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AIR-HANDLING ENERGY EFFICIENCY AND DESIGN PRACTICES
Lars J. Nilsson

Abstract
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With good design practices and life-cycle cost optimization, specific fan power for
individual (SFPI) fans will be between 0.5 and 1 kW/m3/s. Data from nearly 1000
audited fans in Sweden show that the average measured SFPI weighted by drawn motor
power is 1.5 kW/m3/s and the situation appears to be similar in other countries.
Contract forms used by Swedish builders, and consultants' design practices are analyzed
here to search for an explanation to the low performance of installed systems. Identified
as two major barriers to efficient system design are the lack of performance
specifications when procuring systems and the incentive structure in the building sector.
As a consequence, duct design methods, rules of thumb, and vendor recommendations
are not leading to system optimization. The broad minima in life cycle costs over a range
of air-handling unit sizes show that potential economic welfare losses from efficiency
standards are likely to be smaller than the losses that result from today's design
practices.

1. Background and introduction
Fan electricity use in all sectors account for about 7 to 8 percent of total electricity use
in Sweden [1]. The situation is probably similar in many other industrialized countries.
Average electricity use per square meter, excluding electricity for heating, in buildings
in the Swedish serw:e sector has doubled from 50 to 100 kWh/m 2 in the last 20 years
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[2]. The increase is in part due to increasing penetration of electric office equipment.
More electricity is also used for controlling indoor climate in newer buildings. For
example, about 75 percent of all commercial buildings from 1940 or earlier in Sweden
are ventilated only by natural ventilation or exhaust fans. In buildings from 1979 and
later the corresponding figure is 10 percent. Nearly all other buildings have mechanical
balanced ventilation with both supply and exhaust or return air fans. Average specific
fan electricity use in the commercial sector is 15 to 20 kWh/m2,yr for balanced
ventilation and 0 to 5 kWh/m2,yr with natural draft and exhaust fans [3].
In spite of increased electricity use for ventilation, consumer dissatisfaction with
indoor climate and ventilation is widespread, sometimes leading to demands for higher
ventilation rates [4]. Required air flows vary between and within buildings depending on
cooling loads and emissions of pollutants. Modern office buildings in Sweden typically
require 2 to 4 l/s,m 2 to remove surplus heat [1,5,6]. Minimum outdoor air requirements

according to the Swedish building codes are about 1 and 0.5 I/s,m 2 to maintain air
quality in office rooms with and without smoking, respectively [7]. This is in accordance
with the outdoor air requirements specified in ASHRAE 62-1989 [8]. However, other
sources give that outdoor air requirements can be more than 10 I/s,m 2 depending on
air quality requirements, number of smokers, and if high-emitting building materials are
used [4,5,9]. Indoor air quality problems can be more effectively addressed by controlling
the pollution sources rather than attempting to remove the symptoms by dilution.
No physical work is done when moving air from one compartment to another with
the same pressure. However, work is needed to accelerate the air and to overcome
friction in the ducts, coils, filters, etc., through which the air is transported. In principle,
natural ventilation driven by temperature differences can be used to supply air. This has
been prevalent in buildings until recently, and still finds applications. For example, a
Swedish paper mill recently eliminated 160 kW of installed fan power, and improved
air quality, when changing from conventional mixing to natural draft ventilation in a
factory building [10]. It appears, however, that the demand for controlled indoor climate
in energy-efficient buildings requires the use of mechanical ventilation with heat
recovery.
Conventional system types include all-air systems such as constant air volume
(CAV) and variable air volume (VAV), water/air systems such as induction and fancoil unit systems, cooled ceiling systems, etc. CAr' and VAV systems are installed in
about 70 and 5 l_¢rcent, respectively, of the commercial building stock in Sweden [3]. In
some applications, all-air systems with displacement ventilation can give higher air
quality or lower flc_w requirements than conventional mixing ventilation [11,12,13].
Several studies show that VAV systems can be designed for lower energy use than CAV
systems, especially if variable speed drive control is used rather than variable inlet vanes
or damper control [14,15,16,17]. Improved VAV control and low energy use is also
facilitated by the development of CO 2 and occupancy sensors for demand controlled
ventilation, in addition to traditional time scheduling [18,19].
A measure of air-handling energy efficiency describes how much energy is needed
to produce the energy service, defined as good indoor climate or a specific air quality
at low noise levels. However, due to the variation in ventilation and cooling needs
between different buildings it would not be a practical measure for making comparisons.
In addition, the energy service is difficult to define. A convenient measure for describing
air distribution system performance is specific fan power (SFP). SFP is defined in
ASHRAE/IES Standard 90.1-1989 (A-90.1) as the power required by the motors for the
combined fan system, i.e., all fans, divided by the supply flow at design conditions [20].
The SFP is determined
by the total fan efficiencies (i.e., including motor and
transmission efficiency) and the system pressure drop. According to the A-90.1 standard,
SFP should not exceed 1.7 kW/ma/s in CAV systems and 2.65 kW/m3/s in VAV
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systems. _ An alternative definition of specific fan power, frequently used in Sweden, is
the power required by the motor for an individual fan divided by the flow through that
fan, here referred to as SFPI.
The A-90.1 standard, or variations thereof, has been adopted in the building
code in several states in the USA. A classification of air-handling system energyefficiency based on SFP 2 has been issued in the guidelines from the Scandinavian
federation
of the societies of heating, air-conditioning
and sanitary engineers
(SCANVAC) [21,22,23]. Four classes are defined with SFPs of 4, 2.5, 1.5 and 1
kW/m3/s, where the latter is named "electricity thrifty." For the 1994 revision of the
Swedish building code, the National Board of Housing, Building and Planning has
proposed that recommendations on SFPI be included [24]. The proposed SFPI level is
1 kW/m3/s.
This article briefly reviews the technical and economic potential for low SFP airhandling system design. The results from extensive energy audits in Sweden are reported
and measured SFPIs for 987 fans are compared with proposed standards and
recommendations.
Factors other than SFP that influence total energy demand for
heating, ventilation and air-conditioning (HVAC), e.g., air flow requirements, building
shell, cooling and heating needs, and lighting-HVAC interactions, are not included.
However, measures to reduce indoor pollutant emissions, and heating and cooling loads
can reduce HVAC energy use beyond what is implied by the potential for lower SFP
discussed here.
In the literature, several general market barriers have been described that explain
why cost effective
energy-efficiency
measures
are not being implemented
[e.g.,25,26,27,28,29]. End-use and sector specific barriers must be considered when
designing policies to improve energy efficiency. For that purpose, barriers that are
specific to air-handling energy efficiency in the building sector, and construction market
characteristics, are assessed here. Incentive structures, and contract and procurement
forms are discussed. We interviewed nine Swedish HVAC consulting firms about
standard practices and rules-of-thumb used when designing air-handling system. Swedish
design practices are compared with those used in other countries.

xWith2.65kWt/m3/sinVAV-systemsat designconditions,the SFP under averageoperatingconditions
wouldbe 1.6kW/m"/s, assumingthat the averageair flowis 60 percentof the flowat designconditionsand
that the input powerdecreaseslinearlywith decreasingflow.
2SCANVACdefines SFP as total motor powerdividedby total air flowthrough the building.Total air
flowis usuallyequalto exhaustair-flowsincemostsystemsare designedfor negativepressurerelative to the
outdoor pressure,and withoutreturn air circulation.
3

