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ABSTRACT 

Impacts of visible condensed water plumes can pose a nuisance or concern 
to residents within the vicinity of power plants that utilize either cooling 
towers or wet scrubbers.  In some instances, public safety may be 
endangered when visible condensed water plumes impact roadways or 
bridges.  In early 2007, the Maryland Department of Natural Resources 
Power Plant Research Program (PPRP) reviewed an application for a 
modification to install a wet flue gas desulfurization (FDG) scrubber at the 
Mirant Mid-Atlantic, LLC (Mirant) Morgantown Generating Station in 
southern Maryland.  The proposed scrubber will be located on the facility 
property, in close proximity to the Governor Harry W. Nice Memorial 
Bridge connecting Maryland and Virginia on US Route 301.  A visible 
plume modeling analysis was conducted by PPRP using the fogging mode 
capability of CALPUFF to determine if visible plume impacts would occur 
on the bridge.  In an effort to improve on this analysis, PPRP also 
developed a new technique using U.S. EPA’s AERMOD dispersion model 
to assess visible plume impacts.  This new technique allowed PPRP to 
investigate the possibility of plume impacts in greater detail than can be 
accomplished using the fogging mode of the CALPUFF modeling system.  
A technique was also developed to predict the level of visibility 
degradation that would be expected to occur during a plume induced 
fogging event.   The techniques described in this report can be tailored to a 
variety of site-specific applications, including other sources of visible 
plumes such as mechanical and natural draft cooling towers. 
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1.0 INTRODUCTION 

Before constructing new power plants or modifying existing power plants, 
electrical generating stations in Maryland must undergo a comprehensive 
review of environmental impacts as part of the licensing process with the 
Maryland Public Service Commission (PSC) for a Certificate of Public 
Convenience and Necessity (CPCN).  The Department of Natural 
Resources (DNR) Power Plant Research Program (PPRP), coordinating 
with other State agencies, performs a detailed environmental review of 
CPCN projects as part of the PSC licensing process.  PPRP’s review is 
conducted to evaluate the potential impacts to environmental and cultural 
resources associated with proposed modifications, pursuant to Section 3-
304 of the Natural Resources Article of the Annotated Code of Maryland.  
PPRP uses the analysis of potential impacts as the basis for establishing 
initial recommended licensing conditions for operating modified facilities, 
pursuant to Section 3-306 of the Natural Resources Article.  PPRP’s 
recommendations are made in concert with other programs within DNR 
as well as the Departments of Agriculture, Business and Economic 
Development, Environment, Planning, and Transportation, and the 
Maryland Energy Administration. 

As a part of the CPCN review process, PPRP and the Maryland 
Department of the Environment (MDE) Air and Radiation Management 
Administration (ARMA) evaluate potential impacts to air quality resulting 
from emissions of electric generation projects to be licensed in Maryland.  
This evaluation includes emissions investigations and other studies, 
including air dispersion modeling assessments, as required, to ensure that 
impacts to air quality from proposed projects are acceptable.  PPRP also 
conducts a complete air quality regulatory review of these projects to 
assist in the impact assessment, because air quality regulatory standards 
and emissions limitations define levels to minimize adverse health, 
welfare, and environmental effects; and to ensure that the proposed 
project will meet all applicable regulatory (State and federal) 
requirements.  The consolidated review by PPRP and other State agencies 
forms the basis for recommendations to the PSC for conditions to be 
incorporated into licensing approvals for new projects. 

The majority of air quality impacts that PPRP addresses in reviewing a 
CPCN application are typically associated with Nonattainment Area New 
Source Review (NA-NSR) or Prevention of Significant Deterioration (PSD) 
permitting requirements, or other State and federal air regulatory 
requirements.  However, PPRP also considers other environmental 
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impacts related to air quality during review of CPCN cases.  The impact of 
the proposed projects on the human environment is one such 
consideration. 

In November 2006, Mirant MidAtlantic, LLC (Mirant) applied to the PSC 
for a CPCN to install and operate a new air pollution control system on 
the two coal-fired units (Units 1 and 2) at its Morgantown Generating 
Station in Charles County, Maryland.  The project will consist of 
retrofitting existing Units 1 and 2 with air pollution quality control 
systems, including a wet flue gas desulfurization (FGD) system for sulfur 
dioxide (SO2) and mercury control, and a sorbent injection system for 
sulfuric acid mist (SAM) control.  The pollution control train will be 
identical for Units 1 and 2; the two units will share a single new, 400-foot 
stack.  Once constructed, this project will substantially decrease emissions 
of SO2, fine particulate matter (PM2.5), and other air emissions including 
mercury from the two 620-megawatt baseload generating units at 
Morgantown. 

