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EXECUTIVE SUMMARY
This report documents the wind-tunnel study conducted by CPP, Inc. on behalf of the
preceding SmithGroup for the proposed National Renewable Energy Laboratory Energy Systems
Integrated Facility (NREL ESIF) in Golden, Colorado. The objective of the study was to obtain
accurate concentration estimates at building air intakes and other sensitive locations due to
emissions from various exhaust sources located on and around the NREL ESIF. The various
exhaust sources may periodically emit chemicals or other contaminants that may enter nearby
buildings through air intakes, or be present at other sensitive locations, and impact staff or the
general public. If adverse impacts were found, mitigation measures were evaluated.
Additional analysis was conducted to determine the optimum fan operating parameters that
will meet the air quality design criteria such that a given exhaust fan may be able to run at less
than 100% of the planned flow and exit velocity. This may allow the volume flow rate out of the
exhaust stacks to more closely match the airflow into the building, resulting in potentially
significant energy savings.
To meet the objectives of the study, a 1:240 scale model of the NREL ESIF and nearby
surroundings within a 1360 ft radius was constructed and placed in CPP's boundary-layer wind
tunnel. Concentration measurements were obtained in the wind tunnel to define the impact of
emissions from the various exhaust sources at building air intake and other sensitive locations.
The exhaust system design for the NREL ESIF was tested in the wind tunnel in March 2011.
A draft final report was provided in July 2011 (CPP, July 2011). In November 2011, volume flow
rates of the laboratory exhaust sources (EF-L1,2,3,4,5,6) decreased and the exhaust stack
locations on the NREL ESIF roof changed, thereby nullifying the results of the previous study.
Furthermore, three additional laboratory exhaust sources (EF-L7,8,9) were added to the NREL
ESIF design and an additional wind-tunnel study was conducted to obtain accurate concentration
estimates at building air intakes and other sensitive locations due to emissions from the new
Central HEPA System Fume Hoods (EF-L7,8,9) located on the NREL ESIF roof. Furthermore,
sensitivity tests were conducted in the wind tunnel to confirm worst case concentrations for the
laboratory exhaust sources (EF-L3 and EF-L4). Results of this additional analysis were provided
in the preliminary report provided in November 2011.
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This report document combines the findings of the two wind tunnel studies conducted and
summarizes the results for the final design of the NREL ESIF. The final conclusions of the study
are listed in the following table.
Wind condition independent results of the fan optimization analysis are also presented in
Table ES-1. Lower volume flow rates and exit velocities can be utilized if a local anemometer is
tied into the HVAC control system. Minimum exhaust turndown ratios versus wind speed and
wind direction are provided in Tables 5 a-b. The corresponding polynomial curve fit coefficients
are provided in Tables 6 a-b. Plots of the minimum volume flow rate versus wind speed and wind
direction are provided in Figures 7 a-d.
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Table ES-1
Summary of Results of the Air Quality Study

Source Type
(ID)

Stack
Height
Above
Base
(ft)

Stack Base Height
(ft)
(description)

100% Load
Volume Flow Rate
and Exit Velocity
cfm (fpm)

78.0
(Main Roof)

13,520
(3,161)

20.0

Meets recommended criteria at 100% of
full load. 1

78.0
(Main Roof)

14,000
(2,852)

20.0

Meets recommended criteria at 85% of
full load or greater.1

78.0
(Main Roof)

8,320
(3,153)

20.0

Meets recommended criteria at 100% of
full load.

910
(1,159)

20.0

Meets ‘as installed’ criterion at all
locations evaluated.

Comment

NREL ESIF
Level 2 General
Lab Exhaust
(EF-L1,2,3)
Level 3 General
Lab Exhaust
(EF-L4,5,6)
Central HEPA
System Fume Hood
Exhaust
(EF-L7,8,9)

Perchloric Hood
Exhaust

78.0
(Main Roof)

Note: 670 cfm/1919 fpm was evaluated during wind tunnel testing. With
the final design values as specified above, concentrations are expected to
increase by 5% but the ‘as installed’ design criterion will still be met.

(C329)
Future Conversion from Perchloric Hood to Standard Fume Hood:
The ASHRAE criterion is predicted to be exceeded approximately 5% of
the time at the ESIF roof test area and the east and west sidewall intakes.
To meet the ASHRAE criterion, the volume flow rate and exit velocity
would need to be increased to at least 1,667 cfm/4,773 fpm.

