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ABSTRACT 

The risk associated with a power generation system often refers to the contaminants 

emission from combustion facilities, which could violate environmental standards and 

affect human health through various exposure pathways. In this research, an integrated 

risk assessment by stochastic and fuzzy approaches was applied to systematically 

examine both probabilistic and possibility uncertainties existing in environmental 

conditions and evaluation criteria within an ambient air quality management system. 

The contaminant concentrations in ambient air predicted from a numerical simulation 

model usually contain probabilistic uncertainties due to the variations in modeling input 

parameters; while the temporal and spatial variations of environment make the 

consequences of contaminant concentrations violating relevant guidelines and health 

evaluation criteria to be linked with possibilistic uncertainties due to the vagueness of 

expert's judgments. This leads to difficulties in direct implementation of the deterministic 

environmental guidelines because of the existence of uncertain factors. To help resolve 

the problem, this study aims at developing a integrated risk assessment system for the 

management of ambient air quality by stochastic and fuzzy approaches. The objective 

entails the following tasks: (a) Monte Carlo simulation of sulfur dioxide (SOz) dispersion 

in the ambient air through a regulatory steady-state plume numerical modeling system 



AERMOD, to generate cumulative distribution functions for stochastic uncertainties; (b) 

fuzzy environment and health risk assessment based on stochastic simulation: 

quantification of environmental guidelines and health criteria using fuzzy membership 

functions acquired from a questionnaire survey; determination of risk levels by 

developing a fuzzy rule-based assessment system. The contaminant of interest in this 

study is SOz. The environmental quality guideline was divided into three categories: 

loose, medium and strict. The environmental-guideline-based risk (ER) and health risk 

(HR) due to SOz inhalation were evaluated to obtain the general risk levels through a 

fuzzy rule base. The ER and HR levels were divided into five categories of low, 

low-to-medium, medium, medium-to-high and high, respectively. The general risk levels 

included six categories ranging from low to high. The fuzzy membership functions and 

the fuzzy rule base were established through a questionnaire survey. Thus the developed 

approach was able to integrate fuzzy logic, expert experience, and stochastic simulation 

within a general framework. The robustness of the evaluation results can be enhanced 

through the effective reflection of the two types of uncertainties as compared with the 

conventional risk assessment approaches. In order to test the feasibility and effectiveness, 

the developed model was applied to a thermal power station in Atlantic Canada. The 

results were analyzed under three scenarios with different environmental quality 

guidelines, leading to the variations of risk levels (based on different degrees of guideline 
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strictness acquired from questionnaire survey). It is indicated that, the integrated risk 

assessment can more effectively elucidate the relevant environmental and health risks 

resulting from S02 emission. The developed approach can offer a unique tool for 

quantifying uncertainties in air quality modeling and risk assessment, and also provide 

realistic support for related decision-making processes. 
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CHAPTER 1 INTRODUCTION 

1.1 BACKGROUND 

Clean air is essential to our own health and that of the environment. Research has shown 

that since the industrial revolution, the quality of the air we breathe has deteriorated 

considerably, mainly as a result of human activities (Ross, 1972). The rising industrial 

and energy production and the burning of fossil fuels all contribute to air pollution in our 

towns and cities which, in turn, can lead to serious environmental and health problems. In 

the 1960s, scientists began to realize that the effects of air pollution were global, not just 

local (Yousif, 2006). Emissions from industries, automobiles, and other sources could 

have negative effects thousands of miles away. Electricity production, as one of the main 

sources of air pollution (Bigano, 2000), has been of much concern in recent years since 

the emissions from the power plants are known to contribute to acid rain, haze, smog, and 

climate change, etc. This is why power plants have become one of the biggest single 

causes of unhealthy air. They can result in massive health damage only by the emission of 

air pollutants: respiratory diseases, heart attacks, and premature deaths - all of these are 

among the serious public health problems caused by air pollution from the electric power 

sector. In June 2004, the American Abt Associates (2004) reviewed the contribution of 

power plants to particulate pollution and compared the relative benefits of the proposals 

policies to reduce power plant fine particle emission. The key findings included the 

following: pollution from power plants cuts short the lives of nearly 24,000 Americans 
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nationwide every year; those 24,000 Americans die an average of 14 years early because 

of exposure to power plant pollution; 2,800 of those deaths are from lung cancer; power 

plant pollution is responsible for 38,200 non-fatal heart attacks per year; the elderly, 

children, and those with respiratory disease are most severely affected by fine particle 

pollution from power plants; and people who live in metropolitan areas near coal-fired 

plants feel their impacts most acutely and their attributable death rates are much higher 

than areas with few or no coal-fired plants. 

The global work in controlling air pollutants emission from power generation is one of 

the major issues under environment and health. The related communities are reacting at 

many levels to reduce exposure to air pollution through environmental institutions (e.g., 

United States Environmental Protection Agency (US EPA) and European legislation), 

through cooperation at the wider international level in order to reduce trans-boundary 

pollution, through working with sectors responsible for air pollution and with national 

and regional authorities, and through research and development of advanced pollution 

prevention, control and remediation technologies. One of the major focuses for the next 

decades will be advancement of air quality standards and coherency of all air legislation 

and related policy initiatives. For instance, the Institution of Electrical Engineers (lEE) 

(2000) published the Environment & Energy Fact File to describe the environmental 

effects of all forms of electricity generation currently in use or propose. Another 

interesting research by the United States Public Interest Research Group Education Fund 

(US IRGFF) reported a comprehensive review on America's dirtiest power plants. This 

report documented the 2002 emissions of smog-forming nitrogen oxides (NOx), 
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soot-forming sulfur dioxide (S02), and carbon dioxide (C02) from the 548 power plants 

in the nation and quantified the emissions that would continue unabated. Each of the 

plants examined in this report emitted at least 20 tons of "excess" NOx or S02 emissions 

that could be eliminated if the plant was to install appropriate pollution control equipment 

(US IRGFF, 2003). The United States EPA announced on July 2, 2007, that East 

Kentucky Power Cooperative, a coal-fired electric based in Winchester, KY, was required 

to spend approximately $650 million on pollution control and pay a $750,000 penalty to 

resolve alleged violations of the Clean Air Act at its three plants. The U.S. Department of 

Justice (DOJ) claimed that scientists, environmental engineers, legislation agencies and 

government authorities would continue to work on the air quality management to protect 

the environment from any adverse effects caused by generating electricity and industries. 

In Canada, the power sector has registered remarkable growth since the first hydroelectric 

generating station was constructed at Chaudiere Falls in 1886 (Canadian Electricity 

Association, 2006).The significant scale of new generation required to meet growing 

demand was made apparent in a 2003 National Energy Board (NEB) report (NEB, 2003), 

which claimed that Canada's electricity supply would need to reach 814 TWh in 2020 to 

meet requirements. In other words, the combination of an increasing population, growing 

economic and greater use of electrical equipment means that electricity demand will 

continue to grow at an annual average rate of 1.5 to 2% (Canadian Electricity Association, 

2006). By now, Canada possesses a diverse generation portfolio, covering a range of 

mature and emerging electricity-producing technologies. For example, power generation 

from hydro, fossil fuels (coal, natural gas and oil), nuclear sources and wind, bio-energy 
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and other sources in 2005 was 60%, 28%, 12%, and 2% respectively, while coal, natural 

gas, and oil are contributing 61%, 14%, and 25% of thermal power generation, 

respectively (Canadian Electricity Association, 2006). In 2005, the Commission for 

Environmental Cooperation (CEC) released the first comparability report 'North 

American Power Plant Air Emissions' on emissions data from over 1 000 individual 

fossil-fuel power plants in North America (Canada, Mexico and the United States) (Miller, 

et al., 2005), which found that only a small percentage of facilities release much of the 

electricity sector's sulfur dioxide, nitrogen oxides, mercury and carbon dioxide emissions 

in North America. Therefore, as demand for power generation increases, so dose the need 

to ensure acceptable environmental quality. Canadians expect that their increasing 

electricity needs will be met in an environmentally-friendly fashion. One of the key 

components in a prosperous economy is low-cost, reliable electricity that does not unduly 

burden the environment. Governments are implementing a growing number of 

environmental demands on the sector, through legislative regimes and international 

commitments (e.g., the Kyoto Protocol). In response to these trends, the industry's 

environmental performance continues to improve: electricity intensity is descending, air 

emissions from fossil generation (coal, oil and gas) are declining; waste and hazardous 

materials are being reduced or more effectively managed; and species and habitat 

management gets growing concerns during decision-making on existing and new projects. 

In general, environmental issues need to be integrated into the planning, development, 

and operational processes of power plants in order to maximize socio-economic benefits 

and minimize adverse environmental impacts. Also, appropriate environmental guidelines 
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play an important role in establishing the base for sustainable development by facilitating 

developer ad to adopt environmentally sound technology and better management 

practices. For all the issues discussed above, risk assessment will offer a means for 

decision support by carefully assessing and ranking severity of site contamination, and 

thus allowing identification of critical issues for mitigation actions. As a result, from both 

electrical section and the government aspects, it is vital to assess the related risks and 

liabilities, not only insight into pollutant-migration mechanisms, natural conditions and 

environmental impacts, but also a comprehensive view for providing support for 

decisions related to prevention, detection and correction of the contamination problems. 

Therefore, risk assessment is a significant component for power plant air emission 

management. 

The assessment of risks at an electrical section is mainly based on the modeling of the air 

dispersion in forecasting whether its evolution is under risk. Mathematical models, 

recognized as effective tools for facilitating examine contaminant transport and transform 

behaviors in the atmosphere, are applied widely in power plant management. Finardi and 

his group (200 1) used the three-dimensional modeling system, composed of a 

mass-consistent wind field model and a Lagrangian particle model, which was applied to 

a Mediterranean complex coastal site to describe the atmospheric dispersion of pollutants 

emitted by thermal power plants. In Egan's study (Egan, et al. , 2002), the air quality 

implications of sources affected by sea breeze flows were simulated by coupling of a fine 

grid version of MM5 (short for Fifth-Generation NCAR/Penn State Mesoscale Model) 

and meteorological model, to drive dispersion models capable of accommodating spatial 
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and time-varying meteorological fields. The application of the CALMET (a diagnostic 

3-dimensional meteorological model) and CALPUFF (an air quality dispersion model) to 

the Yatagan district was described by Ulas Im and Yenigun (2005), to study the impact of 

Yatagan Power Plant emissions on the S02 levels. Davis and Jesse (2006) concluded that 

the air dispersion modeling (ADM) used as an alternative or in conjunction with 

monitoring, was a valuable tool, since it was not limited by physical locations, and could 

simulate any specified meteorological conditions, making it ideal for theoretical analysis 

and forecasting. However, extensive applications of the developed models to practical 

problems were limited due to the ineffectiveness in quantification of the uncertainties, the 

management of the input parameters, and, in particular, the extension to risk assessment. 