2. Low SFP design
Air-handling system design begins with determining the required air flows. Fans, ducts,
filters, coils, etc., are used for treating and distributing the air. Friction losses in the
ducts create a pressure drop which the fan must overcome. In addition, there are friction
losses in components such as heating and cooling coils, filters, dampers, heat recovery
equipment, etc. The power required to drive the fan motor is determined by a simple
equation:
P = (Q*dp)/(rlr*O,*rlm)
Where P is electric power demand (in kW), Q is volume flow (in mS/s), dp is pressure
drop (in kPa), r_t, rh, and rim is fan, transmission, and motor efficiency respectively. P
over Q for a specific fan gives the SFPI in kW/m3/s and is equal to dp over total fan
efficiency (i.e., r/t*rl,*rl,,).
The usual way of building an air-handling system is to design a duct system and
select a packaged or built-up air-handling unit (AHU) that suits the application. The
AHU typically contains supply and exhaust or return fan, motor, filters, coils, and, at
least in Sweden, heat recovery equipment. The pressure drop in each component must
be low, and total fan efficiency high, to achieve a low SFP. High pressure drops and
poor total fan efficiencies can result in very high SFPs. Table I shows a comparison of
a hypothetical energy efficient system design and a hypothetical poor system design to
illustrate the relative size of different losses and the possible range of SFPs [30].
What would be an economically optimal level for the SFP? The cost-effectiveness
of efficient systems design depends on, e.g., building design, air-handling needs, energy
price_ prices and rebates on components, operating hours, and the value of duct space
and mechanical rooms. In a retrofit situation there are in addition case-specific
constraints and opportunities dictated by the existing system. However, some general
observations can be made.
Total fan efficiencies must be high to reach a low SFP. Fans must be carefully
selected and installed so that their performance come close to the manufacturers' design
ratings [31]. The best fan efficiencies have not changed much over the last decade.
However, a small extra cost for a centrifugal fan with an impeller with backward curved
blades (B-fan) buys a 10 to 20 percentage point efficiency increase compared to a fan
with forward curved fan blades (F-fan). Typical design point fan efficiencies are 75 to
80 and 60 to 65 percent, respectively [31]. A survey of electricity use in over 906
commercial buildings in Sweden found that only 34 percent of the installed fans had
impellers with backward curved blades [3].
Fans are generally delivered with standard efficiency motors. Energy efficient
motors (EEMs) are 5 to 10 percentage points more efficient than standard motors in
small sizes (< 3 kW) and 2 to 3 percentage points in larger sizes (30 to 40 kW). Typical
efficiencies are 75 to 85 percent in small sizes and 90 to 94 percent in larger sizes [32].
4

Energy efficient motors are 10 to 40 percent more expensive than standard motors, but
cost effective in most applications where annual operating times exceed 1000 to 2000
hours [32,33,34]. They have not yet penetrated the Swedish market, where only two
vendors offer EEM lines. In Canada, for example, their market share has reached 40
percent, in part as a result of electric utility programs [35].
Belt drives are the most common power transmissions used in fan applications in
Sweden. Fan speed and air flow is easily changed by changing pulley sizes. V-belt
transmissions are typically quoted as 90 to 95 percent efficient [32,36], and down to 70
percent efficient in fractional kW sizes [37]. Fig. 1 shows that belt transmission
efficiencies, based on measurements, in small applications are lower than generally
assumed [38,39]. Directly driven fans with variable speed control would reduce the
losses. Investment costs need not be higher in new applications since pulley, belt, starting
control, and maintenance costs are avoided [30].
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Fig. 1. Losses in belt transmissionsas percentage of motor output versus measured motor input power.
Values are based on measurementsin exhaustfans in multifamilybuildingsin Stockholm,Sweden[38,39].
Solid and dotted lines show average and range of estimated losses, respectively,as reported by the Air
Movementand ControlAssociation(AMCA) [37].

In principle [40]: "One could design ducts as large as subway tunnels, or as small
as cocktail straws." The pressure drop in straight circular ducts is inversely proportional
to duct diameter raised to the fifth power [41]. Selecting optimum duct size is a tradeoff between installation costs and operating costs. In addition, the duct size can be
constrained by space requirements and allowable air velocities to limit noise. In practice,
the requirement to limit noise, for example, below 30 to 35 dBA in office rooms, often
determines the duct size. Recommended maximum air velocities in Sweden to avoid
5

"FABLE 1. Tv,,) hypothetical air-handling system designs (for -3 m3/s) and the resulting specific
fan power requirement, adapted fromt301
Pressure drop (Pa)
Efficient design
Poor design

System component
Supply air
Ducting
Silencer
Heating coil
Heat-rec, heat-exch.
Filter (old)
Room outlets
Air inlet
System effect

100
0
40
1130
50
30
25
0

150
200
100
250
250
50
70
360

E_rhaustair
Ducting incl. inlet
Silencer
Heat-rec. heat-exch.
Filter (old)
Air outlet
System effect

100
0
1130
50
20
30

150
100
250
250
250
360

Total pressure drop

645

2790

motor efficiency (r/m)
fan efficiency (r/t)
belt transmission efficiency (r/t)

0.88
0.80
0.90

0.80
0.50
0.70

Total fan efficiency (r/t*r/t*r/m)

0.63

0.28

SFP (kW/m3/s)
_
SFPI Supply (kW/m"/s)
SFPI Exhaust (kW/m"/s)

1.0
0.55
0.47

10
5.1
4.9

excessive noise are 7 to 8 m/s in main ducts and down to 2 to 3 m/s in small branches
[1]. These velocities roughly correspond to pressure drops of 1 Pa/m in straight ducts
[41]. In main ducts with a representative number of flow resistances, the economically
optimal air velocities may be 3 to 4 m/s, leading to further reductions in noise, in
systems with long operating times and if discount rates from 4 to 15 percent real are
used in the evaluation [1].
As illustrated in Table 1, much of the pressure drop usually arise in the AHU
components, and from uneven velocity profiles or swirling airflow entering or leaving the
fan, causing the system effect [42].Installing straight duct sections to reduce or eliminate
system effects from, for example, elbows close to the fan inlet or outlet is nearly always
cost effective [1]. Difftlsors can be used to reduce the pressure loss if space limitations
prevent straight duct sections from being installed at fan outlets and inlets. Lower air
velocities and frictibn losses can reduce the need for silencers since less noise is
generated. In addition, passive silencers can be designed with very small or no flow
restrictions [23,36],
/
/
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TABLE 2. Calculatcd face velocities, AHU internal pressure drops in kPa, and SFP for different
Stratos ABX air-handlin_ unit with a large rotary heat recover_' hcat exchanger, a
ABX air-handling
5

6

7

unit size

8

9

small B-fan h
11

10

Face-vel. and (dp); /mils (kPa)]
Filters
4.2 (0.34)
Heating coil
4.7 (0.16)
Heat exchanger
4.0 (0.40)
Other, F/B-fan
(0.33/0.14)
Total, F/B-fan
(1.23/1.04)

3.1 (0.27) 2.5 (0.22) 2.1 (0.19)
3.0 (0.06) 2.7 (0.04)
1.9 (0.01)
2.8 (0.28) 2.4 (0.24) 2.1 (0.21)
(0.21/0.06)(0.14/0.04)(0.08/0.02)
(0.81/0.67) (0.(_,/0.55) (0.50/0.44)

1.7 (0.16) 1.4 (0.14)
1.7 (0.01) 1.4 (0.01)
1.7 (0.17) 1.4 (0.14)
(0.06/0.02)(0.03/0.01)
(0.40/0.._)
(0.32/0._)

Total fan efficiency [%/
Supply, F/B-fan
Exhaust, F/B-fan

50/60
40/50

51/60
45/52

43/48
33/35

53/61
44/51

52/61
45/53

sizes of

49/59
45/52

1.0(0.11)
1.1(0.01)
1.0(0.09)
(-/0.{X))
(-/0.22)

-/58
-/50

st:e,./kw/m3/sl
F-fan/B-fan
4.66/3.85
3.02/2.20
2.48/1.95
2.15/1.75
1.97/1.62
1.89/1.54
-/1.42
Supply and exhaust air flow rates are 4.5 m)/s, external pressure drop is .300 and 250 Pa in supply and
exhaust, respectively. Filter standard EU5 and EU3 were used h_r supply and exhaust, respectively. No
cooling coil was included.
h The computerized vendor catalogue [46] allows four fan choices: large and small F-fan and B-fan. In sizes
up to ABX 9, SFP and pressure drop are calculated for both small F-fan and large B-fan. In ABX 10 and
11 with the specified flow and external pressure drop, the large B-fan cannot be used and is replaced by a
small B-fan. In ABX 11 F-fan cannot be used in the specified application.