1

Lower volume flow rates and exit velocities can be utilized if a local anemometer is tied into the HVAC
control system. The results of this analysis are presented in Tables 5 and 6.
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Table ES-1
Summary of Results of the Air Quality Study

Source Type
(ID)

Stack Base Height
(ft)
(description)

100% Load
Volume Flow Rate
and Exit Velocity
cfm (fpm)

Stack
Height
Above
Base
(ft)

Comment

NREL ESIF
Single unit operating:
Design criteria met/exceeded as follows:
Health
NIOSH 2: met
Odor
Standard: 32% of operating hours 3
Filtered 4: 1% of operating hours3
0.0
(Local Grade)

6950
(7313)

900 kW Diesel
Generators
(DG-1,2)

13.0

Two units operating simultaneously: 5
Design criteria met/exceeded as follows:
Health
NIOSH: less than 1% of operating hours
at the ESIF west sidewall and S&TF east
air intakes
Odor
Standard: 39% of operating hours
Filtered: 17% of operating hours

Note: During a loss of power situation (both units operating) the ESIF west sidewall and ESIF
Data Center intakes are not operating.
Health Mitigation: To meet NIOSH health criterion at the S&TF intake, restrict NOx
emissions for each unit to 3.64 g/kW-hr.
Odor Mitigation:
1) install an appropriate exhaust oxidizer in the exhaust stream or install appropriate filters at
the air intakes (reduces probability of exceedance); or
2) ensure ESIF office windows for natural ventilation are closed during testing (odors may still
be present at the ESIF Data Center air intake and the S&TF east air intake).

2

The National Institute of Occupational Safety and Health recommended exposure limit for NO2.

3

Based on client communication, operating hours are assumed to be 136 hours per year.

4

Assumes an 80% efficient exhaust oxidizing filter is installed.

5

Represents a future condition that occurs only with loss of power on the site. Based on client
communication, generator testing will be done one unit at a time.
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Table ES-1
Summary of Results of the Air Quality Study

Source Type
(ID)

Stack Base Height
(ft)
(description)

100% Load
Volume Flow Rate
and Exit Velocity
cfm (fpm)

Stack
Height
Above
Base
(ft)

Comment

NREL ESIF
Health criterion (NIOSH5) is predicted
to be met at the S&TF east intake if
NOx emissions are limited to 1.65 g/s.
0.0
(Local Grade)
500 kW Diesel Test
Generator
(T-Gen-1 and 2)

4,291
(7,867)

10.0

Odor threshold is predicted to be
exceeded up to 3% (T-Gen-1) of
operating hours at ESIF west sidewall
air intake. Odor threshold is predicted
to be exceeded up to 9% (T-Gen-1) and
6% (T-Gen-2) of operating hours at
S&TF east air intake.

Health Mitigation: To meet NIOSH health criterion, restrict total NOx emissions to 1.90 g/s
(T-Gen-1) and 1.65 g/s (T-Gen-2), respectively.
Odor Mitigation:
Install an appropriate exhaust oxidizer in the exhaust stream or install appropriate filters at the
air intakes (reduces probability of exceedance).
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Table ES-1
Summary of Results of the Air Quality Study

Source Type
(ID)

Stack Base Height
(ft)
(description)

100% Load
Volume Flow Rate
and Exit Velocity
cfm (fpm)

Stack
Height
Above
Base
(ft)

Comment

NREL S&TF
Meets recommended criteria based on a
standard fume hood spill.

Lab Exhaust
(S&TF Lab)

54.0
(Penthouse)

16,500
(2,954)

15.0

Health criteria based on the release of
1.5 ppm of arsine predicted to be
exceeded up to 2% of the time at the
ESIF west sidewall air intake.

Health Mitigation:
1) reduce arsine emissions to 0.00816 g/s (0.33 ppm); or
2) investigate taller stack heights.

1. INTRODUCTION
This report documents the wind-tunnel study conducted by CPP, Inc. on behalf of the
preceding SmithGroup for the proposed National Renewable Energy Laboratory Energy Systems
Integrated Facility (NREL ESIF) in Golden, Colorado. The objective of the study was to obtain
accurate concentration estimates at building air intakes and other sensitive locations due to
emissions from various exhaust sources located on and around the NREL ESIF. The various
exhaust sources may periodically emit chemicals or other contaminants that may enter nearby
buildings through air intakes, or be present at other sensitive locations, and impact staff or the
general public. If adverse impacts were found, mitigation measures were evaluated.
Additional analysis was conducted to determine the optimum fan operating parameters that
will meet the air quality design criteria such that a given exhaust fan may be able to run at less
than 100% of the planned flow and exit velocity. This may allow the volume flow rate out of the
exhaust stacks to more closely match the airflow into the building, resulting in potentially
significant energy savings.
To meet the objectives of the study, a 1:240 scale model of the NREL ESIF and nearby
surroundings within a 1360 ft radius was constructed and placed in CPP's boundary-layer wind
tunnel. Concentration measurement tests were conducted for a variety of meteorological
conditions and source/receptor combinations. The concentration measurements were converted to
full-scale normalized concentrations (C/m). These normalized concentration values were then
compared to normalized odor threshold and health limit values (i.e., a design concentration). The
design concentration was specified such that health and odor effects due to any expected chemical
release would be minimal at sensitive locations.
Included in this report are a description of various site-specific issues, a discussion of the
experimental methods, and the results of the study. The results are also summarized in an
executive summary, which is located at the beginning of the report.