The risk associated with pollutants generated from a power plant often refers to the 

chance of damaging the environment or human health through various exposure 

pathways. This was indicated in previous studies of human health risk assessment for 

power plants. For instance, a methodology for performing exposure and risk assessments 

for airborne trace element emissions from an oil fired power plant was presented in 

Saperstein' s ( 1986) study, in which an assessment of potential cancer risks from arsenic 

emissions from an oil fired power plant located in a densely populated urban area was 

conducted. It is obvious that the risk assessment plays such a significant role in the 

pollution prevention system and follows are more examples: In Amaral 's (1983) research, 

methods were presented for the incorporation of uncertainty into quantitative analysis of 

the problem of estimating health risks from coal-fired power plants. Bailey (1985) 

developed a "site-specific" health risk assessment methodology for application at 
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coal-fired power plants. Another study by Munshi (1986), the risk assessment was used 

as one of sub models to provide information for the integrated pollution control (IPC) 

methodology, which is viewed as an approach which seeks the most cost-effective way of 

reducing the overall risk to human health and the environment from all pollutants in all 

environmental media. This model was applied to a case-study involving a hypothetical 

coal-fired power plant situated in a realistic physical setting. Based on the previous 

research, in 2004, Kazuo Asakura and his group in Japan developed an inhalation risk 

assessment method for trace elements emitted from coal-fired power plants and assessed 

the inhalation risks of much more trace elements for domestic coal-fired power plants. 

Most recently, Chandler and his associates in Cantox Environmental Inc. (2006) provided 

a summary of the final report of the update of the human health risk assessment of the 

Holyrood Thermal Generating Station, which was provided to Newfoundland and 

Labrador Hydro. 

These previous risk assessment studies were mostly based on stochastic approaches that 

were effective in reflecting probabilistic uncertainties in source and media conditions. 

However, further study is needed to address the possibilistic uncertainties that exist in the 

evaluation criteria and subjective judgment (Chen, et al., 2003). Many of these uncertain 

factors cannot be expressed, however, as probability distributions, such that methods of 

stochastic risk assessment are inapplicable. In general, manipulations of the uncertain 

modeling inputs would result in considerable under-or over-estimation in the simulation 

and risk assessment results. The underestimated predictions may introduce risk to human 

health, while the overestimated ones may lead to economic loss due to over-conservative 
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mitigation designs. More efforts should then be made to incorporate possibilistic 

uncertainties within the modeling system. Thus, in order to more accurately simulate the 

ambient air dispersion and the following risk analysis under the complexity of 

uncertainties, an integrated approach is desired. On the other hand, fuzzy-set theory has 

been used widely for handling uncertainties with discrete and/or imprecise characteristics 

(Hu, et al. ,2003). For the site risk assessment, fuzzy membership functions can be 

employed to quantify uncertainties associated with the evaluation criteria. 

1.2 OBJECTIVES 

To conduct the research, it should be noticed from the beginning that the randomness of 

the events and the role that human judgment plays in determining the risk level classify 

the uncertainties associated with risk in two broad categories: (1) stochastic (due to the 

randomness); and, (2) cognitive (due to the vagueness of expert's judgments). The proper 

management of these uncertainties has become a major concern in environmental risk 

assessment studies. Traditionally, the probabilistic approach has been the most used in 

risk assessment and considered appropriate to deal with the uncertainties of risk (Ma, 

2000; Schumacher et al. , 2001 ; Passarella et al., 2002; etc.). But, when some experts 

realized that probabilistic models could fail to provide satisfactory descriptions of 

cognitive uncertainties, applications of fuzzy logic started to be more common (Uricchio 

et al. , 2004; Deshpande, 2005; Darbra et al. , 2007; etc.). Recently, some researchers have 

explored the possibility of carrying out environmental risk assessment by combining two 

different modes of representation of uncertainty (i.e. probabilistic and possibilistic 
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theories) in a single computational procedure, known as the "hybrid approach" 

(Guyonnet et al., 2003; Vemula et al., 2004; Li et al., 2007; etc.). However, the involved 

cases and uncertainties were limited (e.g., subsurface environment), which is calling for 

much more further study, such as focusing on the ambient air environment. 

Therefore, the main objective of this research is to develop an integrated fuzzy-stochastic 

risk assessment system for the management of air-contaminated sites. This effort will 

help accurately in predicting the contaminant transport and fate in the ambient air and 

effectively assessing the associated environmental and health risks. The results obtained 

from the improved risk assessment will provide realistic decision support and bring 

enormous environmental and economic benefits. The objective entails the following tasks: 

(a) Monte Carlo simulation of S02 dispersion in the ambient air through a regulatory 

steady-state plume numerical modeling system AERMOD, to generate cumulative 

distribution functions for stochastic uncertainties; (b) fuzzy environment and health risk 

assessment based on stochastic simulation: quantification of environmental guidelines 

and health criteria using fuzzy membership functions acquired from a questionnaire 

survey; (c) determination of risk levels by developing a fuzzy rule-based assessment 

system. 

1.3 ORGANIZATION 

The structure of this dissertation consists of the following chapters: 

Chapter 2 reviews previous studies on air dispersion modeling, uncertainty analysis and 

risk assessment, particularly the existing techniques tackling uncertainties in emission 
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simulation and risk assessment, such as fuzzy and stochastic analysis methods, are 

examined to identify their advantages and disadvantages. The recent development in 

mathematical modeling, uncertainty analysis and risk assessment approaches is also 

discussed in this chapter. 

Chapter 3 describes a case study for modeling the air pollutant dispersion from a thermal 

power station in order to set the stochastic base by simulation results for the risk 

assessment. 

Chapter 4 proposes an integrated risk assessment approach for examining uncertainties 

associated with atmospheric conditions, underlying surface influence, environmental 

quality guidelines and health impact criteria in an ambient air quality management system 

based on stochastic simulation, fuzzy logic, and expert involvement. The developed 

approach is applied to the air quality management of a thermal power plant within the 

eastern Canadian context. 

Chapter 5 presents the conclusions of the dissertation research. Future directions of 

integrated risk assessment studies and their applications within the North American 

context are put forward. 
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CHAPTER 2 REVIEW OF LITERATURE 

The significance of the air dispersion modeling and risk assessment is growing, and the 

past few years have seen increased awareness of the complexity and difficulty of air 

contamination problems which need advanced air dispersion modeling and innovative 

risk assessment approaches. This chapter will review the previous research on air 

dispersion modeling and risk assessment, and critical issues, that deserve further 

exploration, will be identified. 

2.1 AIR DISPERSION MODELING 

One of the main goals of the dispersion modeling is to provide a tool for supporting the 

stakeholders whose decisions are often based on emission measurements. Models are 

linking the emissions to air pollution concentrations and exposure via meteorological data. 

The models can normally be as reliable as the emission inventories they use. For impact 

assessment, there will always be a need for both measurements and models. In some 

cases, a model is actually more applicable than a measurement. Measurements are usually 

not representative for a large area, and their quality is sometimes questionable (Brock and 

Richardson, 2001 ). A model can provide estimates of concentrations in the areas where 

one does not have measurements, at least allowing for certain refinements. For health 

impact assessment including exposure evaluations the use of models of some kind is 

essential. Models are also necessary for forecasting and planning purposes. Models are 

presently being developed to combine meteorological forecast models with air pollution 
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dispersion models to enable air quality forecasts in urban areas across the world (Brandt, 

2001; Pasken and Pietrowicz, 2005). With high-speed computers and more advanced 

information technologies they may represent some of the future public information 

services. In practical applications, modeling results should be compared with officially 

established criteria to draw certain conclusions about the safety of human beings and the 

environment. 

2.1.1 Overview of air quality modeling 

Air quality modeling is used for determining and visualizing the significance and impact 

of emissions on the atmosphere. An overview is given here of the history and the current 

status of atmospheric transport and dispersion models applied to chemical, biological, 

and nuclear (C/B/N) agents' releases. The discussion includes questions being asked of 

models, history and types of models, links to meteorological inputs, and evaluation with 

field data, uncertainties, future systems and research needs. Models are being applied in 

real time, in historical mode, and in planning mode to address the following types of 

concerns: In real-time, for a known C/B/N release, what areas should be evacuated or 

other precautions taken? Alternatively, for an unknown C/B/N release but with observed 

concentrations, what was the dose for past C/B/N releases (e.g., Chernobyl in World War 

I)? For planning analysis, what are the typical impacts of expected C/B/N release 

scenarios? Experience shows that transport and dispersion research is driven by major 

events or step-changes rather than long-term planning. Examples of major events are the 

use of CB agents in World Wars I and II, the nuclear tests of the 1950s, the 1968 Clean 

Air Act and its 1990 amendments passed by the U.S. Congress, the discovery of acid 
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lakes in the 1970s, the discovery of the ozone hole in the 1980s, the Bhopal chemical 

accident, the Chernobyl nuclear plant accident, the Gulf war, and the Japanese subway 

chemical agent release. 

The fundamental problem in any transport and dispersion exercise is that, no matter what 

model is used, the turbulence must somehow be parameterized. This has been a central 

theme of research over the past 80 years, beginning with Taylor ( 1922) and Richardson's 

(1926) and fundamental studies. Transport and dispersion model research was funded by 

C/B/N concerns for several decades (e.g., the Pasquill and Calder studies in the 1940s, 

1950s, and 1960s, and the Porton Down and Prairie Grass field experiments in the 1950s). 

There were extensive classified studies in the United States, since there was a C/B/N 

offensive problem during the Vietnam War. Large field experiments were conducted in 

many types of geographic locations, such as urban areas (Fort Wayne) and coastal zones 

(Cape Canaveral and Vandenburgh Air Force Base). At the Department of Energy 

national labs and National Oceanic and Atmospheric Administration (NOAA), research 

was carried out in the 1950s and 1960s on models for nuclear releases, fallout, and source 

estimation. 

Over the past 20-30 years, as a result of the Clean Air Act, the research emphasis 

switched to EPA pollutants (e.g., S02) and concerns (e.g., industrial point sources, mobile 

sources, acid rain, regional ozone precursors, particles and toxics). Many large EPA field 

experiments (e.g., the St. Louis Regional Air Pollution Study and the Complex Terrain 

Tracer Studies) took place, and model development efforts were conducted, leading to, 

for example, the Models-3 regional modeling system and the AMS/EPA Regulatory 

13 



Model (AERMOD). Many urban- to regional-scale field experiments have addressed the 

ozone issue and, more recently, fine particles and potentially toxic chemicals. The past 

five years have seen a switch back to Department of Defense (DOD) and Department of 

Energy (DOE), with most of the new model development and the new field experiments 

being supported with CIBIN concerns in mind. 