In filters, coils and heat exchangers pressure drops can be reduced by lowering
the air flow face velocities. In filters, for example, lower face velocity extends the filter
replacement period and reduces maintenance costs, in addition to saving electricity
[30,36]. As shown in Table 1, pressure drops over coils and heat exchangers m_ty be
several hundred Pa. A new cooling coil design named "low face velocity/high coolant
velocity" reduces the pressure drop by almost a factor of ten [43]. Face velocities
between 0.75 to 1.5 m/s, which is less than half of today's practice, allow drop
condensation on the coils and improved heat transfer. Packaged AHUs are commonly
used in air-handling systems both in Sweden and elsewhere [36,44,45]. With careful
component design, and design of the AHU, ensuring even velocity profiles, pressure
drops can be kept low. When using packaged AHU, the consulting HVAC-engineer or
the HVAC-contractor
can keep pressure drops and face velocities low primarily by
selecting larger AHU-sizes.
Selecting a larger AHU has a penalty in higher investment costs. However, the
life-cycle cost (LCC) as a function of AHU size has a very broad minimum. A typical
AHU design for Sweden, named ABX, with filters, heating coil, and an air to air heat
exchanger was selected here for calculating the LCC under various assumptions [46].
The external pressure drop was set at 300 Pa on the supply side and 250 Pa in the
exhaust air ducting. Supply and exhaust air flow were set 4.5 ma/s. Recirculation of
return air is rarely used in new Swedish systems but heat recovery is mandatory in nearly
7
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all new buildings in Sweden [7,47]. Table 2 shows face velocities, pressure drops, and
SFP for the possible AHU sizes ranging from 5 to 11. Note that it is not possible to
reach a SFP below 1.42 kW/m'_/s with the assumed external pressure drop of 550 Pa
and the selected AHU design. The AHUs can be fitted with both large and small Bfans and F-fans, see note to Table 2. The annualized LCC under various assumptions
as a function of AHU size is shown in Fig. 2a-d. Size 6 is optimal only in the case of
a 20 percent discount rate and 2000 hours per year operating time, Fig. 2a. In this case
a B-fan would use 27 percent less electricity than an F-fan. With a 5 percent discount
rate and the same annual operating time, the optimal size is 8. This AHU with a B-fan
uses 23 and 44 percent less electric!tythan ABX 6 with a B-fan and F-fan, respectively.
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The amount of thermal energy that needs to be added to preheat supply air decreases
as more heat is recovered in the larger At4Us. AHUs size 7 and 11 are optimal with
3744 hours annual operating time and 20 and 5 percent discount rate, respectively, see
Fig. 2c-d. The broad minima in LCC show that larger AHUs can be selected without
increasing LCC but with substantial electricity savings as a result. To what extent
increased space requirements for larger AHUs result in higher building construction
costs depend on building design and where the units are placed. When units are placed
on roofs or adjacent to the building, the additional costs are often negligible.

3. Results from energ_ audits
Several energy audits in Scandinavia show that existing air-handling systems are less
efficient than would be expected based on typical component efficiencies. For example,
average total fan efficiencies, weighted by drawn motor power, for 1 to 2 kW fans in
Danish schools arId Swedish multifamily buildings were 26 and 34 percent respectively
[48,49]. Average SFP! weighted by drawn motor power were 1.5 and 2.1 kW/m3/s,
respectively. With good design practice, total fan efficiency could be at least 50 percent
(e.g., with r/t=0.75, rh =0.80, r/,,,=0.85) and SFPI less than 1.0 kW/m3/s (i.e., dp<500 Pa
with rho_--0.50). In a survey covering 22 commercial and industrial buildings in Sweden,
the average SFPI was 1.5 kW/m3/s in fans ranging in size from fractional kilowatts to
11 kW [50]. Three extensive surveys, based on measurements on air-handling systems in
multifamily buildings and in the commercial sector, are discussed here [3,39,51,52,53].
The key results from the three studies are summarized in Table 3 and Fig. 3. No data
from extensive energy audits outside Sweden have been found.
The AIB-study by Sandberg et al. [39] reports, in great detail, on the performance
of 110 air-handling systems in multifamily buildings in 12 different residential areas in
Stockholm. Measurements were made on 31 exhaust air systems, 26 exhaust air systems
with heatpump heat recovery, 12 exhaust air and 8 supply air systems in buildings with
balanced ventilation (BV), and 17 exhaust air and 16 supply air systems in buildings with
balanced ventilation
and heat recovery heat exchangers (BV+HX).
With the
approximation that supply and exhaust flow are equal i:a the BV and BV+HX systems,
the average SFPs were 2.7 and 5 kW/m'_/s, respectively. Only the 53 BV and BV+HX
systems are included in Table 3 and Fig. 3. Fig. 4 shows pressure drops and total fan
efficiencies for the supply and exhaust air side in the 33 BV+HX systems. The pressure
drop over bag filters and heat exchangers in the BV+HX systems ranged from 50 to
670 Pa with an average of 245 Pa. Average total pressure drop is 530 Pa and average
total fan efficiency is 22 percent in the BV+ HX systems.
The study by the National Swedish Board of Public Building (KBS) reports on
the performance of 215 fans in state owned KBS buildings where SFPIs ranged from
0.17 to 4.5 kW/m3/s with an average of 1.1 kW/m3/s [51]. Most of the buildings are
off;ces and university buildings. The average power factor was 0.58 indicating that many
motors are oversized. Only 6 percent of the air-handling systems failed to meet the
required outdoor air flow of 5 l/s per person which is mandated in the building code
[7]. In the data presented here, another 209 measurements from KBS buildings have
been added [52]. The SFPIs from the expanded data base are shown in Table 3 and
Fig. 3.
Electricity use in the Swedish commercial sector is reported on in a statistical
energy audit study, the STIL-study, from the electric utility Vattenfall [3]. In this project
906 energy audits were carried out in 14 categories of buildings ranging from
kindergartens and grocery stores to office buildings. The surveyed building types
represented an electricity use of 17.8 TWh in 1989.
10

TABLE 3. Measured air flow, motor power, and specific fanapower for individual
fans (SFPI) from three Swedish studies of fan electricity use,

Study (# of fans)

•

Min.

AIB (53)
airflow (m"/s)
power (kW)
SFPI (kW/m3/s)

0.18
0.27
1.4

KBS-rev (424)
airflow (m°/s)
power (kW)
SFPI (kW/m3/s)

0.094
0.13
0.17

STIL-E/R 3(237)
airflow (m /s)
power (kW)
SFPI (kW/m3/s)
STIL-S (273)
airflow (ma/s)
power (kW)
SFPI (kW/m3/s)

Max,

0.73
2.1
4,6

Avg.