1

2. PROJECT SPECIFIC INFORMATION
2.1

DESCRIPTION OF SITE
The National Renewable Energy Laboratory Energy Systems Integrated Facility is located in

Golden, Colorado, east of the NREL Science and Technology Facility, as shown in Figure 1.
Figure 2a is a detailed view of the area modeled on the turntable, showing surrounding receptor
locations. From aerial photographs and the site visit it was determined that the region surrounding
the area modeled on the turntable is generally open country. Using the EPA tool AERSURFACE
(EPA, 2008) a target surface roughness length of 0.20 m was selected for use in the wind-tunnel
modeling.

2.2

EXHAUST SOURCES
The NREL ESIF is equipped with laboratory fume hood, perchloric hood, and tail pipe

exhaust stacks located on the roof and multiple diesel generators in the service yard. These
exhaust sources may periodically emit chemicals or other contaminants that may adversely affect
the air quality in the ESIF or surrounding buildings. The cooling tower, hydrogen vent, smoke
removal, welding hood and paint booth exhausts located on the NREL ESIF roof were not
simulated in the wind tunnel.
Laboratory exhausts on the existing Science and Technology Facility (S&TF) were evaluated
to determine their impact on the planned NREL ESIF. All of the exhaust locations are shown in
Figure 2b. The full-scale exhaust parameters for each source are listed in Table 1.

2.3

RECEPTOR LOCATIONS
The emissions from the exhaust sources described above have the potential for causing health

or odor problems at sensitive locations such as air intakes for building ventilation, plazas,
entrances and nearby buildings. The various receptor locations where concentrations were
measured during the course of the study are identified in Figures 2a-b. Table 2 provides a list of
abbreviated receptor identifications with additional explanation.
It should be noted that not all receptors were sampled for each source. Only those receptors of
most interest (i.e. air intakes for building ventilation, operable windows and nearby

2
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neighborhood) or those likely to give the highest concentration for a particular source were
evaluated.

2.4

METEOROLOGY
The meteorological information of primary interest for this evaluation is the wind frequency

distribution. This information is used to specify a reasonable upper limit wind speed to be used
for testing. This information is also used in conjunction with the wind-tunnel measured
concentrations to determine the percent time a certain concentration is predicted to be exceeded.
Figure 3 shows the wind frequency distribution, in the form of a wind rose, at the NREL
SRRL BMS anemometer. The anemometer is located approximately half a mile west of the
National Renewable Energy Laboratory campus, as shown in Figure 1. The data was collected
during the period from 2001 to 2007. The wind rose indicates that the most frequent winds are
from the W through WNW. The strongest winds, greater than 16.0 m/s (35.8 mph), occur
primarily from the WNW and NNE. All wind directions occur at least 1% of the time, so windtunnel testing considered all wind directions.
Figure 4 shows the cumulative frequency distribution of wind speed at the NREL SRRL
BMS anemometer. The wind speed distribution was used to determine the wind speed at the
anemometer that is exceeded 1% of the time (i.e., the 1% wind speed). The figure shows that the
1% wind speed is approximately 12.3 m/s (27.5 mph) at the anemometer. To ensure that
concentration measurements were only obtained for likely wind conditions during the windtunnel testing, testing was restricted to wind speeds from 1 m/s to approximately the 1% wind
speed (i.e., the maximum wind speed evaluated was 12.3 m/s).

2.5

CONCENTRATION DESIGN CRITERIA
Developing concentration acceptance criteria can be as important as predicting exhaust

concentrations. Concentration predictions from wind tunnels or numerical methods by themselves
are not useful for examining source designs unless some maximum acceptable concentration, or
design criterion, is specified. This criterion will vary with source type and each source type may
have a criterion that varies depending upon such things as chemical utilization, chemical
inventory, boiler or engine size, or number of vehicles.
An air quality “acceptability question” can be written:

C max < C health / odor ?