The types of transport and dispersion models have evolved over the past 50-60 years, 

beginning with the analytical models (Gaussian, similarity, K) or nomograms used 

through the 1960s. In the 1970s, the focus switched to computer solutions of Gaussian 

plumes or of three-dimensional grid models involving the eddy diffusivity, K. In1980s, 

the Lagrangian puff models and one-dimensional Eulerian models were developed (but 

with few grid nodes). Gaussian models were adapted to account for Monin-Obukhov and 

convective similarity, and there were great advances in three-dimensional Eulerian 

models linked with numerical weather prediction models (e.g., the EPA's Models-3 

system), and algorithms were improved in Gaussian-Lagrangian-puff models. So far in 

the 2000s, we have seen an increase in studies with computational fluid dynamics (CFD) 

models, in linked emissions-meteorology-dispersion-exposure-risk systems, and in 

improved algorithm in Gaussian-plume models for building downwash and for 

concentration fluctuations. 

There always have been strong links between meteorology and transport/dispersion 

models. Early models used a single meteorological monitor for input (e.g., NWS airport 

site or on-site tower). In 1970s and 1980s, the meteorological models were reported, 

which interpolated among several observing sites and added a mass conservation 

14 



constraint (e.g., Lawrence Livermore National Laboratory [LLNL] MATTHEW, EPA 

CALMET). In the 1990s, some methods were devised to accommodate numerical 

weather prediction (NWP) model outputs (although the grid was coarse and the NWP 

model could not be run in real time). In 2000s, the grid resolution of NWP models and 

computer speed has been improved, which have allowed real-time linked with NWP and 

dispersion models (e.g., RAMS or Eeta with HYSPLIT, MM5 with CMAQ as part of 

Models-3, Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS) with 

National Atmospheric Release Advisory Capability (NARAC). 

2.1.2 Dispersion models of air pollutant concentration 

The atmospheric dispersion models are also known as atmospheric diffusion models, air 

dispersion models, air quality models, and air pollution dispersion models. Atmospheric 

dispersion modeling is the mathematical simulation of how air pollutants disperse in the 

ambient atmosphere. It is performed with computer programs that solve the mathematical 

equations and algorithms which simulate the pollutant dispersion. The dispersion models 

are used to estimate or to predict the downwind concentration of air pollutants emitted 

from sources such as industrial plants and vehicular traffic. Such models are important to 

governmental agencies tasked with protecting and managing the ambient air quality. The 

models are typically employed to determine whether existing or proposed new industrial 

facilities are, or will be, in compliance with the National Ambient Air Quality Standards 

(NAAQS) in the United States and other nations. The models also serve to assist in the 

design of effective control strategies to reduce emissions of harmful air pollutants. 
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The dispersion models require the input of data, which includes: 

(1) Meteorological conditions such as wind speed and direction, the amount of 

atmospheric turbulence (as characterized by what is called the "stability class"), the 

ambient air temperature and the height to the bottom of any inversion aloft that may be 

present. 

(2) Emissions parameters such as source location and height, source vent stack diameter 

and exit velocity, exit temperature and mass flow rate. 

(3) Terrain elevations at the source location and at the receptor location. 

(4) The location, height and width of any obstructions (such as buildings or other 

structures) in the path of the emitted gaseous plume. 

Many of the modem, advanced dispersion modeling programs include a pre-processor 

module (e.g., AERMET, AERMAP) for the input of meteorological and other data, and 

many also include a post-processor module for graphing the output data and/or plotting 

the area impacted by the air pollutants on maps. 

The technical literature on air pollution dispersion is quite extensive and dates back to the 

1930's and earlier. One of the early air pollutant plume dispersion equations was derived 

by Bosanquet and Pearson (1936). These equations did not assume Gaussian distribution, 

nor did include the effect of ground reflection of the pollutant plume. 

Sutton ( 194 7) derived an air pollutant plume dispersion equation, which did include the 

assumption of Gaussian distribution for the vertical and crosswind dispersion of the 

plume, and also included the effect of ground reflection of the plume. 
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Under the stimulus provided by the advent of stringent environmental control regulations, 

there was an immense growth in the use of air pollutant plume dispersion calculations 

between the late 1960s and today. A great number of computer programs for calculating 

the dispersion of air pollutant emissions were developed during that period of time and 

they were called "air dispersion models" (US EPA, 2000). Various methods have been 

devised for the prediction of atmospheric pollution, which led to over 100 types of model 

for different applications (Cooper, 2001). The Gaussian air dispersion model, or its 

various segmented plume and puff advection progeny, is the most popular and widely 

adopted model in the world. 

Gaussian distribution models can be use under many conditions, but when it is used in 

areas in different landform and meteorological conditions, its diffusion factors cry and crz 

are different. Therefore when the original type of Gaussian model is used in different area, 

its actual form is changed. But because of its applicability, it is widely used, and many 

models are base on this diffusion model. 

The first-generation air quality model 

In the first generation air quality models, it was assumed that the air pollutants in the 

atmosphere followed the Gaussian distribution. For example, an overhead continuous 

point source with an effective height of He (Figure 2.1), and the discharge load of 

pollutant in unit time is Q, in normal conditions the concentration of pollutant C (x, y, z) 

in a discretional point of the space (x, y, z) can be calculated by the following formula 

(Beychok, 2005): 
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Figure 2.1 The diffusion of air pollution (Mbeychok, 2007) 
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Where, cry and crz are the diffusion parameters for the cross wind and vertical direction, in 

m, and u is the wind speed, rnls. 

If the ground and the mixed top layer are considered as impermeable layer, the formula is 

changed by setting a virtual source: 

[ l { [ ( )2] [ ( )2]} 2 
x-+«> z - H +2nH z+H +2nH 

C(x,y, z) = Q exp _L I exp • z +exp • z (2.2) 
27ruap·z ~ x-++oo 2if. 2if. 

Where, Hz is the thickness of the mix top layer, and n is the refractive index. 

Assume the origin of the coordinate is at the center of the stack, the positive direction of 

x axes is the downwind direction, y axes is crosswind, and the z axes vertically goes up. 

Equation (2.2) is the basic arithmetic for the CRETER model developed by the US EPA. 

The diffusion parameters cry and crz are determined by the condition of the turbulent 

boundary layer. To confirm cry and crz, the stability can be divided into 6 types based on 

the wind speed and sunlight or cloud account according to the Pasquill 's method, which 

are A to F degrees (Pasquill, 1961 ). Afterward, Turner ( 1964) presented a method for 

determining 1-7, or A-G stability categories from data that are routinely collected at 

National Weather Service (NWS) stations. The method estimates the effects of net 

radiation on stability from solar altitude (a function of time of day and time of year), total 

cloud cover, and ceiling height. From the end of the 70s and the beginning of the 80s, 

almost all environmental protection agencies in the world used this air quality model 
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system. 

The first-generation air quality model, no matter the point source model, or the line 

source, area source and cubic source which are based on the point source, all have the 

following two characters: 1) The calculation of concentration in horizontal and vertical 

direction are both used the Gaussian distribution assumption. 2) The classification of 

turbulent flow and diffusion parameter were based on the discretely experiential method. 

This is not only theoretically disobeying the turbulent character of the atmosphere 

boundary layer, but also disagrees with the research result of the turbulent diffusion in the 

end of 70s and the beginning of 80s, especially in the convective condition (US EPA, 

2008). 

Therefore, from the beginning of 1980s, many atmospheric diffusion scientists conducted 

many experiments, trying to develop models that were more agreeable to the monitoring 

result (Venkatram 1980, 1983; Misra 1982; Briggs 1985, 1988; Hanna and Paine 1989; 

and Perry et al. , 1994). From the beginning of the 1990s, many countries' environmental 

protection agencies started to support research institutions in developing a new 

generation of air quality model. 

The second generation air quality model 

From the middle of 1980s, researchers started to develop a new generation of air quality 

models to make the predictive result more agreeable to the distribution of pollutant under 

the convective condition. 

These models had many new characteristics and the two most important ones which 
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distinguished them with the first-generation air quality models are: 1) totally abandoned 

the traditional discrete Pasquill - Turner stability classification and Pasquill - Gifford 

diffusion parameter system; 2) Under the convective condition, the diffusion model did 

not use Gaussian arithmetic in calculating the pollutant concentration in the cross 

distribution. According to these rules, the Hybrid Plume Dispersion Model (HPDM) 

(Hanna and Paine, 1989) which was developed by the American Sigma company for the 

American electric power graduate school, and the Advanced Dispersion Modeling 

System (ADMS) (Carruthers et al 1995, CERC 1998), which was developed by the 

British Cambridge environmental consultative company, and the AMS/EPA Regulatory 

Model (AERMOD) (Cimorelli et al. , 1998), which was developed by the AMS/EP A 

Regulatory Model Improvement Committee, are belonging to the second generation air 

quality model system. The OML system (Operationelle Meteorologiske 

Luftkvalitetsmodeller) (Berkowicz et al., 1993) which was developed by the Denmark 

National Environmental Laboratory, and the ISC model (EPA, 1995) which was 

developed by the US EPA, although they concluded many new achievements in the 

turbulent diffusion research of the atmospheric boundary layer, but they are only regarded 

as the transitional system from the first generation to the second generation. The OML 

system used the Gaussian model system under all the stability condition, which disagreed 

with the result of the turbulent diffusion for the convective mix layer in 80s, and the ISC 

model not only used Gaussian system, but also used the traditional Pasquill - Turner 

method in the stability classification (Willis and Deardorff, 1981 ). 

After the 1990s, some European countries were very active m developing a new 
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generation of air quality model. They had held many pro-seminars for the air quality 

model used for guideline. For example, in 1992, a pro-seminar was held in Denmark with 

the goal of developing a new generation used for short distance air diffusion. A number of 

American researchers cooperated to develop a model system AERMOD, which belongs 

to the second-generation and shows its greatest overall success in reproducing the 

concentration distributions for buoyant, tall-stack releases in moderate to complex 

topography (Perry et al., 2005). 

Normally, the second generation air quality models have the following common 

characteristics: 

1) The meteorological modules are all based on the conventional meteorological data, 

which includes wind speed at the height of 10 meters, temperature at the height of 1.5 or 

2 meters, and cloud cover, etc. The characteristic parameters for the calculation of plume 

rise and diffusion, such frictional velocity u, Monin - Obukhov length L, mix layer 

thickness Hz, and turbulent parameter, can be calculated based on the conventional 

meteorological data (Poreh and Cermak, 1984). 