The primary driver for the proposed FGD project at Morgantown was 
passage of the Maryland Healthy Air Act of 2006 (HAA).  The HAA was 
developed by the State of Maryland to help bring Maryland’s air quality 
into attainment with the National Ambient Air Quality Standards 
(NAAQS) for ozone and PM2.5 by the federally mandated deadline of 
2010.  The HAA calls for larger reductions in nitrogen oxides (NOx), sulfur 
dioxide (SO2), and mercury emissions and at a faster timeframe than 
similar federal multi-pollutant regulations that were in place in 2006.  
Parts or all of the two federal programs—the Clean Air Interstate Rule 
(CAIR) and the Clean Air Mercury Rule (CAMR)—have subsequently 
been vacated by the courts.   

The addition of a new FGD scrubber at the Morgantown Generating 
Station will cause a visible plume of condensed water vapor to be emitted 
from the scrubber exhaust under most atmospheric conditions.  This 
plume will be visible to the public and will be in close proximity to the 
Governor Harry W. Nice Memorial Bridge spanning the Potomac River 
connecting Maryland and Virginia.  Figure 1 shows the location of the 
Morgantown power plant in relation to the bridge.  Among the issues 
pertaining to human environment that were raised by the public and 
Maryland officials during review of the Morgantown FGD project was the 
effect of the visible water vapor plume on bridge operations.  Impacts due 
to the plume on the bridge include visibility reduction and possible ice 
riming in freezing conditions.  As part of the evaluation of the CPCN 
application, PPRP reviewed the visible plume impact analysis supplied by 
the applicant and conducted further analyses using new techniques to 
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assess any possibility of unacceptable impacts on bridge operations due to 
the visible plume from the proposed FGD system. 

Figure 1 Overhead Photo of Power Plant and Governor Harry W. Nice  
Memorial Bridge 

 

1.1 REVIEW OF APPLICANT’S ANALYSIS 

The applicant provided PPRP with an analysis of visible fogging/icing 
potential using the CALPUFF model.  CALPUFF is a LaGrangian puff 
model that is used as the EPA regulatory dispersion model for long 
distance (typically between 50 and 300 km from a source) applications.  
Although CALPUFF’s regulatory application is in long distance 
dispersion modeling, the model itself is not inherently intended for long 
distance applications only.  It is also the only refined EPA dispersion 
model with the encoded ability to perform visible water plume impacts.  
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The “fogging mode” in CALPUFF allows the user to determine the 
frequency of visible plume impacts at discrete receptor points (receptor 
mode), as well as to predict the length and height of visible plumes 
(plume mode).  Although the size of the visible plume was of interest to 
nearby residents in the Morgantown case, this analysis focused mainly on 
the receptor mode approach; that is, the presence or absence of a visible 
plume at discrete geographical locations.  The original CALPUFF 
fogging/icing analysis included with the CPCN application used seven 
receptor points to represent the span of the bridge.  The receptors were 
elevated to account for the height of the bridge over the ground elevation.  
This CPCN CALPUFF fogging/icing analysis showed that no impacts at 
any receptor were predicted over a 5-year period.   

1.2 LIMITATIONS OF THE CALPUFF FOG MODE 

The applicant’s use of CALPUFF in the default fog mode predicted that no 
visible plume impacts were expected at any of the bridge receptors.  PPRP 
began reviewing this analysis by investigating limitations of the 
CALPUFF fog mode module.  Some significant limitations were 
discovered, including: 
 

• CALPUFF excludes visible plume impacts when the ambient relative 
humidity (RH) is 100%. 

 

• CALPUFF does not consider actual observations of weather events to 
exclude the visible plume impact. 

 

• CALPUFF has no mechanism to gauge the visibility reduction due to a 
plume induced fog event. 