(1)

CPP, Inc.
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where Cmax is the maximum concentration expected at a sensitive location (air intakes,
operable windows, pedestrian areas), Chealth is the health limit concentration and Codor is the odor
threshold concentration of any emitted chemical. When a large number of potential chemicals are
emitted from a pollutant source, a variety of mass emission rates, health limits, and odor
thresholds need to be examined. It then becomes operationally simpler to recast the acceptability
question by normalizing (dividing) Equation 1 by the mass emission rate, m:
C
C 
?
  < 
m
 max  m health / odor

(2)

The left side of Equation 2, (C/m)max, is only dependent on external factors such as stack
design, receptor location, and atmospheric conditions. The right side of the equation is related to
the emissions and is defined as the ratio of the health limit, or odor threshold, to the emission rate.
Therefore, a highly toxic chemical with a low emission rate may be of less concern than a less
toxic chemical emitted at a very high emission rate. Three types of information are needed to
develop normalized health limits and odor thresholds:
1) a list of the toxic or odorous substances that may be emitted,
2) the health limits and odor thresholds for each emitted substance, and
3) the maximum potential emission rate for each substance.
It should be noted that the normalized concentration design criteria discussed below are
derived from occupational exposure limits, odor thresholds and estimated mass emission rates.
The occupational exposure limits are based on a mixture of guidelines, recommendations, and
regulatory limits from the ACGIH, OSHA or NIOSH. The limits provided by ACGIH and
NIOSH were developed as guidelines to assist in the control of health hazards, and are not
intended for use as legal standards. The limits provided by OSHA are regulatory limits on the
amount or concentration of an airborne substance that may be present in the workplace, and are
enforceable.
The mass emission rates are based on an assumed accidental release scenario. Therefore, no
safety factor has been applied per ANSI/AIHA Laboratory Ventilation Standard Z9.5-2003 (Z9.52003). The odor thresholds were obtained from published information with no safety factor
applied. CPP recommends that the user employ an Industrial Hygienist to review both the design
criteria development procedure described in this report and the user’s anticipated laboratory
procedures to determine the appropriateness of the established design criteria, discussed below.
CPP further recommends that this document be reviewed each time the user experiences either a
program change or a change in laboratory procedures. Failure to do so may nullify the
recommendations presented in this report. A detailed explanation of the calculation is presented
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in an internal CPP document “CPP Simulation and Analysis Techniques for Air Quality
Assessments” (April 2010). This document is available on request.
The following paragraphs discuss the specific design criteria used in this study as well as
potential mitigation measures. The sources of concern for this evaluation and the design criterion
for each source type are summarized in Table 3. The table also summarizes the basis from which
each design criterion was developed.

2.5.1 Chemical Hood Exhaust Sources
Design criteria specific for the chemicals used in a laboratory facility can be developed using
chemical-specific information. However, Z9.5-2003 states "toxic and hazardous substances may
be used at some point during the lifetime of the facility." This implies that one needs to assume
that the chemical utilization will change over time and specifying the criteria based on current
chemical utilization may not be appropriate.

2.5.1.1 NREL ESIF
No proposed chemical inventory was provided for the NREL ESIF. Therefore, the
normalized health limit (HL/m) and normalized odor threshold (OT/m) design criteria were set at
400 µg/m3 per g/s, which corresponds to the ASHRAE example criterion discussed in Chapter 14
of the 2007 ASHRAE Handbook HVAC Applications (ASHRAE, 2007). This criterion assumes
a 7.5 L/s chemical emission rate (i.e., due to a liquid spill or lecture bottle fracture) and a
concentration of 3 mg/kg or less at an intake. Chapter 14 (ASHRAE, 2007) includes the
following disclaimers regarding this criterion: 1) laboratories using extremely hazardous
substances should conduct a chemical specific analysis based on published health limits; 2) a
more lenient limit may be justified for laboratories with low levels of chemical usage; and 3)
project specific requirements must be developed in consultation with the safety officer.
The ASHRAE criterion may be put into perspective by considering the "as manufactured"
and "as installed" chemical hood containment requirements outlined in Z9.5-2003 (i.e., a
concentration at a manikin outside the chemical hood of 0.05 ppm or less for "as manufactured"
and 0.10 ppm or less for "as installed" with a 4 L/m accidental release in the hood as measured
using the ANSI/ASHRAE 110-1995 test method). The "as manufactured" requirement is
equivalent to a design criterion of 750 µg/m3 per g/s and the "as installed’ requirement is
equivalent to a design criterion of 1500 µg/m3 per g/s. Hence, the criterion for a manikin (i.e.,
worker outside the chemical hood) is 1.9 to 3.8 times less restrictive than that for the air intake or
other outdoor locations. This seems reasonable (i.e., that the air intake has more strict criteria)

CPP, Inc.
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since the worker at the chemical hood can shut the hood or walk away to avoid adverse exposure.
Also, the ANSI/ASHRAE 110-1995 test is not necessarily a "worst-case" exposure scenario for
the worker.
For reference purposes, CPP has provided the following information in Table 7 for chemicals
with published occupational exposure values (ACGIH, 2009) and odor thresholds (Ruth, 1986;
ACGIH, 1989).
•

the normalized health limit and odor threshold associated with a 1 L spill or 1 minute
lecture bottle release; and

•

the limiting value (i.e. lowest value of the normalized health limit or odor threshold)
associated with a 1 L spill or 1 minute lecture bottle; and

•

the maximum allowable quantity (for liquids) or emission rate (for gasses) to be handled
in the fume hood to meet design criteria.