Median

Powerweighted

0.46
1.2
2.5

0.44
1,2
2,3

2./

32
31
4.5

2.5
2.2
1.0

1.6
1.3
0.89

1.2

0.14
0..30
0.13

49
49
6,5

3.6
4.0
1.5

1.7
2.2
1,2

1.7

0.12
0.30
0.22

49
64
6,8

3.4
4.3
1.4

1.6
2.0
1.3

1,6

a The AIB data [39] covers supply and exhaust fans in balanced ventilation systems
in multifamily buildings. The KBS data [52] covers supply and exhaust/return
fans
in state owned buildings, e.g., offices and university buildings. The STIL data I531
covers supply (S) and exhaust/return
(E/R) fans in various commercial buildings.
All fans in the STIL and AIB data are installed in balanced ventilation systems. In
the KBS some fans are in exhaust air systems.

The audit results, scaled to the 17.8 TWh sectoral electricity use, showed that 1.9 TWh
were used to drive fans. CAV and VAV air-handling systems served 72 and 4 percent,
respectively, of the building volume. Total fan electricity use in balanced air-handling
systems was 1.7 TWh. Measured CO2 concentrations were below 1000 ppm in 80 to 90
percent of the buildings except for schools and kindergartens where CO 2 concentrations
were below 1000 ppm in only about 50 percent of the buildings. Due to a computing
error, the SFPs originally reported in [3] are too high. Revised SFPI data for
exhaust/return
fans (STIL-E/R) and supply fans (STIL-S) based on information from
Vattenfall [53] are presented in Table 3 and Fig. 3.
The difference in results from the three studies may be partly explained by the
difference in average motor power. The power weighted SFPi is slightly higher than the
average SFPI which indicates that larger systems have higher total pressure drops and
SFPIs. However, as indicated by the AIB results, very small systems also have high
SFPIs, driven by low total fan efficiencies.
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The data bases used in Table 3 and Figure 3 do not have enough detail to determine
to what extent high SFPIs can be attributed topoor systems design, and to what extent
they are the result of physical conditions in the buildings. It should also be noted that
the state owned buildings in the KBS-study have trained operation and maintenance
(O&M) personnel while the STIL study includes a variety of buildings with varying and
often low O&M standards.

G

•

Lack of maintenance is a well recognized problem and a contributing factor to
poor air-handling system performance. The STIL study of 906 Swedish commercial
buildings showed that 35 percent of the air-handling systems could be considered well
maintained, and only 2 percent were in excellent condition [3]. The remaining 63 percent
of the systems required cleaning or other maintenance. The major reason is lack of
proper operation and maintenance instructions. Commissioning, i.e., "the process of
achieving, verifying, and documenting a concept through design, construction, and a
minimum of one year of operation" [54], can improve system reliability and air quality,
while reducing operation and maintenance costs [55].
Do SFPs or SFPIs in other countries come closer to the levels recommended in,
for example, A-90.1? In a sample of 17 buildings in Seattle, all complied with the A90.1 recommendations for SFP [56]. In a carefully studied VAV system in a 12,000 m 2
commercial office building in New Jersey the SFPIs for the supply and return fans were
approximately
2 and 1 kW/m3/s, respectively
[16]. In four studied AHU at
Massachusetts Institute of Technology the SFP, based on nameplate motor power,
ranged from 2.4 to 5 kW/m3/s [17]. However, nameplate power may be two times
higher, or more, than actual as a result of oversizing. Total pressure across individual
fans in Switzerland typically range from 300 to 1500 Pa depending on application [57].
This is similar to Swedish practices which reportedly result in 500 to 1300 Pa [1]. For
a specification of a typical AHU in Japan the total pressure across supply and exhaust
fan is 1240 and 690 Pa, respectively [44]. Supply and exhaust air flow is 1.42 m3/s. With
a 50 percent total fan efficiency, SFPIs are 3.5 and 1.4 kW/m3/s, respectively. These
non-Swedish cases suggest that SFPs, or SFPIs, in Sweden are not significantly different
from those in other countries.

4. The market
"

The difference
between the measured
SFP in air-handling
systems and the
recommended, or possible, SFP shows that there is a large potential for fan power
savings. The literature describes a number of market barriers, and failures, that explain
why efficiency is lower than what is economically optimal [25,26,27,28,29]. For example,
energy prices do not include environmental costs and other externalities, and fails to
signal the long-term marginal cost to consumers through tariff structures. Different
economic criteria are applied on supply side and end-use efficiency investments. In
addition, energy costs have low priority to many users since they are relatively small.
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Even if energy-efficiency is a priority, information is often scarce and difficult to find.
Another common barrier is misplaced incentives, e.g., the person who makes the
decision to buy a certain equipment is not the one who pays the operating costs.
Understanding why the installed SFPs in particular are so high requires an
analysis of the building construction industry. The low energy efficiency in air-handling
systems shows that some factors work against economically optimal solutions. One
general approach to explaining why the construction market is not producing an
economically optimal outcome is offered by neoclassical economic theory [27,58].
According to this approach, a perfect market yielding an economically efficient outcome
requires that certain conditions are met, e.g.:
•
•
•
•
•

Perfect competition, there should be many buyers and sellers acting without collusion.
Buyers and sellers should have perfect information about the object of exchange and
possible substitutes.
No transaction costs are associated with the exchange.
There are no entry or exit barriers for new actors.
Consumers and producers are economically rational.

None of these conditions
submarket

for air-handling

are met in the con_aruction market

•

as a whole or in the

systems. A possible exception is the last condition which,

depending on the definition of rationality, may be argued both for and against.
Competition is restricted by, e.g., how building projects are procured and the small
number of air-handling equipment suppliers in Sweden. Perfect information is not
available since the objects of exchange exist only on the drawing board and rarely are
specified in detail. It is difficult to compare price and quality even between completed
and relatively similar buildings, or air-handling systems. A significant part of the
construction process is aimed at defining the builder's demands and wishes and
formulating them in project documentation and building plans, i.e., transaction costs are
high. Informal and personal contacts are very important in the construction industry. In
addition, many contractors have strong connections in local or regional markets [59].
Thus, entry barriers are high. The builder is frequently not the "consumer," something
which discourages investments in energy efficiency. In next sections, these market
imperfections are discussed in more detail. We telephone interviewed nine Swedish
HVAC-consultants about their design practices and experience from different building
contract forms [60].3

3 The consultingfirms range in size from only a few to more than one hundred employees.The
contacted firms were randomly picked among the HVAC-consultants in the Swedish Associationof
ConsultingEngineers'list of members.
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4.1 Building procurement
When the decision has been made to construct a building, the builder or developer
often announces that he will take bids for the construction contracts. The bidding can
be open, or restricted to a limited number of potential contractors [61]. The bidding
process is often followed by negotiations with one or more "winning" contractors. A study
in two Swedish municipalities showed that in the commercial sector, the bidding process
was restricted to one construction company in about half the projects, and otherwise
restricted to a few companies. In the public sector, the bidding_ process was restricted to
a Lew companies in about two-thirds of the projects, and open in one-third of the
projects [59]. Very few no_l-local contractors were engaged in the building projects. This,
and the restricted bidding process, particularly in the private sector where procurement
is not regulated, illustrate the importance of informal and personal contacts in the
construction industry.
The forms of procuring building contracts are usually divided in three general
categories [61]. One arrangement is for the builder to sign separate agreements with
each contractor for building shell, HVAC, electric installations, consulting, etc. Hereby,
the experienced and competent builder can closely control the whole construction
process. Another procurement form is for the builder to appoint one main contractor
who is then responsible for procuring the subcontractors. The main contractor is usually
the company responsible for constructing the building shell. In both these cases
architects and consulting engine_;s are working directly for, and with, the builder to
produce the building plans and documentation. A third arrangement is that the builder
procures the total contract from, one construction company. In this case, the total
contractor is responsible for translating the builder's demands into building plans and
documentation.
Total contracting became an increasingly popular contract form in
Sweden during the building boom in the 1980s, accounting for about one-third of the
building contracts in 1988 [62]. In practice, there are also variations and mixes of these
three general categories.
There are two general ways of determining the price for the building: (1) total
building cost plus a fixed fee or a percentage of the cost, and (2) fixed price contracts
with or without index to account for general cost increases. In practice most contracts
are written to include cost, time, and performance incentives. Varieties of fixed price
contracts were used in 183 of 211 studied building projects in Sweden, and cost plus
fixed fee or percentage in the other 28 projects [59]. The cost plus agreements were used
primarily in larger projects.
4. 2 HVA C-procurement
In Sweden, total contracting is often pointed out as the cause of poor HVAC
performance with high operating costs. The reason being that the total contractor has
every incentive to minimize construction costs, and maximize profits. As described by
one interviewed HVAC-consultant: "the total contractor usually says that the air-handling
should cost nothing to install." In addition the builder has little control over design and
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installation