2) New generation air quality models totally abandon the Pasquill - Gifford diffusion 

parameter system, therefore, it is unnecessary to classify the stability of the atmosphere 

boundary layer which only needs to be divided into stable and unstable, according to the 

positive of negative of the heat flux. Some model systems add a neutral condition to limit 

the instability between the superposition of the last two stabilities, but it is not necessary. 

Normally, the diffusion parameters in the new system are calculated by uniform formulas: 
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(2.4) 

Where, crv and crw refer to the standard deviation of the wind speed in the cross wind 

direction and vertical direction, which can be calculated based on the conventional 

meteorological data when there is a lack of monitoring data; u is the average wind speed 

in the boundary layer; T y and T z are the time integral measure in the cross wind direction 

and the vertical direction. 

For the overhead plume of the thermal plant, normally the additional diffusion caused by 

the plume buoyancy should be considered. 

3) New types of air quality models did not use the Gaussian distribution function when 

calculating the vertical concentration under the convective condition, instead of which, 

probability distribution function (PDF) is used (Li and Briggs, 1988). The normally used 

functions are the double Gaussian stack and the error function. For example, the HPDM 

model, the AERMOD model and the AQMS model in the convective condition use the 

double Gaussian stack for the contribution of direct source and indirect source: besides 

considering the contribution from the direct source and the indirect source, AERMOD 

and AQMS also consider the contribution from the penetration inversion layer, and the 

HPDM only considers the contribution from the direct source and the indirect source; 

another important difference is that the HPDM uses constants as the distributive and rise 
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coefficients in the double Gaussian part, and the AERMOD and AQMS use parameters 

(Yao, 1999). 

Recently, new generation air quality models still use Gaussian distribution under the 

stable condition, but are different from the first generation models in dealing with the 

diffusion parameters, plume rise, and the penetration of the inversion layer. 

Furthermore, most of the second generation air quality models include particular modules 

which are used in diffusion calculating under some special conditions, such as the inshore 

fumigator model, building shadow model, and complex landform model, etc. For 

example, in Stunder and SethuRaman 's research ( 1986), the Misra or van Dop model was 

claimed to be the best model for the onshore fumigator model; Weil (2005) introduced a 

building shadow model based on the idea of PDF; Perry et al. (2005) developed a 

complex landform model CTMPLUS based on the Venkatram' theory, but this model has 

a complex calculating process, which made it not fit for being used as a guideline model. 

Therefore, AERMOD model system uses its basic idea, but more simple arithmetic. In 

recent decades, much advanced research has been done in the turbulent construction and 

diffusion character fields, so it is mature and advanced in the diffusion model under the 

convective condition, and is more agreeable with the monitoring data. 

2.2 ENVIRONMENTAL RISK ASSESSMENT UNDER 

UNCERTAINTY 

Environmental risk assessment is an essential element in decision-making process in 

order to minimize the effects of human activities on the environment. Unfortunately, 
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environmental data often tends to be vague and imprecise, so uncertainty is associated 

with any study related with these kinds of data. Essentially, uncertainty in risk assessment 

may have two origins - randomness and vagueness. There are two main ways to deal 

with these uncertainties - probability theory and fuzzy logic. Probability theory is based 

on a stochastic approach, using probability functions to describe random variability in 

environmental parameters. Fuzzy logic uses membership functions and linguistic 

parameters to express vagueness in environmental issues. Reviews on the previous 

studies on these two approaches are presented below. 

2.2.1 Overview of Environmental Risk Assessment and Existing 

Uncertainty 

"Risk" is generally defined as the combination of hazard and vulnerability; hazard 

represents the probability that a potentially detrimental event of given characteristics 

occurs in a given area, for a time period; vulnerability is the degree of intrinsic weakness 

of the system (Varnes, 1984). "Risk assessment" is defined as the process of estimating 

the possibility that a particular event may occur under a given set of circumstances 

(Finizio and Villa, 2002). "Risk management" is the process whereby decisions are made 

about whether an assessed risk needs to be managed, and the means for accomplishing 

that management, for the protection of public health and environmental resources 

(Linthurst et al. , 1995). 

With the growing concern about the environment and the potential risks associated with 

many human activities and new technologies, there is increasing interest in environmental 
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risk assessment, which is a critical, essential and the most important step of any decision 

making process. It provides a scientific, sound basis for assessing and ranking potential 

pollution of the environment, so the environmental risk due to anthropogenic activities is 

evaluated for the following mitigation of their impact on natural resources and in 

recreating the co-evolutionary process between human and natural components of the 

environment. Decision makers of ecological policy and management require sound 

scientific information on the environmental risk associated with many different activities 

in order to arrive at and to justify their decisions (Finizio and Villa, 2002), so there is a 

need to evaluate all potential risks that can cause environmental damage. The results of 

this environmental risk assessment should be effectively communicated to the decision 

makers and regulators to allow them to take the most appropriate decisions. 

Uncertainty can be described as a lack of knowledge regarding the true value of a 

parameter (Schumacher et al. , 2001 ). This concept often appears in modeling 

environmental systems, particularly in uncertainty concerning the data and the relations 

between the system components (Borri et al., 1998). As risk assessments have become 

important aids in the decision-making process for the management of sources of 

contamination, uncertainty with respect to the values of model parameters is of primary 

importance (Guyonnet et al., 2003). Generally, there are two sources of uncertainty 

affecting parameters in risk assessments: (1) randomness due to variability of phenomena, 

or because all factors affecting the system being studied cannot be modeled or fully 

understood; and, (2) incompleteness when there is simply a lack of information regarding 

parameter values. Insight about risks is limited by the randomness inherent in nature and 
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the lack of sufficient information about the chances of a risk occurring and the potential 

consequences of such an occurrence. In some cases, extensive statistical data may be 

available and can contribute to an understanding of the frequency and the severity of the 

hazard. However, it is very common that environmental data is qualitative, vague or 

imprecise. As stated by Uricchio et al. (2004), incomplete information is notoriously 

common in environmental issues. The ideal way to address uncertainty due to 

randomness is to collect data and perform a statistical analysis. When information is 

incomplete or statistical data are not available, human experts can supply information on 

parameter values (Guyonnet et al., 2003). However, it is important to remember that the 

final decision of how to manage risk generally human relies on nature. This means that, 

apart from the results gathered in the risk assessment, social and cultural values, 

economic realities and political factors are borne in mind. Therefore, the randomness of 

the events and the role that human judgment plays in determining the risk and 

communicating its significance classify the uncertainties associated with risk in two 

broad categories (Destouni, 1992; Blair et al, 2001 ): stochastic (due to the randomness) 

and cognitive (due to the vagueness of expert's judgments). The proper management of 

these uncertainties has become a major concern in studies of environmental risk 

assessment (Kentel, 2007). In response, research is under way to explore techniques that 

can incorporate uncertainty and imprecision into the assessment process (Lein, 1992). It 

has been found from the literature review that, to accommodate these kinds of uncertainty, 

probability theory (i.e. Monte Carlo simuloation) for stochastic uncertainties and 

possibilistic theory (i.e. fuzzy logic) for cognitive uncertainties have been commonly 
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used to accommodate uncertainties associated with risk-modeling inputs and outputs. In 

the probabilistic approach, probability distributions are used to describe random 

variability in parameters, while in the possibilistic or fuzzy-set approach, membership 

functions are used to characterize vagueness in human thought. The rationales behind 

these two approaches for dealing with uncertainty are different (Chen, 2000). The 

probabilistic approach is widely used when sufficient information is available for 

estimating the probability distributions of uncertain parameters, while the fuzzy-set 

method is well suited to dealing with uncertainties when little information is known (e.g., 

imprecise knowledge associated with human-language descriptions) (Li, 2007). 

Although risk assessment has been a very common subject of discussion for many years, 

applications to the environmental field are quite recent. Traditionally, the probabilistic 

approach was the most used in risk assessment and considered appropriate to deal with 

the uncertainties of risk. But, when some experts realized that probabilistic models could 

fail to provide satisfactory descriptions of phenomena, applications of fuzzy logic started 

to be more common (Lein, 1992). Recently, some researchers have explored the 

possibility of carrying out environmental risk assessment by combining two different 

modes of representation of uncertainty (i.e. probabilistic and possibilistic theories) in a 

single computational procedure, known as the " hybrid approach" . Follows are examples 

of these three approaches to the field of environmental risk assessment, especially for 

water resources and hazardous waste management. 
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2.2.2 Stochastic Risk Assessment 

In groundwater risk assessment, a methodology to predict health risks to individuals from 

contaminated groundwater using probabilistic techniques was developed by Maxwell et 

al. (1999). This approach incorporated the elements of uncertainty and variability in 

geological heterogeneity, physiological exposure parameters, and cancer potency. A 

two-dimensional distribution (or surface) of human-health risk was generated as a result 

of the simulations. Passarella et al. (2002) developed an approach to assess the risk of 

groundwater quality degradation with regard to fixed standards, based on a probabilistic 

methodology, Disjunctive Kriging (DK), which allows one to evaluate the Conditional 

Probability (CP) of overriding a given threshold of concentration of a pollutant at a given 

time, and at a generic point in a considered groundwater system. The result of such 

investigation over the considered area was plotted in form of maps of spatial risk. By 

repeating this analysis at different times, several spatial risk maps were produced, one for 

each considered time. By means of non-parametric statistics, the temporal trend of the 

CPs was evaluated at every point of the considered area. The trend index, assessed by 

means of a sort of classification of the trend values obtained as described above, were 

superimposed on the most recent values of the spatial risk (i.e., the most recent values of 

probability). Consequently a classification of the risk of groundwater quality degradation 

results with which to weigh both the spatial distribution and the temporal behaviour of 

the probability to exceed a given standard threshold. The methodology was applied to 

values of nitrate concentration sampled in the monitoring well network of the Modena 

plain, northern Italy. This area was characterised by intensive agricultural exploitation 
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and hog breeding along with industrial and civil developments. The influence of 

agriculture on groundwater resulted in a high nitrate pollution that limits its use for 

potable purposes. 

In hazardous waste risk assessment, Batchelor et al. (1998) developed a stochastic 

risk-assessment model for a site contaminated with polychlorinated biphenyls (PCBs) by 

representing the modeling parameters as PDFs rather than single values. The PDF for 

total risk calculated by the model was approximately lognormal, although the PDF of 

parameters took on a variety of forms. A first-order approximation to the model provides 

good estimates for the high end of the distribution, which is of concern when 

conservative risk assessments are desirable. The first-order approximation provides good 

estimates even when the level of variation of the parameters is increased well above 

levels that are normally expected. A procedure was developed to apply the stochastic risk 

assessment model in a series of calculations to determine preliminary remediation goals 

for the site. In addition, a simplified technique was developed to calculate preliminary 

remediation goals using only results from simulating risk with initial site conditions. 