The facility owner should review the table to determine whether they will be using chemicals
in a manner that could create a problem. If a problem seems likely, then mitigation measures such
as those described in Section 2.5.4 below, may be required for some chemicals. Also, a detailed
hazard assessment should be carried as outlined in Z9.5-2003, which states:
"The first step in a hazard assessment is to identify what chemicals can be released including
normally uncharacterized by-products. After characterizing the inherent hazard potential (largely
based on physical properties, toxicity, and routes of entry), the next step is to ascertain at least
qualitatively, the release "picture". At what points within the control zone will chemicals be
evolved and at what release rate? Will the chemical release have velocity? How has the maximum
credible accidental release been accounted for? Finally, how many employees are/could be
exposed and what means are available for emergency response?"

2.5.1.2 NREL S&TF
Based on client communication Arsine gas can be emitted from the laboratory exhaust at a
maximum emission rate of half of the Immediately Dangerous to Life and Health (IDLH)
concentration. According to the Center for Disease Control (CDC, 2011) the IDLH for Arsine is 3
ppmv. Therefore, an arsine emission rate of 0.037 g/s (1.5 ppmv) was used to calculate the
normalized health limit (HL/m) design criterion for the S&TF laboratory exhaust. The ASHRAE
example criterion of 400 µg/m3 per g/s was used for the health and odor threshold (OT/m) design
criterion (see Section 2.5.1.1) for all non-Arsine releases. The normalized concentration design
criteria (HL/m and OT/m) for the S&TF laboratory exhaust are listed in Table 3.

CPP, Inc.
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2.5.2 Combustion Exhaust Sources
The normalized health limit (HL/m) design criteria for the diesel emergency generator and
idling diesel vehicle sources are based on NOx emissions obtained from manufacturer data,
information published by the Environmental Protection Agency (EPA, 1985 and 1996b), or
information listed in the Code of Federal Regulations (CFR, 2002). Details regarding each
combustion source are presented in the following paragraphs.
900 kW Diesel Generators. The normalized health limit (HL/m) design criteria for the diesel
emergency generators were based on information obtained from the manufacturer (for EPA Tier 2
generators). The normalized odor threshold (OT/m) design criteria were based on a 20% objection
level to an exhaust dilution of 1:2000 (Vanderheyden, 1994). After-market filters are available for
some diesel combustion sources as discussed in Section 2.5.4 below. These filters typically
reduce unburned hydrocarbons (the odorous exhaust components), by about 80%. If these filters
are installed, the 1:2000 dilution requirement stated above is reduced to a 1:400 dilution
requirement. The normalized concentration design criteria (HL/m and OT/m) for the diesel
emergency generators, including criteria for each multiple-units-operating scenario, are listed in
Table 3. The emission rates used for the design criteria calculations are listed in Table 8.
500 kW Test Diesel Generators. The size of the test generators in the test yard was assumed to
be 500 kW. No emissions information was available. Therefore, no health limit was used. The
normalized odor threshold (OT/m) design criterion was based on a 20% objection level to an
exhaust dilution of 1:2000 (Vanderheyden, 1994). Based on the wind tunnel measured
concentrations, maximum allowable NOx emission rates can be calculated. The normalized
concentration design criteria (HL/m and OT/m) for the test diesel generators are listed in Table 3.
Tailpipe/Generator Exhausts. No size of the units to be tested or emissions information was
available. Therefore, no health limit was used. The normalized odor threshold (OT/m) design
criterion was based on a 20% objection level to an exhaust dilution of 1:2000 (Vanderheyden,
1994). Based on the wind tunnel measured concentrations, maximum allowable NOx emission
rates can be calculated. The normalized odor threshold design criteria (OT/m) for the
tailpipe/generator exhausts are listed in Table 3.
Idling Diesel Truck. The normalized health limit (HL/m) design criterion for the idling diesel
truck at the loading dock was based on information provided by the Environmental Protection
Agency (EPA, 1985). The normalized odor threshold (OT/m) design criterion was based on a
20% objection level to an exhaust dilution of 1:2000 (Vanderheyden, 1994). The HL/m and OT/m
are initially calculated assuming a single vehicle operating at one time. If multiple vehicles are
expected to be operating simultaneously, the HL/m and OT/m for one vehicle are simply divided
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by the total number of vehicles expected to be operating. The normalized design criteria for the
idling diesel truck are listed in Table 3.