since he has distanced

himself both from the HVAC-consultant

and the

subcontractor. But, even if the builder is working closer with the HVAC-consultants and
contractors in other contract forms, the contractors still have incentives to minimize
investment costs.
Irrespective of contract form, energy efficiency is usually not a concern since the
builder may intend to sell the building, or because the operating costs are easily passed
on to the future tenants. If energy use and life-cycle cost were a concern, the builder
would have to specify energy performance and be actively involved in each step from
planning to commissioning of the building to ensure that his specifications were met.
Often the consultant makes only a preliminary HVAC system design. The
contractor is then responsible for both the detailed design and installation of the HVAC
system, making it relatively more difficult for the builder to influence the performance.
In the case where the HVAC-consultant
makes a detailed system design and specifies,
e.g., a certain AHU or one with "equal performance," the subcontractor may choose not
to consider energy use when procuring the AHU. Contacted consultants and equipment
vendors both in Sweden and elsewhere report that the equipment vendors often propose
AHUs based on specifications provided by the buyer. If not carefully defined, "equal
performance" may be interpreted by the subcontractor and vendor in terms of air flow
and required external pressure increase, but not efficiency.
4.3 The builder and efficiency procurement
Only one of the nine interviewed consultants reported that energy efficiency had ever
been requested by their clients. This single consultant had been involved in utility
conservation programs. All the consultants noted, however, that it was easier to argue
for efficient designs when working for large public building owners. Lack of competence
in the HVAC area is a general barrier that prevents builders from specifying airhandling system performance
and quality. The absence of recommendations
and
requirements in the building code contributes to this lack of competence and interest
in electricity efficiency. A compounding factor is the rapid technical development of
building installations and their relative importance. After the 2nd world war [63]:
"buildings were 80% shell and 20% interior and installations. Today the opposite is true."
Discussions and interviews with builders show that air-handling is an area where they
would appreciate support and information that would help them specify reasonable
energy performance levels when procuring consulting and contractors [64].
I

4.4 System design and rules of thumb
As discussed above, electricity efficiency is rarely a concern when designing air-handling
systems. The low priority given to energy efficiency is reflected in the design practices
used by consultants. The design tools available to designers include duct design methods,
rules-of-thumb, and information and recommendations from equipment manufacturers
and vendors.
Duct design methods

include

equal friction,
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static regain,

constant

velocity,

-

.

,
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velocity reduction and the T-method. The constant velocity and velocity reduction
methods are no longer included in ASHRAE Fundamentals [41], motivated by the fact
that other methods yield similar or better results [36]. With the equal friction method,
the ducts are designed so that the pressure drop per unit length of tlhe duct is constant.
With static regain the ducts are designed so that the static pressure regain at each
branch is equal to the pressure drop in the down-stream ducting section. Neither equal
friction, nor static regain, lead to economically optimized duct designs [40].
The T-method is a new design method developed to optimize duct design by
minimizing life-cycle cost and for system simulation [65,66,67]. A computerized version
of the T-method, capable of reading and writing CAD-files, is expected to be
commercially available in 1993. T-method designs can result in 15 to 50 percent lower
life-cycle cost than for a system designed using the equal friction method [66].
All but one of the interviewed HVAC-consultants reported that equal friction
was the most commonly used method to determine duct sizes. Computer programs are
seldom used for duct sizing and design. The consulting engineers felt that good programs
were not available and that in real life, when designing for equal friction, few
computations are needed. More careful design would cost time and money. However,
several firms used CAD programs for drawing and in some cases for checking
calculations. The widespread use of CAD prograr._.s facilitates the introduction of
computerized optimization and simulation methods since drawings are already available
in electronic form. Reading an existing CAD file into an optimization program would
require little extra effort, which implies low transaction costs.
Since most duct designs are done manually, pressure drops and duct velocities are
determined by the rules-of-thumb used. ASHRAE recommends that pressure drops in
straight ducts should be between 0.7 and 5 Pa/m when flow is less than 25,000 m3/h
[41]. HVAC-consultants report that ducting is designed so that pressure drop does not
exceed 1 Pa/m. Corresponding duct air velocities in circular ducts are 2 to 3 m/s in
ducts with diameters 100 to 125 mm, and 6 to 7 m/s in large ducts with diameters 400
to 500 ram. The main reason for designing with 1 Pa/m is to avoid excessive noise
generation. In addition, low pressure drops make it easier to balance the systems. For
the same reasons, the same rules-of-thumb regarding pressure drop per unit length, or
corresponding air velocities are used in, e.g., USA [36], Netherlands [68], and Denmark
[30]. In most cases, consultants felt that economically optimal duct sizes would be
smaller than what follows from the noise constraint. Economically optimal air velocity
depends on annual operating time, energy and investment costs, discount rates, etc. It
has been shown that for Swedish conditions the economically optimal duct size can be
larger than what follows from the noise constraint [1].
Rules-of-thumb are also applied when sizing air-handling units or components,
such as, cooling coils, filters, and heat recovery equipment. Swedish engineers use face
velocities less than 2.5 to 3 m/s when the AHU includes a cooling coil, to prevent drops
of condensed water from being ripped off the coil. Without cooling coils, face velocities
used for sizing AHU ranged from 2.5 to 4.5 m/s. Similar rules-of-thumb are used in
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other countries. In Denmark 2.5 to 3 m/s, up to 4 to 4.5 m/s without cooling coils [30],
Switzerland 2 to 3 m/s [57], USA 2.5 to 3.5 m/s [69], or 2 to 2.5 m/s [70], the
Netherlands 2.5 m/s [68].
Existing design practices can also be exemplified by recommendations
from
equipment suppliers. Several manufacturers of AHUs offer computerized catalogues
for AHU selection, l;'ecent versions of these catalogues also present annual energy use
based on the input assumptions, and in some cases SFP. The computerized catalogue
used to derive Table 2 has two functions for automatic selection of AHU size. One
function automatically selects the smallest possible AHU that can be used. The other
function also automatically selects the smallest possible AHU but with the restriction
that face velocity across the air heating coil should not exceed 3.3 m/s. These two
functions lead to the selection of size 5 and 6, respectively, for the example described
in Table 2. As illustrated in Fig. 2a-d these sizing criteria do not result in optimal AHU
sizes. The program has no function for selecting the economically optimal size. However,
it does have a function for calculating the net present value based on investment and
energy costs, and to compare different selections. The net present value is calculated by
the program for periods of one, five, and ten years, which again indicates the emphasis
on short payback times.

