Rating Coun-
cil 237

natural convection 256
natural disasters 623
natural gas 550
 environmental advantages 565
 purchase of 567
 consumption 554
 interstate pipeline specifi ca-
  tions 561
 marketers 567
 markets 566
 pricing 570
 purchasing 549
 supply 555
 transportation 558
Natural Gas Policy Act (NGPA) 1, 

545
 of 1978 546
near term results 41
NEBs 322
negative-sequence voltage 274
NERTs 322
net present value (NPV) 668
new construction EMCS 326
night set-back 262, 320
non-annual compounding of inter-

est 41, 65
non-energy benefi t 322
non-energy related tasks (NERTs) 

316
North American Insulation Manu-

facturers Association 467

O
occupancy sensor 365, 366, 393, 399
Occupational Safety and Health 

Administration (OSHA) 543
off-balance sheet fi nancing 668
Omnibus Reconciliation Act of 1993 

44
opaque envelope components 223
open-circuit voltage 483
open bucket traps 419
open loop 589, 618
open protocol 580
open waste-heat exchangers 199
operating and maintenance costs 41
operating conditions 460
operating hours 28
operating practices 425
operating temperature 443
operator’s terminal 350
optimal start/stop 595
optimization 578, 618
optimum start/stop 320, 337, 345
organic binders 444
orifi ce plates 430
Orsat apparatus 428
outlay 43
outputs 342
ovens
 maintenance 407
over-the-Purlin 230
ownership 17

P
p-n junction diodes 482
package boilers 416, 418
parabolic 478
partial load storage 526
partial load system 529
partial storage systems 521, 529
par value or face value 668
passive air preheaters 215
passive infrared sensors (PIR) 365, 

366
payback period 58, 468
PCB ballasts 383
peer-to-peer network 318
performance contracting 661, 710
performance contractors 2
periodic replacement 42
personnel protection 450
phase 277, 299
phase-change materials 480, 525
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phosphoric acid (PAFC) 494
phosphoric acid fuel cell (PAFC) 170
photocells 364, 399
photographic light meter 428
photovoltaics 170
PID control 350
pipelines 558
Pitot tubes 429
PI control 350
planning 13
 horizon 42, 63
plastic foams 442
plate-type 215
pneumatic 579, 581
pocket thermometers 429
poles 277
poll/response system 318
polyimide foams 442
potential 193
 transformers 343
power coeffi cient 486
power factor 277, 279, 281, 399, 405
 controller 291
 meter 25, 427
power meter 282
power survey 281, 282
preferred stock 668
present-value cost analysis 466
present dollars 41
present worth 54
 factor 50
 savings investment ratio 54
pressure measurements 428
pressure sensors 343
pressure switches 343
proactive monitoring 501
process control 456
process wastes 489
process work 448
programmable logic controllers 315
project fi nancing 668
project measures of worth 54
 annual worth 54
 internal rate of return 54
 payback period 54
proton exchange membrane (PEM) 

495
properties of thermal storage mate-

rials 197
proportional-integral (PI) control 

316, 583
proportional control 350, 583

proportional output 618
protective coatings and jackets 442
protective countermeasures 631
proton exchange membrane (PEM) 

170
public awareness 498
Public Utility Holding Company 

Act (PUHCA) 539, 546
 of 1935 545
Public Utility Regulatory Policies 

Act (PURPA) 177, 545
pulse accumulators 342
pulse width modulation 301, 350
pumps 714
purge section 214
purlin 230
PURPA 177, 545
pyrolysis 492

Q
qualifying facilities (QFs) 545
quantifying 194

R
rachet clause 26
radiant heating 256
radiation 438
radon gas 39
rapid recovery 631
rapid start (RS) 399
rate structure 26
reactive power 279, 399
recessed 399
reciprocating engines 169
recirculation 321
recommended light levels 354, 355
recommissioning 672
recording ammeter 427
recuperators 211
reducing heat loss 228, 232
redundant systems 631
reed relays 343
refl ectors 362
refractories 442
refuse-derived fuel (RDF) 489, 490
refuse combustion 492
refuse preparation 490
regenerators 207
reheat 610
 systems 252
relative humidity 449
repeatability 589

reporting 16
reset 599, 603, 606, 607, 609, 812
resistance 445
Resource Conservation and Recov-

ery Act of 1976 (RCRA) 545
retained earnings 44
retrocommissioning 672
retrofi t 399
revenues 41, 42
risk analysis 67, 624
risk management 646
rock-bed storage system 480
roll-runner 232
room surface dirt depreciation 

(RSDD) 369
root-mean-square (rms) 399
routine maintenance 408
rpm (revolutions per minute) 290, 

298
runaround systems 200

S
sabotage 623
safety checklist 29
safety equipment 25, 29
salvage value 42
saturated steam 128
savings 533, 707
saving investment ratio 57
secured loan 668
Securities and Exchange Commis-

sion (SEC) 545
SEER 791
selectivity 476
selling stock 657
sensible heat 128, 133
sensitivity analysis 41, 67
sequencing 584
serial use 200
series cash fl ows 50
service factor 277, 298
setpoint 350
shared savings providers 2
short-circuit current 483
sick building syndrome 498, 499, 