2.5.3 Perchloric Acid Exhaust Sources
There are currently no published health limits for perchloric acid, which is odorless.
However, there is extensive qualitative information describing its toxic effects. It is anticipated
that very limited quantities, in the range of milliliters, will be used. Therefore, the ‘as installed’
chemical hood requirement outlined in Z9.5-2003 of 1500 µg/m³ per g/s, based on CPPs
experience with chemical fume hoods, was used.
Based on client communication, the perchloric acid hood may be converted to a standard
fume hood. Therefore, an additional criterion was evaluated: the ASHRAE example criterion
discussed in Chapter 14 of the 2007 ASHRAE Handbook HVAC Applications (ASHRAE, 2007)
of 400 μg/m3 per g/s. For more information on these criteria refer to Section 2.5.1.
2.5.4 Mitigation Measures
There may be conditions when the wind-tunnel estimated concentration exceeds the design
criterion. This may occur because the chemical may have a low health limit or odor threshold,
because of an unsatisfactory exhaust and intake design, or both. Several options are then
available. One is to examine a better exhaust design or intake location. Another is to consider
reducing the emissions of the problem chemicals, either with administrative controls or with
emission controls. Finally, some consideration of the probability of exceeding the health and odor
design criteria can be made. In actual practice, emissions for accidental spills will occur
infrequently. In addition, emissions for other sources (i.e., an emergency generator, diesel
vehicles at the loading dock, etc.) will not occur for all hours of the year. These options are
discussed in more detail in the following paragraphs.
Examine Exhaust/Intake Design. Physically altering the initial exhaust/intake design is often
the simplest alternative available to mitigate excessive concentrations at sensitive locations.
Alternate exhaust designs such as increased stack height, increased volume flow and/or increased
exit velocity may be readily evaluated in the wind tunnel. Alternate exhaust or intake locations
may also be easily evaluated in the wind tunnel. Activated carbon filters, which may adsorb a
significant amount of odor, may also be installed at the air intakes.
Reduce Emissions. Chemical Fume Hoods: One method for achieving the reduced emission rate
is to limit the maximum quantity that may potentially be spilled within the fume hood by the
corresponding factor. Thus, to achieve a normalized health limit design criterion of 400 µg/m3 per
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g/s for a specific chemical, the maximum storage quantity (and thus, maximum volume available
to be spilled) may need to be limited. Emission controls for gaseous emissions can be obtained
through emergency shut-off valves and in-line restrictor orifices.
Combustion Sources: Many forms of emission controls are available from manufacturers of
combustion exhaust sources (i.e., diesel engines, boilers, etc.); for example: low NOx burners are
readily available for boilers; many diesel engine manufacturers provide low emission versions of
popular models; and chemical specific catalytic converters are available from some
manufacturers or third party suppliers. Alternate fuels or exhaust oxidizers may also be available
to aid in reducing odor complaints.
Probability Analysis. If a source is determined to produce concentrations in excess of a design
criterion at air intakes or other sensitive locations, and none of the methods described above
adequately address the problem, the probability that the health or odor design criterion is
exceeded may be assessed. The probability (or likelihood that the design concentration would be
exceeded) may be estimated by first determining the probability that the design criterion will be
exceeded during an emission event (i.e., the probability that the meteorological conditions are
such that the plume impacts the receptor in sufficient quantity such that the design concentration
would be exceeded). This probability is then multiplied by the probability that an emission event
occurs to determine the overall probability of exceeding the design criterion. If this probability is
sufficiently low, the design may be deemed acceptable.
Consider the following example. The wind-tunnel analysis shows that meteorological conditions
exist such that the design concentration may be exceeded up to 1.1% of the time. Now assume
that emission events will occur for 10 hours per year on a random basis. This translates into
probability of 0.0011 or 0.11% of the time. The probability that the design criterion would be
exceeded is the product of these two probabilities. Thus, for the above example, the probability
that the design criterion would be exceeded is 0.0012% or 0.1 hours per year. This gives a
recurrence interval of once every ten years.

3. WIND-TUNNEL MODELING METHODOLOGY
3.1

WIND-TUNNEL SIMILARITY CRITERIA
An accurate simulation of the boundary-layer winds and stack gas flow is an essential

prerequisite to any wind-tunnel study of diffusion. The similarity requirements can be obtained
from dimensional arguments derived from the basic equations governing fluid motion. A detailed
discussion on these requirements is given in the EPA fluid modeling guideline (EPA, 1981a) and
Cermak (1971, 1975, 1976). Using scaling criteria and source parameters supplied by the client,
as noted in Table 1, wind-tunnel model test conditions were computed for the sources under
evaluation.