Draper et al. (1999) applied probability theory in risk assessments related to the 

underground disposal of nuclear waste. Six variables were required for such risk 

assessment (i.e. past data, future observables, scenario, and structural, parametric and 

predictive uncertainties). The developed model was applied to nuclear waste disposal 

using a computer simulation environment - GTMCHEM - which " deterministically" 

modeled the one-dimensional migration of radionuclide through the geosphere up to the 

biosphere. The incremental lifetime risks due to polychlorinated dibenzo-p-dioxins and 
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dibenzofurans (PCDD/Fs) for the residents living in the surroundings of a municipal solid 

waste incinerator (MS WI) have been assessed by Schumacher et al. (200 1) using 

Monte-Carlo simulation techniques. Two different pathways of exposure to PCDD/Fs, 

ingestion through the diet and exposure from MSWI emissions were compared. 

Monte-Carlo simulations were carried out to obtain variability and uncertainty 

propagation. The joint analysis of uncertainty and variability included a sensitivity 

analysis that identified the contribution to variance by different inputs. In general terms, 

PCDD/F ingestion through the diet contributed with more than 99% of the total risk, 

whereas direct exposition to PCDD/F emissions from the MSWI was less than 1%. The 

results show that the median (50% percentile) of non-carcinogenic risk due to PCDD/Fs 

in the population living in the surroundings of the MSWI was 0.72 and the ratio of the 

95th percentile and fifth percentile was about 2. With respect to the total carcinogenic 

risk, the median increment in individual lifetime was 7. 90x 1 o-s, while the ratio between 

the 95th percentile and the fifth percentile was about 1.5. In this analysis, a sequential 

structural decomposition of the relationships between the input variables has been used to 

partition the variance in the output (risk) in order to identify the most influential 

contributors to overall variance among them. 

In the case of polluted sites, Labieniec et al. (1997) used PDFs to address uncertainty in 

estimating the risk of human exposure due to the presence of contaminated land. They 

performed an evaluation of the uncertainty in predicted carcinogenic risk resulting from 

uncertainty in site properties and fate and transport predictions for a simple contaminated 

soil site. SoilRisk, a risk model for organic contaminants in soil, was applied to a 
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case-study and a thin, near surface, unconfined aquifer. The site-related parameters found 

to affect predicted risk most significantly were the soil-water volumetric flux rate (Jw) in 

the unsaturated zone, the longitudinal dispersivity (aL) and the Darcy velocity CVct) in the 

saturated zone, and the soil organic carbon fraction in both zones (foe, foc5a1). Model runs 

using PDFs for these input parameters yielded cumulative distribution functions (CDFs) 

for the total risk estimates, the shape and location of which depended on the chemical and 

exposure scenario. In general, uncertainty in risk at the case-study site was found to be 

greater for the more mobile and less degradable of the chemicals (e.g., trichloroethylene 

(TCE) and chlordane) than for benzene, which is highly degradable, and 

benzo[a]pyrene(BaP), which is very immobile in the subsurface. Ma (2000) presented a 

methodology for incorporating uncertainty and variability into a multi-medium, 

multipathway, multi-contaminant risk assessment, and for placing this assessment into an 

optimization framework to identify optimal management strategies. The framework was 

applied to a case study of a sludge-management system proposed for North Carolina and 

the impact of stochasticity on selection of an optimal strategy was considered. Different 

sets of decision criteria reflecting different ways of treating stochasticity are shown to 

lead to different selections of optimal management strategies. 

Such probabilistic methods are really effective when the information and the 

environmental data are available. However, in some cases, they can fail to model the 

environmental parameters, especially when these do not have really defined boundaries. 

In this situation, assigning PDFs to the parameters of the risk equation may not be the 

best option and using fuzzy logic may be better. 
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2.2.3 Fuzzy Risk Assessment 

In groundwater risk assessment, Dahab et al. ( 1994) introduced a rule-based fuzzy-set 

approach to risk analysis of nitrate-contaminated groundwater. The developed method 

was used to assist decision makers in estimating human health risks corresponding to a 

particular nitrate dose to humans and in determining whether regulatory action must be 

taken to reduce the health risks. A case in a community with a nitrate water quality 

problem was employed to illustrate the method. The uncertainty associated with assessing 

health risks of nitrate and its impact on results are represented by using a fuzzy-set 

approach and incorporated into the nitrate risk assessment. Therefore, a nitrate risk 

assessment can be made that is more realistic and appropriate than the one made without 

taking uncertainty into account. Uricchio et al. (2004) proposed a decision support system, 

based on fuzzy logic, for groundwater pollution risk evaluation. It provided information 

on the environmental impact of anthropogenic activities by examining their effects on 

groundwater quality. The combined value of both intrinsic vulnerability of a specific 

local aquifer were used, which were obtained by implementing a parametric managerial 

model (SINTACS), and a degree of hazard value, which takes into account specific 

human activities. Incomplete information is notoriously common in environmental 

planning. To overcome this deficiency the researchers applied a qualitative approach 

based on expert judgment incorporated into the system's knowledge base. The decision 

support system took into account the uncertainty of the environmental domain by using 

fuzzy logic and evaluates the reliability of the results according to information 

availability. This tool was conceived as a useful planning tool for decision makers 

33 



involved in the management of sustainable use of natural resources. 

In contaminated site risk assessment, the evaluation of the risk of polluted sites through 

fuzzy logic was studied by Lehn and Temme (1996). A model to assess the risk of a 

contaminated site for the environment, in particular human health, was developed. As 

claimed by the researchers, the unsuitability of formal risk analysis methods and various 

sources of incompleteness, uncertainty and vagueness of the whole research field 

motivated the use of fuzzy methods, and in particular the use of fuzzy classification 

providing a rough ranking method. Feature generation, the other main part of the 

approach, allowed selecting, valuating and tuning the properties of the sites in such a way 

to ensure an optimal classification. For maximizing the expressive power of the system's 

results, it would be able to compromise between a detailed survey of a site and an easy to 

survey representation of a site with resulting loss of information caused by a certain a 

priori aggregation of properties. This estimation of the risk served as a basis for a 

decision-making tool (i.e. whether further steps with respect to that site needed to be 

taken). The information obtained from the sites suspected of being contaminated was 

incomplete, uncertain or vague. For this reason, the use of fuzzy logic was approved 

appropriate in this study. Mohamed and Cote (1999) reported another study on risk 

assessment of contaminated sites. A decision analysis based model (DAPS 1.0, Decision 

Analysis of Polluted Sites) was developed to evaluate risks that polluted sites might pose 

to human health. In the developed model, exposure pathways were simulated via 

transport models (i.e. groundwater transport model, runoff-erosion model, air diffusion 

model, and sediment diffusion and resuspension model). Quantitative estimates of health 
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risks arised from ingestion of and dermal contact with polluted water and soil, as well as 

through inhalation of polluted air were evaluated for both carcinogenic and 

non-carcinogenic pollutants. Being very heterogeneous, soil and sediment systems were 

characterized by uncertain parameters. Concepts of fuzzy set theory were adopted to 

account for· uncertainty in the input parameters which are represented by fuzzy numbers. 

An inference model using fuzzy logic was also constructed for reasoning in the decision 

analysis. 

Fuzzy risk assessment approaches were also applied to other areas such as river quality, 

soil/agriculture management, etc. For example, the risk of brominated flame retardants 

(BFRs) on aquatic organisms was studied by Darbra et al. (2007), where a preliminary 

risk-assessment model was developed to support decision making for the management of 

releases of these lipophilic substances in rivers. In water quality management, McKone 

and Deshpande (2005) considered how fuzzy logic and fuzzy arithmetic could be applied 

to risk assessment and environmental policy and presented a case study in the Ganges 

River in India. Mays et al. (1995) presented a methodology to demonstrate how fuzzy soil 

interpretations provided a realistic approach to decision-making for risk-based soil 

interpretations. Fuzzy logic was used to characterize uncertainty in soil information so 

that a risk-based method of soil interpretations could be implied. For agriculture, Vander 

Werf and Zimmer (1998) proposed a fuzzy expert system to calculate an agro-ecological 

indicator "IPEST" which could reflect an expert perception of the potential 

environmental impact of the application of a pesticide in a field crop. The practical 

implementation of the expert system and its validation are discussed. The system is 
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flexible and can be tuned to expert perception, it can be used as a decision aid tool to rank 

or choose between alternative pesticide application options with respect to their potential 

environmental impact. Results of a sensitivity analysis of module and this impact was 

calculated through the analysis of the risk of three major compartments (i.e. groundwater, 

surface water and air) scores for some pesticide application cases are presented. Lein 

(1992) calculated the environmental risk from a hazardous waste facility using fuzzy 

logic to assess the risk and performance of high-level radioactive waste repositories. The 

aim of the study was to produce a geographic expression of the concept " safe distance" 

using fuzzy reasoning when applied to the problem of sitting a hazardous facility. For 

releases of ecotoxic substances in chemical plants, Darbra et al. (2008) presented a 

fuzzy-logic methodology to assess the risk of such releases. This method was based on 

the assessment of three macrovariables (i.e. the hazardousness of the substance, the 

vulnerability of the site and the level of preventive and protective measures). With this 

information, it was possible to obtain a final assessment of the risk of ecotoxic substances 

released from the chemical plants in the Piedmont Region of Italy. 

The flexibility of fuzzy logic to express results in a natural language, in line with human 

reasoning, together with the possibility of dealing with uncertainties makes it highly 

recommended as a tool for use in communicating risk. However, the subjectivity involved 

due to human judgment can make one think that probabilistic methods, based on 

calculations, are more reliable. A combined approach may therefore be the best solution 

to deal with the uncertainties. 
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2.2.4 Hybrid Risk Assessment 

There are also some hybrid applications to groundwater risk assessment. Chen et al. 

(2003) developed a hybrid fuzzy-stochastic risk assessment (FUSRA) approach for 

examining uncertainties associated with both source/media conditions and evaluation 

criteria in a groundwater quality management system. In this study, a number of tasks 

were undertaken, including Monte Carlo simulation for the fate of contaminants in 

subsurface, examination of contamination levels based on the simulation results, 

quantification of evaluation criteria using fuzzy membership functions, and risk 

assessment based on the combined fuzzy/stochastic inputs. The developed FUSRA was 

applied to a petroleum-contaminated groundwater system in western Canada, indicating 

that, with the expanded evaluation dimensions; the FUSRA can more effectively 

elucidate the relevant health risks and provide support for related remediation decisions. 