542
silicon controlled rectifi er 301
simple interest 47
simulation 69
single-duct VAV systems 251
single duct systems 250
single factor sensitivity analysis 67
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single point failures 625
single sum 50
 cash fl ows 49
sizing 481
slip 278, 282
smart windows 237
smoke detectors 429
smoke generator 25
smoke sources 33
software 318
 routines 319
 specifi cations 327
soil temperature 763, 764
solar arrays 484
solar cells 482, 483
solar collecting systems 472, 473
solar constant 472
solar energy 471, 472
solar thermal energy 471
solid fuel pellets 492
solid oxide fuel cell (SOFC) 170
solid state relays (SSRs) 343
source control 501, 503, 543
Southern Building Codes Congress 

International (SBCCI) 541
spacers 236
space criterion 399
specifi c heat 449
specifi ed heat loss 457
specular 399
speed ratio correction factor 290
spot market 1, 546
stack-gas analysis 428
stack-gas stream 206
stack-gas temperature 415
stagnation 475
state codes 540
static system 525
steady-state heat exchangers 208
steam systems 125, 133
steam traps 139, 145, 402, 418, 421
 failure 418
stethoscope 430
stochastic techniques 59
storage 196
 mediums 523
 systems 521
  capacity 528
stored heat 196
stranded costs 637, 639
strategic planning 16
stroboscope 430

summary 635
superheated steam 128
super insulations 443
surface air fi lm coeffi cient 449
surface fi lm coeffi cient 449
surface resistance 438, 449, 450, 451
surface temperature 449
surge protection 343
sustainability 793, 794, 806, 808
synchronous speed 278
system capacitance 526, 581
system controllers 317
system manual 346
system modifi cations 270
system performance method 540
system programming 347
systems checkout 348
systems confi guration 327
systems integration 326, 329

T
T12 lamp 399
T2 lamps 371
T5 lamps 372
T8 lamps 373
tandem wiring 399
task lighting 368
tax benefi ts 663
tax considerations 44
tax effects 466
TCLP compliant fl uorescent lamps 

373
temperature 278
 control 345
 difference 438
 drop 458
 inputs 342
 measurement 429
 rise 299
 use range 440
terminal unit 350
TES systems 533
then-current dollars 66
thermal-break 235
thermally heavy building 240, 244
thermally light buildings 240
thermal break 229
thermal comfort 248, 260
thermal conductivity 196, 437, 440, 

449
thermal energy storage systems 633
thermal equilibrium 449

thermal insulation 437
Thermal Insulation Manufacturers 

Association 231
thermal mass 221
thermal performance 41
 of roof 230
thermal pollution 193
thermal resistance 223, 438, 449
thermal spacers 233
thermal storage 272
 systems 479, 526
thermal stratifi cation 523
thermal weight 240
thermocouples 429
thermodynamic model 719
 temperature dependent 719
thermal girts 228
thermometers 24
thermostatic traps 421
thermowells 342
The National Energy Conservation 

Policy Act of 1978 541
throttling 291
tight building syndrome 497, 498
time clocks 364, 408
time rating 278
time standards 408
time value of money 42, 46, 465
 calculations 41
 factors 52
 principles 64
tires 492
topping cycles 157
torque 278
torque 279
total harmonic distortion (THD) 

399
total quality management (TQM) 3
trading of electricity 640
training 15, 346
transducers 350, 585, 620
transformers, potential 343
transmittance 476
transmitters 585, 620
tri-phosphor lamps 359
truck operation and maintenance 

423
true lease 668
trusses 230
tube-and-shell heat exchanger 211
twisted pair 350
two-position 350, 620
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 control 581
type 299
typical Applications 447

U
U-factor 223
ultrasonic (US) 365
 sensors 365
unbalanced voltages 274
unbundled rates 637
unconstrained deterministic analy-

sis 59
uniformity 356
uniform series cash fl ows 50
United Nations Environment Pro-

gram 543
unit heaters 339
USGBC 794, 795, 796
utility billings 241
utility deregulation 637
utility network 622
utility outages 632
utility systems 622

V
variable-speed drive 214
variable air volume (VAV) 250
variable consumption 222
variable fi re boilers 724
variable frequency drives 300, 302, 

304
variable inlet vanes (VIV) 304
variable pitch pulleys drive 300
variable speed drive 291

variable speed loads 302
VAV (Variable Air Volume) 350, 498
VCP 399
velocity and fl ow-rate measurement 

429
ventilation 498, 543
 rate procedure 501
vertical-axis wind turbine (VAWT) 

486
very high output (VHO) 400
vibration 444
 analysis equipment 26
 measurement 430
viscosity 760
visual comfort probability 356
VOC 800
volatile organic compounds 497
voltage 279, 281
voltmeter 24
volts 298
volumetric fl ow rate 202

W
WACC (weighted average cost of 

capital) 668
walk-through audit 431
waste heat 193
 and load diagrams 205
 boilers 218
 exchangers 207
 quality 194
 source 194
 survey 201
waterwall steam generator 491

water storage 531
 tank 479
water treatment 272
watt-hour meters 343
 transducers 343
wattmeter 25, 428
watt (W) 400
WECS 489
wet-side economizer 272
WHAT IF motor comparison form 

297
whole-building approach 732
wind characteristics 486
wind devices 485
wind energy 484
 aerodynamic effi ciency 485
 availability 484
 conversion system 488
 loadings and acoustics 489
 power coeffi cient Cp. 485
 power density 484
 systems 471
wind speed 488
wind Systems 486
wind up 583
workplane 400

X
xpanded perlite 441

Y
yearly scheduling 319