3.2

SCALE MODEL AND WIND TUNNEL SETUP

3.2.1 Scale Model
A 1:240 scale model of the NREL ESIF and nearby surroundings was constructed and placed
on a 3.45 m diameter turntable. The area modeled is depicted in Figure 2a. A close-up plan view
of the test buildings showing source and receptor locations is provided in Figure 2b. Photographs
of the model from various directions are shown in Figure 5.

3.2.2 Wind-tunnel Configuration
All testing was carried out in CPP's closed-circuit wind tunnel shown in Figure 6. Turning
vanes at the tunnel elbows were used to maintain a homogeneous flow at the test-section
entrance. Spires and a trip at the leading edge of the test section begin the development of the
atmospheric boundary layer. The long boundary layer development region between the spires and
the site model was filled with roughness elements in a pattern experimentally set to develop the
appropriate approach boundary layer wind profile and approach surface roughness length. Testing
was conducted with the target approach surface roughness length specified in Table 1.
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3.2.3 Exhaust Sources
The exhaust sources discussed in Section 2.2 were simulated by installing stacks constructed
of brass tubes at the appropriate locations. Trips were installed within the stacks as required to
ensure that the stack flow was fully turbulent upon exit. The stacks were supplied with a tracer
gas (ethane) and nitrogen mixture with a density similar to room temperature air. Precision mass
flow controllers were used to monitor and regulate the discharge momentum.

3.2.4 Receptors
The receptor locations (concentration sampling points) discussed in Section 2.3 were
evaluated by installing a small diameter brass tube at the specified location. This brass tube was
then connected to the analysis instrumentation to determine the amount of tracer gas present at
the receptor location. It is assumed that the plume is sufficiently large that there is not a
significant concentration gradient across the receptor location. As such, the local concentration
can be assessed by collecting a single point air sample at or near the receptor location of interest.

3.3

DATA ACQUISITION AND PROCESSING

3.3.1 Data Collection
The primary data of interest collected during the course of this study was concentration due to
the tracer gas release from each source being simulated. Table 4 summarizes the various
source/receptor combinations that were evaluated during the study. The table also includes the
overall maximum concentration measurement results for each source/receptor pair, which will be
discussed in subsequent sections.

3.3.2 Concentration Data Post-processing
Normalized concentration results for multiple operating modes for a given exhaust source
may be obtained by post-processing the initial results. This ability to determine C/m values for
alternate exhaust volume flow rates, assuming the same exit diameter, is inherent in the physics
of the physical model. In the wind tunnel simulation, the ratio of exhaust momentum to wind
momentum, R, is matched to that in full scale. This allows post-processing of the data for any
exhaust flow rate, provided the stack diameter remains constant. The use of this technique
requires that the momentum ratios be selected such that the full range of desired wind speeds is
simulated for each volume flow rate. In other words, wind speeds outside the 1 m/s to 12.3 m/s
range are defined to ensure that the extreme wind speeds (at both ends of the specified range of
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wind speeds) are included in the post-processed data set. However, this tool may be used at any
time assuming the maximum C/m value for the base run was bounded by lower C/m values at
wind speeds greater than and less than the critical wind speed. C/m values occurring for wind
speeds outside the range typically are not included in the Table 4. Typical results of such an
analysis are demonstrated graphically in the chart below.

The chart shows the measured concentration distribution for a full load volume flow rate, as
initially simulated in the wind tunnel (solid line and circles). The chart shows that the maximum
measured normalized concentration was 107 µg/m3 per g/s at an anemometer wind speed of 13
m/s. When the data is reprocessed for a 50% reduced load, the resulting maximum normalized
concentration is increased to 214 µg/m3 per g/s and the critical wind speed is decreased to 6.5 m/s
(dashed line and open circles).

4. RESULTS
4.1

CONCENTRATION MEASUREMENTS
Normalized concentrations (C/m) due to emissions from the various sources were measured

and evaluated following the procedures discussed in the earlier sections and the appendices. A
compilation of the maximum steady-state C/m value for each source/receptor combination tested
is presented in Table 4. The conclusions derived from these results are presented in the tables
included in the Executive Summary at the front of this report. C/m values versus wind speed and
wind direction for each test are archived at CPP and available upon request.
In addition to presenting the maximum measured steady-state normalized concentration for
each source/receptor combination evaluated, the table also indicates the percent time that the
design criterion may be exceeded, if applicable. The percent time exceeded is calculated by
determining the wind conditions that are predicted to result in an exceedance of the design
criteria. The summation of the frequency that these wind conditions are expected to occur is then
the percent time exceeded presented in Table 4. This value does not take into consideration the
probability of the emission event associated with the specified design criteria. Therefore, to
determine the probability of exceeded the design criteria, the value listed in Table 5 should be
multiplied by the frequency of occurrence of the emission event. For example, if an emergency
generator is expected to operate for 12 hours per year, 1 hour per month for routine testing, and
the percent time exceeded for the normalized odor threshold indicated in Table 4 is 10.0%,
objectionable odors are expected to be present at the specified receptor location 1.2 hours per year
(12 hours/yr x 0.10).