Guyonnet et al. (2003) proposed an approach combining Monte-Carlo random sampling 

of PDFs with fuzzy calculus. The approach was applied to a real case of estimating 

human exposure, via vegetable consumption, to cadmium present in the surface soils of 

an industrial site located in the north of France. Kentel and Aral (2004 and 2005), 

combined the fuzzy-set theory together with probability theory to incorporate 

uncertainties into the health-risk analysis due to exposure to contaminated waters. Based 

on the form of available information, a combination of fuzzy sets and probability 

functions were generated to incorporate parameter uncertainty and variability into 

mechanistic risk-assessment models. Vemula et al. (2004) presented a methodology for 

evaluation of risk for a river water quality management problem. A fuzzy waste load 
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allocation model was solved with a simulation-optimization approach for obtaining 

optimum fractional removal levels for the dischargers to the Tunga- Bhadra River in 

southern India. Monte-Carlo and fuzzy-logic approaches were used to treat the variables. 

With the help of fuzzy membership functions defined for the fuzzy risk of low water 

quality and frequency distributions of key random variables using Monte Carle 

simulation, fuzzy risk levels are computed at the key checkpoints (identified by 

sensitivity analysis and first-order reliability analysis under optimal fractional removal 

levels). Recently, Li et al. (2007) developed an integrated fuzzy-stochastic 

risk-assessment (IFSRA) approach to assess the risk associated with groundwater 

contamination by xylene. This model systematically quantified both probabilistic and 

fuzzy uncertainties associated with site conditions, environmental guidelines, and 

healthimpact criteria. The contaminant concentrations in groundwater predicted from a 

numerical model were associated with probabilistic uncertainties due to the randomness 

in modeling-input parameters, whereas the consequences of contaminant concentrations 

violating relevant environmental quality guidelines and health evaluation criteria were 

linked with fuzzy uncertainties. However, for the development of this integrated approach, 

the involved cases and uncertainties were limited (e.g., subsurface environment), which is 

calling for much more further study. 

2.3SUMMARY 

The recent development in a1r dispersion modeling, uncertainty issues and risk 

assessment approaches, are presented and discussed in this chapter. 
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It was found that in the past decades, many research efforts have been made in numerical 

simulation, uncertainty analysis, and risk assessment for problems associated with 

environmental contamination. When talking about environmental risk assessment, 

uncertainty cannot be left out as a parameter. It is inherent to any environmental system 

and it has two main origins: randomness of the system and lack of environmental data. 

Bearing this in mind, environmental parameters involved in risk assessment should be 

defined. However, they do not all have the same behavior and uncertainties associated. 

There exist two main ways to deal with such uncertainties: probability theory and fuzzy 

logic. Applications of both approaches can be found in the literature, and even a 

combination of the two techniques is starting to attract further interest. The hybrid 

approach is based on the nature of the parameters, because some of the parameters are 

best suited to involve PDFs, while others, based on linguistic expressions, are better 

expressed with fuzzy numbers. The most important output from risk assessment is the 

capacity to provide the basis of a decision-making process. The results of such decisions 

should be presented to the environmental managers and public in plain language and in 

line with the way humans think, rather than as difficult numbers or calculations. As a 

result, the inherent complexities in problems provide an adequate reason for a focused 

effort to more in-depth and effective uncertainty analysis and risk assessment. However, 

for the development of this integrated approach, the involved cases and uncertainties 

were limited (as far as I know, e.g., limited to subsurface environment), which is calling 

for much more further study on other uncertainties and environmental systems. The 

ambient air quality management system, which is essential to our daily life and plays 
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significant role in the sustainable development, need to be considered for applying the 

in-depth risk assessment approach (i.e., hybrid risk assessment). In this research, the 

integrated fuzzy-stochastic method will be developed and applied in a real case study of 

the risk assessment of ambient air quality. This effort will help in accurately predicting 

the contaminant transport and fate in the ambient air and effectively assess the associated 

environmental and health risks. The results obtained from the improved simulation, 

uncertainty analysis and risk assessment will provide more realistic decision support and 

bring enormous environmental and economic benefits. 
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CHAPTER 3 MODELING OF AMBIENT AIR QUALITY 

3.1 METHODOLOGY 

In this study, air dispersion modeling of air pollutant emission from stacks will be 

conducted using AMS/EPA Regulatory Model (AERMOD), ISC-AERMOD View 

(Version 5.1), provided by Lakes Environmental Software. AERMOD is one ofthe most 

up-to-date and widely recognized software utilized for air dispersion modeling of 

short-range dispersion from stationary sources. It includes a wide range of options for air 

quality modeling, applicable to rural and urban areas, flat and complex terrain, surface 

and elevated releases, and multiple sources (including, point, area and volume sources), 

making it a popular choice among the modeling community for a variety of applications. 

AERMOD was developed by the AMS/EPA Regulatory Model Improvement Committee 

(AERMIC), a collaborative working group of scientists from the AMS and the EPA 

(Cimorelli, 1998) and specially designed to support the EPA's regulatory modeling 

programs. It is a regulatory steady-state plume modeling system with three separate 

components: AERMOD (Dispersion Model), AERMAP (Terrain Preprocessor), and 

AERMET (Meteorological Preprocessor). Following provides a general overview of this 

model. 

3.1.1 Model Overview 

In the stable boundary layer (SBL ), the concentration distribution is assumed to be 

Gaussian in both the vertical and horizontal. In the convective boundary layer (CBL), the 
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horizontal distribution is assumed to be Gaussian, but the vertical distribution is 

described with a hi-Gaussian probability density function (PDF). This behavior of the 

concentration distributions in the CBL was demonstrated by Willis and Deardorff (1980) 

and Briggs (1993). Additionally, in the CBL, AERMOD treats "plume lofting," whereby 

a portion of plume mass, released from a buoyant source, rises to and remains near the 

top of the boundary layer before becoming mixed into the CBL. AERMOD also tracks 

any plume mass that penetrates into elevated stable layer, and then allows it to re-enter 

the boundary layer when and if appropriate (USEPA, 2004). 

AERMOD incorporates, with a new simple approach, current concepts about flow and 

dispersion in complex terrain, where appropriate the plume is modeled as either 

impacting and/or following the terrain. This approach has been designed to be physically 

realistic and simple to implement while avoiding the need to distinguish among simple, 

intermediate and complex terrain, as is required by present regulatory models. As a result, 

AERMOD removes the need for defining complex terrain regimes; all terrain is handled 

in a consistent and continuous manner that is simple while still considering the dividing 

streamline concept in stably-stratified conditions (Snyder, 1985). 

One of the major improvements that AERMOD brings to applied dispersion modeling is 

its ability to characterize the planetary boundary layer (PBL) through both surface and 

mixed layer scaling. It constructs vertical profiles of required meteorological variables 

based on measurements and extrapolations of those measurements using similarity 

(scaling) relationships. Vertical profiles of wind speed, wind direction, turbulence, 

temperature, and temperature gradient are estimated using all available meteorological 
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observations. AERMOD can be run with a mmunum of observed meteorological 

parameters. As a replacement for the ISC3 model AERMOD can operate using data of a 

type that is readily available from a National Weather Service (NWS) stations. It requires 

only a single surface (generally, 10m) measurement of wind speed (between 7 z0 (surface 

roughness length) and 100 m), direction and ambient temperature. Like ISC3, It also 

needs observed cloud cover. However, if cloud cover is not available (e.g. from an on-site 

monitoring program) two vertical measurements oftemperature (typically at 2 and 10m), 

and a measurement of solar radiation can be substituted. It also requires the full morning 

upper air sounding to calculate the convective mixing height throughout the day. In 

addition, it needs surface characteristics (surface roughness, Bowen ratio, and Albedo) in 

order to construct its PBL profiles. Unlike existing regulatory models, AERMOD 

accounts for the vertical inhomogeneity of the PBL. This is accomplished by "averaging 

"the parameters of the actual PBL into "effective" parameters of an equivalent 

homogenous PBL. Figure 3.1 shows the flow and processing of information in 

AERMOD. 

The modeling system consists of one main program (AERMOD) and two pre-processors 

(AERMET and AERMAP). AERMET uses meteorological data and surface 

characteristics to calculate boundary layer parameters (e.g. mixing height, friction 

velocity, etc.) needed by AERMOD. The data is representative of the meteorology in the 

modeling domain. The meteorological INTERFACE, internal to AERMOD, uses these 

parameters to generate profiles of the needed meteorological variables. In addition, 
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AERMET passes all meteorological observations to AERMOD. Surface characteristics in 

the form of Albedo, surface roughness and Bowen ratio, plus standard meteorological 

observations (wind speed, wind direction, temperature, and cloud cover), are input to 

AERMET. AERMET then calculates the PBL parameters: friction velocity ( u. ), 

Monin-Obukhov length ( L ), convective velocity scale ( w. ), temperature scale ( t. ), 

mixing height ( z; ), and surface heat flux (H). These parameters are then passed to the 

INTERFACE (which is within AERMOD) where similarity expressions (in conjunction 

with measurements) are used to calculate vertical profiles of wind speed ( u ), lateral and 

vertical turbulent fluctuations ( CJv , CJ w ) , potential temperature gradient ( dt I dz ), potential 

temperature ( t ) , and the horizontal Lagrangian time scale ( T Ly ). 

AERMAP uses gridded terrain data for the modeling area to calculate a representative 

terrain-influence height (he ) associated with each receptor location, which is also 

referred to as the terrain height scale. The terrain height scale, which is uniquely defined 

for each receptor location, is used to calculate the c dividing streamline height. The 

gridded data is supplied to AERMAP in the format of the Digital Elevation Model (DEM) 

data from the United States Geological Survey (USGS). The terrain preprocessor can also 

be used to compute elevations for both discrete receptors and receptor grids. The 

elevation for each specified receptor is automatically assigned through AERMAP. For 

each receptor, AERMAP passes the following information to AERMOD: the receptor 's 

location ( x,, y, ), its height above mean sea level ( z, ), and the receptor specific terrain 

height scale (he). 
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There are comprehensive description of the basic formulation of the AERMOD 

dispersion model including the INTERFACE, AERMET, and AERMAP (U.S.EPA, 2004; 

Prater and Midgley, 2006; Brode, 2006). 

3.1.2 AERMOD vs ISC3 

With the exception of applications involving wet and dry deposition, AERMOD serves as 

a replacement for Industrial Source Complex Model Version 3 (ISC3) (Paine et al., 1998). 