These limitations can present significant obstacles when trying to assess 
the plume’s impact on human welfare.  The close proximity of the bridge 
to the FGD scrubber suggests that visible plume impingement on the 
bridge is likely.  The fact that natural weather phenomena may be 
occurring simultaneously suggests further that the bridge could be 
affected by plume impacts.  Therefore, for this application, PPRP 
considered it important to examine alternatives to the default CALPUFF 
modeling approach for visible plume impacts. 
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1.3 ALTERNATIVE FOG ANALYSIS 

The AERMOD dispersion model is the EPA regulatory refined dispersion 
model for near-field applications.  In fact, Mirant and PPRP used 
AERMOD in the Morgantown FGD case to assess the impacts of criteria 
pollutants in the vicinity of the generating station.  AERMOD contains 
many significant improvements over older dispersion models, particularly 
in the scientific treatment of the atmospheric boundary layer.  Since 
AERMOD is used to analyze near-field pollutant impacts, it is reasonable 
to assume that near-field potential fog impacts could receive the same 
benefit of the AERMOD dispersion algorithms.   

The possible use of AERMOD as an alternative model to evaluate near-
field fogging impacts was investigated.1,2  The AERMOD model does not 
include routines to analyze visible condensed water plumes, so the 
routines needed to perform the specific calculations relevant to visible 
plume formation had to be applied to AERMOD.  The goal of the 
AERMOD fog analysis was to present another set of results for 
comparison to the CALPUFF fog results, and to overcome the limitations 
of the CALPUFF fog mode. 

1.4  VISIBLE PLUME FORMATION 

The scientific treatment of visible water plume formation in a fog 
dispersion model is not overly sophisticated.  Simple atmospheric 
thermodynamic principles are applied by CALPUFF to determine when 
atmospheric conditions exist that can result in a visible water vapor 
plume, given an emission rate of water from the source and some basic 
meteorological variables.  Algorithms pertinent to determining fog 
formation potential that are employed by CALPUFF were used by PPRP 
to develop the fog routines for application in AERMOD. 

The first step to calculate fog formation is to characterize the saturation 
state of the atmosphere for each hour of meteorology being considered in 
the analysis.  The saturation vapor pressure is calculated through the use 
of a form of the Goff Gratch equation.3 
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If T< 273.16 K: 

 

 

 

 

If T≥ 273.16 K: 

 

 

 

 

 

Where: 
T = Air temperature (K) 
PSAT = Saturation water vapor pressure (mb) 
 
Mixing ratio is defined as the ratio of the mass of water vapor in a parcel 
of air to the mass of the dry air.  The saturation mixing ratio, the mixing 
ratio of a parcel of air at the point of saturation (net condensation), is 
found through the use of the definition of the mixing ratio and the ideal 
gas law: 
 
 
 
 
Where: 
T = Air temperature in Kelvin (K) 
R* = Ideal Gas Constant (8.31372e-2 m3·  mb/(mole· deg k)) 
MW = Molecular weight of water (18.016) 
PSAT = Saturation water vapor pressure (mb) 
CSAT = Saturation mixing ratio (g/m3) 
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mixing ratio is the amount of water vapor actually present in the ambient 
air and is found by: 
 
 
 
 
Where: 
RH = Relative humidity (%) 
CSAT = Saturation mixing ratio (g/m3) 
CBACK = Background mixing ratio (g/m3) 
The background mixing ratio is expressed as the concentration of water 
vapor in the ambient air.  In order for the air to reach a state of saturation, 
the water vapor concentration must increase to the point where it exceeds 
the saturation mixing ratio.  This increase, needed to produce net 
condensation (fog formation), is referred to as the mixing ratio deficit and 
is calculated by: 
 
 

Where: 
CSAT = Saturation mixing ratio (g/m3) 
CBACK = Background mixing ratio (g/m3) 
CDEF = Mixing Ratio Deficit (g/m3) 
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2.0 AERMOD FOG ANALYSIS 

2.1 MODELING APPROACH 

A dispersion model can be used as a visible plume model using the basic 
atmospheric thermodynamics discussed in Section 1.4 to characterize the 
state of the ambient atmosphere.  Once the saturation state of the 
atmosphere has been established through measurements of temperature 
and relative humidity on an hour-by-hour basis for the entire period 
under consideration, the dispersion model can be run using the known 
water emission rate from the source to determine if the hourly 
concentration of water at any receptor is greater than the mixing ratio 
deficit calculated for that particular hour.  Simple code changes to the 
AERMOD output routines can produce hourly concentration files on a 
receptor-by-receptor basis that can be post-processed to compare to the 
mixing ratio deficit calculations.  A special version of AERMOD was 
developed by PPRP to produce the required hourly output, and other 
utilities were developed to calculate hourly mixing ratio deficits and to 
post-process the model results. 