5. Discussion
A full assessment of the potential for energy efficiency in the provision of good indoor
air quality would require a broad integrated systems analytical approach. This should
include consideration of, e.g., the prospects for designing buildings with low air flow
requirements while maintaining air quality, and perhaps alternatives to mechanical
ventilation. The analysis presented here has been limited to the prospects for designing
for low SFP in conventional air-handling systems with ducting and AHUs, and has not
considered air flow requirements, cooling needs, or auxiliary equipment.
The measured SFPI, weighted by drawn motor power, for all the 987 fans
presented in Table 3 is 1.5 kW/m3/s. This is higher than what appears to be
economically optimal with both private and societal economic criteria even if external
costs of electricity are nct considered. The 90.1 standard, i.e., SFP < 1.7 kW/m3/s,
implies that the SFPI should not exceed 0.85 kW/m3/s in CAV systems, with the
approximation that SFPI is equal to SFP/2. While it is impossible to calculate an
optimal average level for the SFPI in new systems due to the diversity of buildings and
air-handling needs, applying the 90.1 standard suggests that there is a potential to reduce
fan electricity use by more than 40 percent only by designing for lower SFPI. Designing
new buildings for lower cooling needs, less emissions from building materials, and using
demand controlled ventilation could reduce air-handling energy use further. The retrofit
potential based on the measurements in the AIB study was estimated to 20 to 40 percent
if better AHU components are installed when the existing components are replaced at
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of their lifetime. The STIL study estimated that the overnight cost effective
potential was 12 to 14 percent. Four fifths of these savi_lgs would result from
or installing time scheduling of the fans, which reduces energy use but does not
the specific fan power.

The builder could benefit if systems were designed more economically. The
consulting engineer has a professional interest in designing systems without excessive
losses and with efficient drives and control. He or she also has an ethical responsibility
to protect the client's interest. The equipment supplier would benefit from selling larger
AHUs. In addition, society has an interest in energy efficiency in part motivated by the
external costs associated with energy use. In most cases, however, I!here is a contractor
with strong incentives to minimize investment costs with no regard to operating costs.
This barrier to air-handling energy efficiency can be overcome by changing the
mandatory building code. Aiding builders with information and rec.ommendations may
also help improve the performance of new systems.
The existence of transaction costs, associated with gathering in!lormation on energy
efficient technology and, or, evaluating different investment options, is often give;" as an
explanation to why cost effective efficiency improvements are not implemented. In the
case of air-handling, there are essentially no transaction costs associated with designing
systems with larger A'flUs since it is only a matter of selecting a larger unit or providing
more stringent performance specifications. It may initially be more time consuming, and
costly, to optimize ducting, but with increased use of computer aided design (CAD) and
the development of CAD linked optimization programs, transaction costs should be low.
An SFP standard in the building code would effectively preven_t inefficient systems
from being installed. The standard could be made increasingly more stringent, and
complemented with standards, or recommendations, for control str_J_tegies. Due to the
diversity of buildings and their air-handling needs, however, a standard should allow
for exceptions. The broad minima in LCC shown in Fig. 2a-d mean that efficiency
standards for AHUs need not result in economically suboptimal AI-IIU sizing. Potential
economic losses from efficiency standards are likely to be much smellier than the losses
that result from today's design practice. For example, a contractor might have picked
ABX 5, hopefully with a B-fan, for the example in Table 2 and Fig. 2a-d. A standard
specifying that SFP should be less than 2 kW/m'_/s might lead to the ,,_election of ABX 9
with a B-fan. The LCC would be about the same or lower in the c;ases described, and
electricity and heat demand would be lower by 58 and 62 percent respectively.
The broad minima in LCC for AHUs in conjunction with _the relatively small
share of LCC represented by electricity shows that increased eleclricity prices would
have only a marginal effect on the rank ordering of AHU sizes. The electricity cost
share of the LCC would be even smaller if the cost of ducting was included in the LCC.
This indicates that energy taxes are not effective instruments for creating incentives for
higher energy efficiency. For this purpose, other market instrumems are needed.
Most industrialized countries have building codes that in some way regulate the
energy performance of buildings. At present there are no requirements regarding SFP
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in the Swedish building code. To our knowledge, the only countries where air-handling
energy efficiency is directly targeted in building codes are USA, Canada, and
Switzerland. In North America, several states have adopted the A-90.1 standard, or a
,variation thereof. In Switzerland, specifically the Zurich kantonate, face velocities in
heating and cooling coils should not exceed 2 m/s [57].
The development and introduction of energy efficient equipment can also be
accelerated through technology procurement. By not procuring efficient equipment, large
buyers have not exercised their power to influence the performance of equipment
! available on the market. Deutsche Bundespost's procurement of AHUs for ventilating
and cooling their switchboard stations exemplifies this market power, see below. Other
examples are the various efficiency procurement programs conducted the Swedish
National Board for Industrial and Technical Development [71]. Policy analyses indicate
that technology procurement can accelerate the introduction of efficient technology even
in the presence of performance standards [72].
Deutsche Bundespost is procuring, on a life-cycle cost basis, one thousand A HU_.
per year for the next five years. Equipment suppliers must meet certain specifications
and have their AHUs tested for energy efficiency in federal testing laboratories to
qualify as potential suppliers. The AHUs should be delivered in four standard sizes,
where the second largest should supply 7,500 ma of air per hour. When the procurement
was first announced, the electricity use in an AHU of this size from one of the large
manufacturers was about 50,000 kWh/yr. The third generation AHU has an electricity
use of about 23,000 kWh/yr [73]. The average SFPs over the year are 0.93 and
1.13 kW/m3/s depending on filter standard. At full load during 6 hours per year the
corresponding SFPs are 1.6 and 1.8 kW/m3/s, respectively. Total external pressure drop
under testing conditions is 500 Pa. Total pressure across the supply fan is 440 and 540
Pa depending on filter standard, and the pressure across the return fan is 350 Pa, at full
load.

"

6. Conclusions
The SFPI, and thereby fan energy use, in installed air-handling systems is much higher
than what appears to be possible without increasing life-cycle costs even when electricity
prices do not include external costs. The drawn motor power weighted SFPI in 987 fans
reported on is 1.5 kW/m3/s, approximately
three times higher than what the
Scandinavian Federation of the Societies of Heating, Air-Conditioning and Sanitary
Engineers has classified as electricity thrifty in their new classification of air-handling
systems.
The two most important causes for the low performance of existing systems are:
(1) that builders do not specify energy performance or spend time and money on
commissioning due to lack of incentives, interest, and competence; and (2) that in
general the contractor has a first cost minimization incentive, which in combination with
20
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(1) leads to the installation of systems where investment cost has been minimized rather
than LCC optimized.
With little demand for energy efficient and economically optimal air-handling
systems, there has been little work to improve design methods or change rules-of-thumb.
Essentially the same rules-of-thumb regarding duct sizing and face velocities in AHUs
are applied in different countries. In addition, equipment manufacturers have had little
incentive to improve the performance and reduce losses in AHU. It is therefore likely
that improved AHU design, in addition to careful sizing, could reduce fan electricity use
by at least 50 percent, as exemplified by Deutsche Bundespost's procurement. The
increased use of computer aided design offers an opportunity to design air-handling
systems for higher efficiency without increasing transaction costs.
The relatively small cost represented by electricity in the LCC, and the broad
minima in LCC for different AHU sizes, show that higher electricity prices would not
be effective in creating incentives for higher efficiency. This, in addition to the incentive
structure in the building sector, justify other market instruments, such as, efficiency
standards. The Swedish National Board of Housing, Building and Planning has proposed
that recommendations
that SFPI should not exceed 1 kW/m3/s be included in the
revised Swedish building code.

Acknowledgements
I am grateful to Frank K_irr/l and Claes Hedenstr6m for providing the data on SFPI
from the KBS and the STIL study, respectively. 1 also thank Thomas B. Johansson, Steve
Greenberg, Lennart Jagemar, and Anand Subbiah for comments on a draft version.
Financial support was provided by the Swedish National Board for Industrial and
Technology Development t, nder contract 91-02470P.