Although performance evaluations have shown models such as ISC3 to be relatively 

unbiased, these evaluations have not included all situations in which ISC3 is used. For 

those situations where the model has not been evaluated, confidence in its predictive 

abilities is related to how well its underlying scientific assumptions are satisfied. For 

example, ISC3's reliance on the Pasquill-Gifford (PG) dispersion curves limits our 

confidence in applying the model to elevated releases. AERMOD's improved theoretical 

basis will greatly increase the confidence in its application, particularly in situations 

where the models have yet to be evaluated (Durham, 2006). 

Industrial Source Complex Model Version 3 (ISC3): 

ISC3 (EPA, 1995) is recommended in EPA's Guideline on Air Quality Modeling for 

applications to refinery-like sources and other industrial sources in simple terrain. It is a 

straight line trajectory, Gaussian-based model that has evolved for over two decades. It is 

typically used with a minimum of requirements for meteorological input data (e.g., 

nearest NWS airport wind speeds and directions, ceiling heights, cloud cover, and 

Pasquill-Gifford stability class for each hour). ISC3 is generally run with a sequence of 
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hourly meteorological conditions to predict concentrations at receptors for averaging 

times of one hour up to a year. In some applications, many years of hourly data are used 

as inputs to develop a better understanding of the statistics of calculated short-term 

hourly peaks or of longer time averages. ISC3 contains detailed sets of algorithms to 

handle building down wash, deposition of particles, and area and line source releases. The 

major advantages of ISC3 over AERMOD are its relative simplicity of use and its robust 

predictions (i.e., the same results are obtained by different users for the same scenario). 

The amount of meteorological input data required by ISC3 is relatively small, and the 

model can be run sequentially with routinely collected NWS airport data. For a single 

meteorological condition for a passive pollutant, the meteorological data needed are a 

single wind speed, a wind direction, a stability class determination, and an assumed 

mixing depth. Terrain elevations at receptor points, building dimensions in addition to 

emissions and stack parameters are also needed. The disadvantages of ISC3 are largely 

associated with the fact that an improved knowledge of the structure of the atmospheric 

boundary layer and resulting estimations of turbulent dispersion processes cannot be 

accommodated in the model. 

AMSIEPA Regulatory Model (AERMOD): 

AERMOD is being proposed as a replacement for ISC3 for many applications, and has 

been built on the framework of ISC3 (Cimorelli et al., 1998). It retains the single straight 

line trajectory limitation of ISC3 but contains advanced algorithms to describe turbulent 

mixing processes in the planetary boundary layer for both convective and stably stratified 

layers. It also includes a detailed treatment of the dynamics of plumes that rise to interact 
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with elevated inversions at the top of the convective mixed layer. AERMOD also offers 

new and potentially improved algorithms for plume rise and buoyancy, and the 

computation of vertical profiles of wind, turbulence and temperature. It is able to address 

complex terrain above stack release heights and incorporate improved algorithms (over 

ISC3) for building downwash and deposition processes. 

Comparisons ofTechnical Components: 

The scientific review of the technical documents AERMOD (Cimorelli et al., 1998) 

suggests that many of its components are based on similar sets of state-of-the-art 

algorithms (e.g., it assumes the bimodal distribution of turbulent vertical velocities for 

convective conditions). On the other hand, ISC3 represents the typical Gaussian 

"workhorse" model that has been in wide use for 30 years (EPA, 1995). The downwash 

algorithm in AERMOD is unchanged from that in ISC3. Because several of the 

components of AERMOD are relatively new, it would appear to be wise to carry out a 

series of sensitivity tests with a wide range of source and meteorological and terrain 

conditions, in order to be sure that the solutions are robust. ISC3 requires a determination 

of whether the area surrounding a facility is either rural or urban, thus establishing the set 

of horizontal and vertical dispersion curves (Pasquill-Gifford for rural or McElroy-Pooler 

for urban). There are no intermediate or other dispersion rates used. AERMOD can 

include surface conditions such as soil moisture (via Bowen Ratio), surface Albedo (for 

net radiation estimations), and the surface roughness length. Surface roughness affects the 

vertical profiles of wind and temperature and the dispersion rates in the surface layer, and 

is an important variable in assessing dispersion in the vicinity of refineries and other 
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industrial sites. ISC3 uses routine meteorological data to calculate the height of the 

well-mixed layer. For plume rises less than the mixing-height, the plume is "trapped" and 

continues to mix within the layer by the use of reflection concepts. For plume rises above 

the mixing-height, the plume can no longer diffuse to the ground. AERMOD include 

algorithms which quantify partial penetration of an elevated plume. The amount that is 

left to diffuse to the ground depends upon the strength of the inversion and the plume 

buoyancy. This parameterization is important for very buoyant plumes or for moderately 

buoyant plumes interacting with relatively low level inversions. To sum up, AERMOD 

currently contains new or improved algorithms for: 1) dispersion in both the convective 

and stable boundary layers; 2) plume rise and buoyancy; 3) plume penetration into 

elevated inversions; 4) computation of vertical profiles of wind, turbulence, and 

temperature; 5) the urban boundary layer; and 6) the treatment of receptors on all types of 

terrain from the surface up to and above the plume height. 

3.2 MODELING APPLICATION 

so2 is one of the primary components of ambient air pollution. so2 emissions from 

power plants react with other chemicals in the atmosphere to form sulfate particles, an 

important contributor to the fine particle mix that circulates with the air we breath. These 

fine particles can be inhaled more deeply into the lungs than larger particles, and are 

linked to a number of serious human health problems, particularly among children, the 

elderly, and individuals with pre-existing cardiovascular or lung diseases (e.g., asthma). 

These health effects include premature death, increased respiratory symptoms and disease, 
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decreased lung function, alterations in lung tissue and structure, and changes in 

respiratory tract defense mechanisms; S02 emissions are also a major contributor to acid 

deposition, commonly known as "acid rain, " which can result in harm to fish and other 

aquatic life, forests, crops, buildings, and monuments; Fine particles formed from S02 

emissions also are significant contributors to poor visibility at scenic panoramas across 

North America because the particles efficiently scatter natural light, thus creating hazy 

views. Most of the anthropogenic sulfur inputs to the atmosphere are due to the emission 

of S02 as a consequence of burning fossil fuels. Coal and oil both contain varying 

concentrations of sulfur, with the result that power plants create S02 when burning these 

fuels. 

In this study, AERMOD is applied for modeling S02 emission from the Holyrood thermal 

electric generating station in Newfoundland. The pollutant concentrations from the 

modeling result can then sustain risk assessment in the next chapter. 

3.2.1 Overview of the Study Site 

The Holyrood Thermal Generating Station is owned and operated by Newfoundland and 

Labrador Hydro. It is located on the Avalon Peninsula near the southern tip of Conception 

Bay approximately 48 meters south west of St. John's, Newfoundland, Canada (Figure 

3.2). 

The initial installation of the power plant started in 1969 included two generating units 

each capable of producing 150 megawatts (MW) which are propelled by steam heated by 

two large oil burning furnaces to provide a reserve back-up to the hydropower system. 
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Figure 3.2 Location of the Holyrood electrical thermal power station 
(after Wikipedia, 2008; Google Earth, 2008) 

51 



The Bunker 'C' oil used in the plant to keep the furnaces going is delivered by shuttle 

tankers to the marine terminal constructed as part of the project. In a thermal generating 

station, fuel is burned in a boiler to convert water to steam. The high-pressure steam is 

directed into a turbine that is connected to an electrical generator that produces electricity 

as it turns. A seawater condenser is used for cooling the spent steam from the turbine, 

converting it back to water that is reused in the boiler. Holyrood uses over 250,000 liters 

per minute of seawater for cooling on each unit and 900,000 liters per day of freshwater 

for make-up purpose (NFLD Hydro, 2005). The plant generators operate at 16,000 volts 

and 7,000 amperes transformed up to 230,000 volts for transmission on the island grid to 

all parts of the system. In a single year, the Holyrood Generating Station has the capacity 

to generate over four billion units of power, about 30 to 40% of the island's total 

requirement which is equivalent to over 3 billion units of power (NFLD Hydro, 2005). 

There is no air pollution control on these stacks. However, recently combustion 

technology improvements have been made to burn fuel more efficiently (NFLD Hydro, 

2005). 

More than 100 people work at Holyrood. Many of the employees live in the 

Holyrood/Conception Bay South area. Newfoundland and Labrador Hydro's Holyrood 

Thermal Generating Station is an essential part of the province's generating system. The 

plant burns bunker "C" oil at the rate of approximately 6,000 barrels ( 1,000 m3
) per day, 

per unit at full load to produce steam at 1000 degrees Fahrenheit (540 degrees Celsius) 

and 13,000 kPa at a rate of over 500 megagrams per hour (NFLD Hydro, 2005). Burker 

"C" oil is thick, viscous, and hard to degradable by natural process. Because of its low 
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price, it has been used as the fuel in the boiler. As the island load increased, a third unit 

rated at 150 MW was added in 1979 to increase the output to 450 MW and Holyrood 

became a major source of energy for the province. In 1988-89 the original two first stage 

units were each upgraded to a capacity of 175 MW. The total generating capacity for 

Holyrood is currently 490 MW. 

The Holyrood thermal generating station is located in a rural and mostly residential area. 

The hilly topography around the thermal station is complex and air concentrations 

resulting from facility emissions can be affected by the complex terrain as well as sea 

breezes (Jacques Whitford Environment Limited (JWEL), 2003a; 2004a). The dominant 

winds have been reported to be from the south to southwest with north-easterly winds 

being important as well (JWEL, 2003a). The strongest winds tend to occur most often 

from the south and southwest (JWEL, 2004a). Additional information on the 

meteorological conditions in the vicinity of the HTGS can be found in JWEL (2003a; 

2004a). 

3.2.2 Ambient Air Dispersion Modeling 

This study assessed the air quality impacts by portraying the plume dispersion pattern and 

estimated the ground-level concentrations of the S02 by applying AERMOD air 

dispersion model. 

Gathering and combination of baseline data 

Source Parameters: 
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There are three units in the plant, Units 1 to 3. As illustrated above, Unit 1 and Unit 2 

were set up in 1969, and Unit 3 was set up in 1979. There were tests done in 2001, 2003, 

and 2005 for the units (NFLD Hydro., 2005). The datasets were provided by the 

Newfoundland & Labrador Hydro (2005). The stack gas exit velocity could be calculated 

by Equation 3.1: 

v= Q x-1-
0.25JrD2 3600 

(3.1) 

Where: v = Stack gas exit velocity, m/s; Q = Gas Flow, m3/h; D = Stack diameter, m. 