The CALPUFF fog mode is designed to not show visible plume impacts at 
any receptor while the ambient relative humidity is 100%.  The reasoning 
behind this is that plume induced fogging or icing events can be 
considered irrelevant when natural meteorological conditions could 
theoretically cause the same effect.  However, using relative humidity as 
the sole parameter to exclude hours from consideration is an imprecise 
test, since fog conditions may not actually be occurring despite the 100% 
relative humidity.   

For the purpose of determining the impact of the visible plume on the 
nearby bridge, this exclusion based on RH is not appropriate.  Therefore, 
PPRP developed the following tiered reporting approach to apply to the 
results of the AERMOD fog modeling, per receptor: 

• Report number of hours that plume induced fogging occurs. 

• Report number of hours that plume induced fogging occurs with 
no ambient fog reported. 

• Report number of hours that plume induced fogging occurs with 
no ambient precipitation or fog reported. 
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By reporting the total number of plume impacts regardless of ambient 
weather, it is possible to better gauge the overall effect of the plume on 
bridge operations.  Since a visible plume could still present a hazard even 
during ambient weather events, it is important to quantify the impacts 
even if those impacts are simultaneous with naturally occurring fog or 
precipitation.  However, it is still useful to know when plume induced 
fogging coincides with ambient fog or precipitation.  This tiered approach 
gives a more refined and comprehensive summary of the plume’s impact 
on the bridge.  The integrated surface hourly (ISH) meteorological data 
format was used to check for the presence of weather events for each hour 
in the analysis.  Table 1 summarizes the results of the visible plume 
analysis using AERMOD. 

Table 1 Results of the Visible Plume Analysis Using AERMOD 

Year Number of Plume 

Induced Fogging 

Events 

Number of Events 

with No Ambient 

Fog Reported 

Number of Events 

with No Ambient 

Weather Reported 

1991 4 1 1 

1992 31 0 0 

1993 43 3 0 

1994 13 1 0 

1995 8 0 0 

2001 3 1 1 

2002 18 4 2 

2003 6 2 2 

2004 0 0 0 

2005 6 4 1 

2.2 VISIBILITY ON THE BRIDGE 

Although the simple presence of the visible plume on the bridge indicates 
that the bridge operations may be affected, the expected visibility 
reduction due to a visible water plume on the bridge is also a concern.  
The visual range of the atmosphere, or the greatest distance that a dark 
object can be seen by the human eye, can be calculated by the following: 
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Where: 
bext = Extinction coefficient (1/km) 
VR = Visual range (km) 

The extinction coefficient represents the efficiency at which airborne 
particles and atmospheric gases scatter or absorb light.  Extinction 
coefficients are specific to the properties of the atmospheric gases and 
suspended particulates and the wavelength of light being considered.  The 
extinction coefficient due to suspended liquid water in fogs and clouds for 
visible and infrared radiation has been identified by Chylek.4  The 
relationship between the extinction coefficient of visible light (0.55 µm) 
and liquid water content is reported by Chylek as the following: 

 

Chylek notes that, at visible wavelengths, an acceptable linear relationship 
between liquid water content and extinction coefficient does not exist.  
This is due to the fact that, at visible wavelengths, the droplet size of the 
fog, in addition to the water concentration, has a noticeable effect on light 
extinction.  The extinction coefficient was conservatively approximated 
using the Chylek data by identifying appropriate factors to use to 
calculate the extinction coefficient as a function of liquid water 
concentration.  The factors chosen are dependent on discrete liquid water 

VR =
3.912

bext

ffffffffffffffffff



 

11 PPRP-0070219.20-1/15/2009 

concentration ranges in the Chylek data, and were chosen to follow the 
higher end of the data spread for each concentration range.  The factors 
identified by PPRP are: 