4.2

FAN OPTIMIZATION ANALYSIS
In an effort to save energy costs, modern laboratories may be equipped with Variable Air

Volume (VAV) HVAC systems. These systems control the level of fresh air that is brought into
the laboratory and conditioned. However, on the exhaust side, these VAV systems may be
designed with constant volume fans that are either off or running at 100% flow. The difference
between the building interior airflow and the flow out of the exhaust stack is controlled with bypass dampers that feed additional air into the exhaust fans to allow them to run at 100% flow. For
large laboratory exhaust systems, it may be possible to operate the fans at reduced volume rates,
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i.e., VAV, and still maintain adequate air quality at all nearby receptor locations. With a VAV
exhaust system, the volume flow rate out of the exhaust stack may more closely match the airflow
into the building, possibly eliminating the need for by-pass air, resulting in the potential for
significant energy savings.
To determine the minimum acceptable volume flow rate, while maintaining adequate air
quality, the data presented in Table 4 was post-processed, following the procedures discussed in
Section 3.3.2, to determine the volume flow rate at which the maximum normalized concentration
meets the design criteria. The results of this analysis are included in the Executive Summary at
the beginning of this report. If this value is less than the minimum operating load on the fan, the
results indicate that the fan can be operated over its full range of volume flow rates without
exceeding the design criteria. If the minimum acceptable volume flow rate is greater than the
minimum operating load, a by-pass damper may still be required to make up the difference.
Further volume flow rate reductions, and thus energy savings, may be obtained by correlating
the minimum operating conditions to the local wind conditions. As described in Section 2.4, the
upper limit design wind speed used in this analysis to define the maximum concentrations at
nearby receptor locations that occurs no more than one percent of the time. Thus, the other 99
percent of the time it may be possible to further reduce the volume flow rates. Depending upon
the relative location of the nearby receptors, the predominant wind directions, and the minimum
building loads, the energy savings can be significant. The results of this analysis, shown in Table
5, relate the minimum volume flow rates as a function of the local wind speed and wind direction.
Polynomial functions were fit to these load percentages. Table 6 shows the load percentage
coefficients for the polynomial fit for specific wind directions and wind speeds. The load
percentages for the specific wind directions and wind speeds can be used to control the minimum
set point value on the fan controllers. However, it does require real time monitoring of a nearby
anemometer.
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Figure 1.

Site location and project anemometer .
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Figure 2.
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Plan views of the area modeled: a) turntable model with building heights and surrounding receptor
locations.
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Figure 2.
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Plan views of the area modeled: b) close up of the NREL ESIF with tier heights and source and
receptor locations.
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Figure 3.

Wind rose for the NREL SRRL BMS anemometer.
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Figure 4.
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Percent time indicated wind speed is exceeded at the NREL SRRL BMS anemometer.
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a)

b)
Figure 5.

Photographs of the model in the wind tunnel: a) View from the southwest; b) View from the
northwest.
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c)

d)
Figure 5.

Photographs of the model in the wind tunnel: c) View from the northeast; d) View from the east.
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CPP’s Closed-Circuit Wind Tunnel

Figure 6.

Schematic of the wind tunnel used for testing and photograph of the wind-tunnel configuration.
Note spires and trip at entrance to test section, and roughness elements on approach fetch to
develop a turbulent boundary-layer flow.

CPP, Inc.

Figure 7.
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Plots of Minimum Flow Rate versus Wind Speed and Wind Direction: a) 20 ft tall EF-L1,2,3 (350
to 190 degrees).
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Figure 7.
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Plots of Minimum Flow Rate versus Wind Speed and Wind Direction: b) 20ft tall EF-L1,2,3 (190 to
350 degrees).

CPP, Inc.

Figure 7.
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Plots of Minimum Flow Rate versus Wind Speed and Wind Direction: c) 20 ft tall EF-L4,5,6 (350 to
190 degrees).
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Plots of Minimum Flow Rate versus Wind Speed and Wind Direction: d) 20 ft tall EF-L4,5,6 (190 to
350 degrees).
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Table 5a
Minimum Fan Load Percentages vs. Wind Speed and Wind Direction
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Table 5b
Minimum Fan Load Percentages vs. Wind Speed and Wind Direction
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Table 6a
Load Percentage Coefficients for Specific Wind Speeds and Wind Directions
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Table 6b
Load Percentage Coefficients for Specific Wind Speeds and Wind Directions
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