21

References
1. L. Jagemar, Energiekonomi, val avfliiktar och kanahttformning (Energy economy, selection of fans and duct
design), Document D10:1991, Department of Building Services Engineering, Chalmers University of
Technology, Gothenburg, Sweden, 1991. (in Swedish)
2. L.G. Carlsson, Energiam,andning i bostader och sen,iceiokaler 1970-1990 (Energ_ use in residential and
commercial buildings 1970-1990), Report R30:1992, Swedish Building Research Council, 1992. (in Swedish)
3. G6ransson A., Lindahl U., Forsman G. and Hedenstr6m C., Lokalema och energihushdllningen
(Commercial build,ngs atzd energy conset_,ation), Report from the statistical energy audit study, Report U
1_1/70, Vattenfall AB, Stockholm, 1991. (in Swedish)
4. U. Rengholt, Classified indoor climate - a way to a new indoor climate technology, ASHRAE
sttpplementary proceedings of the IAQ.91 conference, (1991) 35-39.
5. Klassindelade inneklimat_y_tem, riktlinjer och specifikationer (Classified indoor climate systems, guidelines
andspecificati,_ns), Guideline series RI, The Swedish Indoor Climate Institute, Stockholm, 1991. (in Swedish)
6. Klassindelat inncAlimat,projektering och upphandling (Classified indoor cibnate, design and procurement),
Directions series AI, Swedish Indoor Climate Institute, Stockholm, 1991. (in Swedish)
7. Nybyggnadsregler(Building codes), Document BFS 1988:18,Swedish National Board of Housing, Building
and Planning, Karlskrona, 1988. (in Swedish)
8.A SHRA E Standard 62-1989, Ventilationfor acceptable indoor airquality, ASHRAE, Atlanta, Georgia, USA,
1989.
9. L. Jagemar and LI. Rengholt, Guidelines for the classification of indoor climate and of air-distribution
systems, ACEEE Summer study on energyefficiency in buildings, 1 (1992) 133-1.36.
10. G. Bur/ingen, Termiken ventilerar p_ Hyltc bruk (Natural ventilation at Hylte Bruk), Presented at SPCI's
pulp and paper section's fall meeting inLule/t/Pite/t October 24-25,G. Bur/ingen, Stora-Feldmuhle Hylte AB,
Hyltebruk, 1990. (in Swedish)
11. M. Sandberg and C. Blomqvist, Displacement ventilation in office rooms, ASHRAE Trans., 95 (2) (1989)
1041-1049.
12. O.A. Sepp_inen, W.J. Fisk, J. Eto, and D.T. Grimsrud, Comparison of conventional mixing and
displacement air-conditioning and ventilating systems in US commercial buildings, ASHRAE Trans., 95 (2)
(1989) 1028-1040.
13. A.G.L. Svensson, Nordic experiences of displacement ventilation systems,ASHRAE Trans., 95 (2) (1989)
1013-1017.

•

14, E. Abel, Use of electricity in commercial buildings, in T.B. Johansson, B. Bodlund and R.H. Williams
(cds.) Electricity: efficient end-use and new generation technologies, and their plannh_g implications, Lund
University Press, Lund, Sweden, 1989.

_"

15. M. Holtz, Electrical energy savings in office buildings, Report DI7:lCY)0, Swedish Building Research
Council, Stockholm, Sweden, 1990
16. S.L. Englander, l/'entilation control for energyconsen,ation: digitallycontrolled termblal boxes and variable
speed drives, PU/CEES Report No. 248, Center for Energy and Environmental Studies, Princeton University,
Princeton, New Jersey, USA, 1990.
17. D.M. Lorenzetti and L.K. Norford, Measured energy consumption of variable-air-volume fans under inlet
vane and variable speed control, ASHRAE Trans., 98 (2) (1992) BA-92-3-4.
22

18. W. Raatschen, Demand controlled ventilating._ystems,Report D9:1990, Swedish Building Research Council
(and the International Energy Agency), Stockholm, Sweden, 1990.
19. L.G. M_nsson, lEA Annex 18/1: Demand controlled ventilating systems, The International Energy
Agency, Energy consen,ation in building and community systems programme, executive committee meetin_ 2
June, Sophia Antipolls, France, 1992.
20. ASHRAE/IES Standard 90.1-1989, Energyefficient design of new buildings except new low-rise residential
buildings, ASHRAE, Atlanta, Georgia, USA, 1989.
21. Den nya inneklimattekniken, en Oversikt,bakgrund och motiveringar (The new bldoor climate technology,
oven,iew, background and motivation), Guideline series R0,The Swedish Indoor Climate Institute, Stockholm,
1992. (in Swedish, available in English)
22. Klassindelade htftdistributionssystem, riktlinjer och specifikationer (Classified air distribution systems,
guidelines and specifications), Guideline series R2, Swedish Indoor Climate Institute, Stockholm, 1992. (in
Swedish, available in English)
•t

23. Klassindelade luftdistributionssystenz,projekteringoch upphandling (Classified airdistribution systems, design
attdprocurement), Directions series A2, Swedish Indoor Climate Institute, Stockholm, 1992. (in Swedish)

Ii

24. Boverkets byK'g,
regler-94fOreskrifleroch alhnanna rtId (Boverket's building codes .94, standards and general
recommendations), Document BFS 1994:xx,draft version 1993.01-20, Swedish National Board of Housing,
Building and Planning, Karlskrona, 1993. (in Swedish)
25. S. Yard, Kalkyllogikoch kalkylkrav (Logic and requirements h_corporate economic decisions), Lund Studies
in Economics and Management, Lund University Press, Lund, 1987. (in Swedish)
26. A.C. Fisher and M.H. Rothkopf, Market failure and energy policy: A ratkmale for selective conservation,
EnergyPolicy, 17 (8) (1989) 397-406.
27. J.G. Koomey, Energy efficiency choices in new office buildings: an hwestigation of market failures and
correctivepolicies, PhD dissertation, University of California, Berkeley, USA, 1990.
28. E. Jochem and E. Gruber, Obstacles to rational energy use and measures to alleviate them, Energy Policy,
18 (5) (1990) 340-350.
29. A.K.N. Reddy, Barriers to improvement in energy efficiency, Energy Policy, 19 (12) (1991) 953-961.
30. K. Mehlsen, Eleffektiv dimensionering af ventilationsanlaeg (Electricity efficient design of air-handllng
systems), Report to the Danish National Board of Buildings by Crone & Koch, R/tdgivande ingeni6rfirma
A/S, Charlottenlund, Denmark, 1989. (in Danish)

4

31. E.D. Larson and L.J. Nilsson, A system oriented assessment of electricityuse and efficiency in pumping and
air-handling, IMES/EESS Report No. 1, Department of Environmental and Energy Systems Studies,
University of Lund, Sweden, also available as PU/CEF_xSReport 253, Center for Energy and Environmental
Studies, Princeton University, Princeton, New Jersey, USA, 1990.
32. S. Nadel, M. Shepard, S. Greenberg, G. Katz and A.T. de Almeida, Energy efficient motor systems,
American Council for an Energy Efficient Economy, Washington DC, USA, 1991.
33. E.D. Larson and L.J. Nilsson, Electricity use and efficiency in pumping and air-handling systems,
ASHRAE Trans., 97 (2) (1991) 363-377.
34. Anon., Electricity end uses and energy efficiency, International Union of Producers and Distributors of
Electrical Energy (UNIPEDE), Copenhagen Congress,June 11.I4, 1991.
35. J. Stonehouse and C.L. Mahany Braithwait, High efficiency motors, Sharing experiences, Proceedings of
Ontario Hydro symposium on energymanagement, Ontario Hydro, Ottawa, Canada, 1992.