• For liquid water concentrations <0.001 g/m3, Chylek factor = 4,000 

• For liquid water concentrations <0.01 g/m3, Chylek factor = 3,000 

• For liquid water concentrations <0.1 g/m3, Chylek factor = 1,000 

• For liquid water concentrations ≥0.1 g/m3, Chylek factor = 500 

To calculate the appropriate extinction coefficient from the factors derived 
from Chylek, the concentration of liquid water is found by subtracting the 
hourly mixing ratio deficit from the total hourly concentration of water 
from the dispersion model.  The resulting difference is the amount of 
water that will condense to form fog.  The calculation for extinction 
coefficient is then: 

bext (km-1) = Liquid Water Content (g/m3) * Chylek Factor 

Using the formula for visual range, the visibility for each plume induced 
fogging event on the bridge was calculated. Table 2 presents the results of 
these calculations. 

Table 2 Plume Induced Fogging Event Evaluation 

Visual Range (m) 

Average with No 

Ambient Fog 

Reported 

Average 

with 

Ambient 

Fog 

Minimum with No 

Ambient Fog Reported 

Minimum with 

Ambient Fog 

670.3 486.0 139.5 144.3 



 

12 PPRP-0070219.20-1/15/2009 

3.0 REGIONAL IMPACTS 

To better quantify the potential for condensed water plumes from the wet 
FGD scrubber to cause a public nuisance, the fogging analysis was 
expanded to consider areas other than the Governor Harry W. Nice 
Memorial Bridge itself.  This section describes the additional analyses 
performed to assess plume induced fogging/icing in the general vicinity 
of the bridge and power plant, as well as the Cobb Neck Peninsula. 

3.1 FINE GRID ANALYSIS 

AERMOD was run with receptors spaced at 300 m for the area of the 
Potomac River in the immediate vicinity of the Morgantown facility.  This 
analysis was conducted primarily to investigate the occurrences of any 
fogging “hot spots” in the portion of the river adjacent to the Morgantown 
facility and around the Nice Bridge.   The results of this analysis are 
summarized in Table 3. 
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Table 3 Fine Grid Modeling Results 

Fine Grid Analysis 

Year All Hours Weather Hours Excluded 

 Total Events Total Events 
Icing 

Hours 
Fogging 
Hours 

1991 87 3 0 3 

1992 273 10 0 10 

1993 306 22 0 22 

1994 137 10 1 9 

1995 107 4 0 4 

2001 123 19 1 18 

2002 199 20 2 18 

2003 63 13 4 9 

2004 2 0 0 0 

2005 29 6 0 6 

 
The “Total Events” data in Table 3 represents the number of hours across 
the entire receptor grid over each year where a plume induced fogging or 
icing event occurred.  The number of plume induced events per year is 
also shown with ambient weather events excluded.   Ambient weather 
events were removed to determine the number of events where the plume 
is acting alone (without naturally occurring weather events) to result in 
fog or ice at a receptor.  These “plume-only” events are further refined  
into fogging or icing categories, with 32°F used as the fogging/icing 
threshold. 
 
The fine grid results were also plotted to show the number of plume 
induced fogging hours on a spatial basis.  Figure 2 shows isopleths of 
hours of plume induced fogging or icing in 1993.  Figure 3 shows isopleths 
of hours of plume induced fogging or icing in 1993 with ambient weather 
hours removed.  Similarly, Figure 4 shows isopleths of hours of plume 
induced fogging or icing for 2002, and Figure 5 shows isopleths of hours 
of plume induced fogging or icing in 2002 with weather hours removed. 
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Figure 2  Fine Grid - Isopleths of Plume Induced Fogging Hours – 1993 
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Figure 3 Fine Grid - Isopleths of Plume Induced Fogging Hours – Weather 
Removed – 1993 
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Figure 4 Fine Grids - Isopleths of Plume Induced Fogging Hours - 2002 
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Figure 5 Fine Grid - Isopleths of Plume Induced Fogging Hours – Weather 
Removed - 2002 
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3.2 COARSE GRID ANALYSIS RESULTS 

AERMOD was run with a course 800-m spaced receptor grid covering the 
Cobb Neck area and a large portion of the Potomac River to the south of 
the Morgantown facility.  The primary goal of this analysis was to 
uncover any potential ground level fogging from longer range transport 
of the plume.  The results of this analysis are shown in Table 4. 