23

_. The state of the art: space cooling and air-handling, Rocky Mountain
37. AMCA
Movement

Institute,

Fan Application Manual Part 3: FieM Performance measurements,
and Control Association, Arlington Heights, Illinois, USA, 1987.

Boulder,

AMCA

Colorado,

publication

1992.

203, Air

38. ,_,. Hallstedt, B. Calminder and H. lsakson, FOrstndie: dtgarderfOreleffektiviteti
ventilationsanlilggningar
i flerho.gtadshus (Pre-study." electricity efficiency measures hi air-handling systems in multifamily buildings),
Rcporl to The Swedish Association of Municipal Housing Companies (SABO), Stockholm, 1992. (in Swedish)
39. E. Sandberg
and H. lsakson, Eieffektiv ventilation i flerbostadshus,
en studie av elatgangen i 110
ventilationsanldggningar
(Electricity efficiency in multifamily buildings, a study of the electricity use in 110 ailhandling systems), Swedish Institute of Building Documentation
(Byggdok), Stockholm, 1992. (in Swedish)
40. R.J. Tsal and H.F Behls, Evaluation

of duct design methods, ASHRAE

41. ASHR¢_E

ASHRAE,

Handbook,

Fundamentals,

Atlanta, Georgia,

42. C.W. Coward, System effect - a design fundamental,

ASHRAE

43. A. Shaw and R.E. Luxton, The LFV/HCV
quality
Engineering, University of Adelaide, Australia, undated.
44. T. Narasaki,

personal communication,

45. G. Been, personal

communicaticm,

USA, 1989.

J., 32 (5) (1990) 44-49.

comfort

system,

Department

of Mechanical

Berner Ekovent K.K., Tokyo, Japan, 1993.

van Buuren-van

46. Stratos Ventilation AB, AXSEL-program
Maim6, Sweden, 1993. (in Swedish)

Trans., 92 (IA) (1986) 347-.361.

for selection

Swaay B.V., Zoetermeer,
of ABX air-handling

_'

Netherlands,

1993.

units, Stratos Ventilation

AB,

47. Boverkets utredning om kravet pt_ vdrmeatervinning i byggnader (Boverket's report on the requirement of heatrecovery hz buildings), draft report 1991-12-3], Swedish National Board of Housing, Building and Planning,
Karlskrona, Sweden, 1991. (in Swedish)
48. Elforbrug i skoler (Electricity use in schools),
H6rsholm, Denmark, 1987. (in Danish)

Research

Institute,

49. Effektiv elanviindnh_g i luftbehandlingsanldggningar
(Efficient electricity use hi air-handling
Stockholm Streets and Real Estate Administration,
Stockholm, Sweden, 1989. (in Swedish)

systems),

50. _.B. LindstriSm, 1_)1, Eleffektiv ventilation,
Vattenfall AB, Stockholm. (in Swedish)

SBl-report

186, Danish

(Electricity efficient

Buildings

ventilation),

Report

2000 91 1089,

51. E. Berg Hallberg and F. KarrA, Utcluftoms_ittningar
i befintlig bebyggelse (Outdoor air-changes in
existing buildings), Report T:146, The National Swedish Board for Public Building, Stockholm, Sweden, 1992.
(in Swedish)
52. F. K_irr,_, personal
53. C. Hedenstr6m,
54. Guideline

communication,

personal

EnergiAnalys

communication,

I, Guideline for commissionhlg

55. B.T. Tamblyn,
22-26.

Commissioning:

AB, Partille,

Vattenfall

Sweden,

AB, Stockholm,

of HVAC systems, ASHRAE,

An operation

and maintenance

1993.

Sweden,
Atlanta,

perspective,

1993.
Georgia,

ASHRAE

56. G. Katz, D. Baylon, D. Heller and J. Heidell, Major projects rule phase 1I evaluation,
Ecotope prepared for Seattle City Light, Seattle, Washington, USA, "989.

24

USA, 1989.

J., 34 (10) (1992)

final report

from

l,

57. O. Sviden, personal communiealitm,

Suard Architectes SA, Nyon, Switzerland,

58. D. Begg, S. Fisher and R. Dornbusch,

Economics,

second edition,

1_)2.

McGraw-Hill,

London,

1987,

5_,_, G. Karreskog anti C. Svensson, Upphandling och konkurrens p_ lokala byh_narknader,
inledande
unders?Jkning (Procurement and competition in h_cal building markets, preliminary study), Report Dnr 742/90,
Swedish Competition Authority, Stockholm, 19_2. (in Swedish)
t'_). Swedish HVAC ctmsultanls interviewed during 1_.}2-1993 are: AIB installationskonsult
AB, Solna;
Installationsgruppen
EVR & Wahlings AB, Danderyd; AIImanna VVS Byrfin AB, H_igersten; Andersson &
Hullmark Pro.jcktering AB, Giiteborg; CLC VVS-Energi-consull
AB, Helsingborg; Bjerking lngenj6rsbyrfi
AB, Uppsala; Bengt Dahigren AB, Vastra Fr61unda; El och VVS konsult i Helsingborg AB, Helslngborg;
Grapenfelt-gruppen
AB, Ostersund.
61. E. Nytell and H. Pedersen, Entreprenadttpphandling
inure hyggsektom (Contract proct_rement in tile building
sector), 7th revised ed., Svensk ByggljLinst, Stockholm, Sweden, 1988. (in Swedish)

2

62. Anon., Totalenlreprenader
(in Swedish)
63. 13. Rfisled,

._

_ikar snabbt (Total contracting

Upphandling

Byggfi_rlaget, Stockholm,
64. L. Himmclman,

increases

fast), Byl¢gsladsindustrin,

av byggnader och ani#l.,ys,
ningar (Procurement

of buildings

(9) (1989).

and constntction),

Sweden, 1_)0. (in Swedish)

personal

communication,

G6teborgs

Energi, Gothenburg,

Sweden,

!_)2.

65. R.J. Tsal, H.F. Behls and R. Mangel, T-method
94 (2) (1q88) qf)-I I1.

duct design, part 1: optimization

theory, ASHRAE

fff_.R.J. Tsal, H.F. Behls and R. Mangel, T-method
analysis, ASHRAE Trans., 94 (2) (1988) 112-150.

duct design, part !1: calculation

procedure

67. R.J. Tsal, H.F. Bchis and R. Mangel, T-method
(I_K)) 3-31.

duct design, part !!!: simulation,

ASHRAE

68. ,I. ten Hoven, personal
69. M. Kaplan,
70. ASHRAE
USA, 1990.

personal

communication,
communication,

Techniplan,

Utrecht,

Kaplan Engineering,

pocket guide for air-conditionhig,

Netherlands,

Trans.,

and economic

Trans., 96 (2)

1992.

Lake Oswego, Oregon,

heating, ventilation, refrigeration, ASHRAE,

USA,

19_,_3.

Atlanta, Georgia,

71.A. Lcw_sldand R. Bowie,What ishappeningwiththeSwedish[echmdogy procurementprogram,Proc.
European Councilforan Enerh,
y Efficient
Economy's Summer Study,I-5June,Denmark, (I_)3)81-94.
,Ir
•

72. J. Swisher, C. Hedenstr_im and A. Lewald, Dynamics of ener_,n/efficiency in Swedish buildings, Proc.
European Council for an Ener_,_ Efficient Economy's Summer Study, 1-5 June, Denmark, (1{)93) 389-404.

I,

73. R. Kiilpmann, personal communication,
ABB Fl/ikt AG, Berlin, Germany, 1_)2-93. See also RWT'tlV,
Jahresbericht 1991, Rheinland-Westf_ilische
Technicher Uberwachungs-Verein,
Essen, Germany, 1{)92.

25