Table 4 Coarse Grid Modeling Results 

Coarse Grid Analysis 

Year All Hours Weather Hours Excluded 

  Total Events Total Events Icing Hours Fogging Hours 

1991 145 5 0 5 

1992 389 27 1 26 

1993 598 74 1 73 

1994 283 35 1 34 

1995 204 13 0 13 

2001 178 32 2 30 

2002 286 39 4 35 

2003 99 19 6 13 

2004 3 0 0 0 

2005 38 6 0 6 

Similar to the fine grid analysis, the “Total Events” indicated in Table 4 is 
the total number of hours across the entire receptor grid over each year 
where a plume induced fogging or icing event occurred.  The number of 
plume induced events per year is also shown with ambient weather 
events excluded.   These “plume-only” events are further refined into 
fogging or icing categories, with 32°F used as the fogging/icing threshold. 

The coarse grid results were also plotted to show the number of plume 
induced fogging hours on a spatial basis.  Figure 6 shows isopleths of 
hours of plume induced fogging or icing in 1993.  Figure 7 shows isopleths 
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of hours of plume induced fogging or icing in 1993 with ambient weather 
hours removed.  Finally, Figure 8 shows the hours of plume induced 
fogging in 2002 for the coarse grid and Figure 9 shows isopleths of 2002 
plume induced fogging hours with weather removed. 

Figure 6 Coarse Grid - Isopleths of Plume Induced Fogging Hours – 1993 
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Figure 7 Coarse Grid - Isopleths of Plume Induced Fogging Hours – Weather 
Removed – 1993 
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Figure 8  Coarse Grid - Isopleths of Plume Induced Fogging Hours – 2002 
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Figure 9 Coarse Grid - Isopleths of Plume Induced Fogging Hours – Weather 
Removed – 2002 

Cobb Neck

Morgantown Facility

0 1 2 3 4 5 6 7 8

Kilometers

 



 

20 PPRP-0070219.20-1/15/2009 

4.0 SUMMARY AND CONCLUSIONS 

PPRP has developed a new technique, using U.S. EPA’s regulatory refined 
model AERMOD, to more fully evaluate potential visible emissions 
impacts from a wet FGD scrubber project proposed for the Mirant 
Morgantown power plant.  This new technique allowed PPRP to 
investigate the possibility of plume impacts in greater detail than can be 
accomplished using the more traditional “fogging mode” of the CALPUFF 
modeling system.  PPRP also developed a technique to predict the level of 
visibility degradation that would be expected to occur during a plume 
induced fogging event.  The use of these techniques assisted PPRP in 
evaluating whether public safety would be adversely affected by the 
installation of the new wet scrubber. 

The results of the AERMOD fogging analysis for the Morgantown FGD 
project indicate that although the proposed FGD is predicted to cause 
visible plumes that will impact the nearby Governor Harry W. Nice 
Memorial Bridge during some weather conditions, the frequency of these 
events is not on the level that will adversely affect the bridge operations.  
Similarly, the AERMOD fogging analyses of the area immediately 
surrounding the Nice Bridge and the general vicinity of the Cobb Neck 
peninsula show that nuisance fogging events are not expected to occur 
with great frequency. 

Based on our evaluation of the Morgantown project, PPRP concludes that 
the use of AERMOD as a supplement to CALPUFF can provide further 
insights into the frequency, nature, and extent of predicted fogging events. 

The AERMOD fogging/icing analysis described in this report was 
conducted for visible condensed water plumes from a specific source type, 
a flue gas desulfurization scrubber (FGD).  Other sources that emit visible 
condensed water plumes, such as cooling towers, could potentially be 
modeled using AERMOD for the purpose of determining fogging/icing 
potential.  One important consideration would be the emission rate of 
water used for the cooling tower source.  For the wet FGD case, the 
scrubber water emission rate was determined by vendor specifications 
and was assumed to be constant regardless of ambient weather 
conditions.  For cooling towers, the rate of evaporative loss of the cooling 
water would be influenced by the ambient conditions, so some 
consideration of emission rate as a function of ambient temperature may 
be required.  It may be defensible to select a cooling tower emission rate 
based on average diurnal temperatures on a seasonal basis.  In any case, 
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the fundamental assumptions used to characterize fog formation in this 
analysis for the FGD scrubber would remain the same, which makes this 
technique practical and useful for any PPRP application where visible 
condensed water plumes are a concern. 
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