The emission datasets and gas exit velocity were inputs to the Source pathway in the 

AERMOD model (Table 3.1). 

Terrain data: 

U.S. Geological Survey Digital Elevation Models (USGS DEM) were used in this study, 

the projection for the data was Universal Transverse Mercator (UTM), the zone was 22 

(54 o W - 48 o W - Northern Hemisphere), and the Datum was World Geodetic System 

1984 (WGS84). The size ofthe modeling domain was 24 km by 24 km with the boundary 

shown in Table 3.2. 

The data was processed by the AERMAP terrain data preprocessor in the model. The 

contour map and the location of three stacks are provided in Figure 3.3. 

Meteorological data: 

Two kinds of hourly meteorological data were used in the study, one was the surface data, 

and the other was the upper air data, and obtained from Environmental Canada (2006). 

54 



Table 3.1 Source data inputs for S02 

Source Type: Source ID: 

Point Stack1 Stack 2 Stack 3 

Source Location 

X Coordinate(m) 341888 341911 341939 

Y Coordinate(m) 5257701 5257686 5257767 

Base Elevation(m) 0 0 0 

Release Height 91.4 91.4 109.8 

Above Ground(m) 

Source Release Parameters 

Emission Rate 2005 2003 2001 

(g/s) 
Stackl 2 3 2 3 1 2 3 

312 440 297 429 426 424 393 381 296 

Stack Gas 452 443 443 
Exit Temperature(k) 

Stack Gas Exit 10.8 11.1 15.9 
Velocity (m/s) 

Stack Inside 4.1 4.1 3.0 
Diameter 

at Release Point(m) 
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Table 3.2 Boundary of the modeling domain 

in longitude and 
E w 

latitude (0
) 

s 47.3152084 53.9305038 47.3093948 53.2491931 

N 47.5319366 53.9384460 47.5260811 53.2584038 

in Coordinates (m) E w 

s 354100.006 5242000.00 330000.000 5242000.00 

N 354100.006 5266100.10 330000.000 5266100.10 
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X (m) 

334000 336000 336000 340000 342000 344000 346000 346000 350000 352000 

Figure 3.3 The contour map of the modeling domain and stacks location 
(in coordinaters) 
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The weather station is located in St John's airport in Newfoundland (Climate ID: 

8403506 for surface data and 14531 for upper air data; location: Latitude 47.62 Nand 

Longitude 53.74 W; Elevation: 140.5 m.) 

The meteorological data used for the analysis period ranged from 2000 to 2006. 

AERMET is the meteorological data pre-processor used for AERMOD model. The 

surface data needed for the modeling are summarized in Table 3.3. 

Besides, AERMET uses the surface data and the mixing height estimator to figure out the 

mixing height. The upper air data was in FSL format. Part of the data for both the surface 

information and upper air meteorological information from 2000 to 2006 obtained from 

Environmental Canada could be found in Appendices I and II . 

There are two output documents from AERMET which are needed by AERMOD, the 

pre-processed surface met data file and the profile met data file (Table 3.4). 

Receptor: 

Uniform Cartesian grids were used for covering the 441 receptors set in the project. The 

spacing of each grid was 1,140 m by 1,140 m .. The receptor setting is shown in Figure 

3.4. 

3.2.3 Result and discussion 

Based on the meteorological data, terrain data, and the source data, AERMOD was 

processed. Since the buildings around the stacks are most residential houses, which are 

much lower than the stacks, there was no need to apply the ISC-PRIME (Plume Rise 
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~---------------------------------------------------------------------------

Table 3.3 Input surface meteorological data 
(USEP A, 2002) 

Parameter Unit 

Year Not applicable 

Month Not applicable 

Day Not applicable 

Hour Not applicable 

Opaque Cloud cover Tenths 

Dry bulb temperature degC 

Relative humidity % 

Station pressure mb 

Wind direction deg 

Wind speed m/s 

Ceiling height m 

Hourly precipitation amount Hundredths of inches 

Global horizontal radiation 
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Table 3.4 AERMET output meteorological data (USEPA, 2002) 

Parameter 

Year 

Month 

Day 

Hour 

Sensible heat flux 

Surface friction velocity 

Convective velocity scale 

Vertical potential temperature gradient above PBL 

Height of convectively-generated boundary layer- CBL 

Height of mechanically-generated boundary layer - SBL 

Monin-Obukhov length 

Surface roughness length 

Bowen ratio 

Albedo 

Wind speed-Ws 

Wind direction-Wd 

Reference height for W s and W d 

Temperature-Temp 

Reference height for Temp 

Precipitation rate 

Relative humidity 

Cloud cover 

Measurement height 

If this is the last (highest) level for this hour 

Wind speed for the current level 

Temperature at the current level 

Standard deviation of the vertical wind speed fluctuations 
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Unit 

Not applicable 

Not applicable 

Not applicable 

Not applicable 

W/m2 

rnls 

rnls 

Not applicable 

Not applicable 

m 

m 

m 

m 

Not applicable 

rnls 

degrees 

m 

K 

m 

mmlhr 

% 

tenths 

degrees 

I or 0 

rn/s 

degree C 

rnls 
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Figure 3.4 Receptor setting for the case study 
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Model Enhancements) for building downwash in this study.A typical air pollutant, S02, 

was targeted for air dispersion modeling in 2001 , 2003, and 2005. A seasonally analysis 

were also conducted. 

Annually concentration distribution 

Wind rose and wind class frequency distribution: 

Base on the meteorological data, the wind roses and wind class frequency distributions 

for 2001, 2003, and 2005 were given out by WRPLOT tool in AERMOD model. 

As shown in the wind rose plots (Figures 3.5 to 3.10 ), the direction vector 90 deg had 

appeared 35% in 2001 , the direction vector 72 deg had appeared 43% in 2003, the 

direction vector 91 deg had appeared 27% in 2005. Therefore, the main wind direction 

was most significant in 2003 and least significant in 2005 among the three years. 

The wind class frequency distribution of the three years combined with the former 

corresponding wind rose plots showed that during the three years, the very high wind 

frequency appeared from the west to the east, and a low frequency appeared from the east 

to the west, and wind was relatively strong in 2003 and weak in 2005. 

Concentration distribution: 

Figures 3.11 to 3.13 showed the S02 average ground concentration distribution in 2001 , 

2003, and 2005. The AERMOD yearly highest average concentration and location for 

three years are summarized in Table 3.5. 

It was found that the concentration and distribution were mainly affected by the wind 
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Figure 3_5 Wind rose plot for 2001 
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Figure 3.6 Wind class frequency distribution in 2001 
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Figure 3.7 Wind rose plot for 2003 
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Figure 3.8 Wind class frequency distribution in 2003 

64 



I , 
I 

, , --- - r---, 
I / 

/ , 
/ , 

I 
/ -- -~---

/ 

' / 
/ I 

I 
/ / 

I / 

I I / 

I I 
I / ' 

I / ' I I 
I 8% 

I 
I ' ' 

---~---
' 1 

' ' I 

' -----~---- ... Lesu~ant Ve~~~ 

189 deg - 27% - - _ 
I 

- - ~SQU1H- - -

' 

' ' 
' ' 

2o·1. ' 
' ' 

16% 
I 

' 
1:2% 

' I 

/ 
I 

/ 

' 

I 
I 

I 

I 
I 
I 

I 
I 

/ 

I 
I 

' 
' ' 

Figure 3.9 Wind rose plot for 2005 
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Figure 3.10 Wind class frequency distribution in 2005 
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Figure 3.11 Modeling result for S02 annual ground concentration in 2001 by AERMOD 
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Figure 3.12 Modeling result for S02 annual ground concentration in 2003 by AERMOD 
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Figure 3.13 Modeling result for S02 annual ground concentration in 2005 by AERMOD 
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Table 3.5 AERMOD yearly highest average concentration and location for three years 

Year 

2001 

2003 

2005 

(Jlg/m) 

53. 9236 

72. 445 

56.97885 

69 

X 

342535.19 

342535.19 

342535.19 

y 

5257854.50 

5257854.50 

5257854.50 



direction, wind strength and terrain. Almost all the concentration appeared in the eastern 

high concentration distribution was observed in the direction of the high strong wind 

frequency. The maximum values of ground concentration in each year were in line with 

the wind direction vector of the year. The concentration distribution area is relative wide 

than that in 2001 and 2005. This indicated the significant influence of wind direction and 

strength. Terrain also affected the ground concentration distribution of S02, since there 

was high elevation (e.g. 112.08m) in the pathway where highest wind direction frequency 

occurred in the three years, the dispersion of the pollutant was limited in a relative small 

area. 

Seasonally concentration distribution in 2005 

Wind rose and wind class frequency distribution: 

Figures 3.14 to 3.21 show the wind rose plots and the wind class frequency distribution 

for the four seasons in 2005. The 1st season (January-March) had a direction vector 129 

o appearing in 26% of the time in the season, the 2nd season (April-June) had a direction 

vector 123 o appearing in 16% of the time in the season, the 3rd season (July-September) 

had a direction vector 68 o appearing in 45% of the time in the season, and the 4th season 

(October-December) had a direction vector 79° appearing in 34% of the time in the 

season. Strongest wind happened in the 1st season, and the winds blow from North or 

West much of the time. Three main wind directions appeared in the 2nd season. The 3rd 

season had relative small wind strength, but a relative concentrated wind direction from 

east. Main wind direction appeared at North and East in the 4th season. 
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Figure 3.14 Wind rose for the first season in 2005 (January - March) 
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Figure 3.18 Wind rose for the third season in 2005 (July- September) 
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Figure 3.19 Wind class frequency distribution for the third season in 2005 
(June - September) 
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Figure 3.20 Wind rose for the fourth season in 2005 (October - December) 

Figure 3.21 Wind class frequency distribution for the fourth season in 2005 
(October - December) 
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Concentration distribution: 

Figures 3.22 to 3.25 showed the S02 seasonal ground concentration distribution in 2005 

(the most recent year). The yearly highest average concentrations and locations for 4 

seasons in 2005 are summarized in Table 3.6. The modeling result indicated that the 

concentration distribution in four seasons of the year was closely correlated to the wind 

frequency in the season. For the first and the fourth season, high percentages of the 

concentration distribution were observed in the eastern part of the study area. The first 

season had the strongest wind in the year, but the max value of concentration was not far 

from the source (the stacks), probably due to the relative high elevation in the main 

dispersion pathway. The fourth season had the second largest wind strength among the 

four seasons, leading to relative smaller concentration distribution area than that in the 

first season. The second season had a relative even concentration distribution area, which 

could be related to the distribution of wind frequency in three directions. The third season 

had the most concentrated main wind direction in the year, which could also be related to 

the distribution of wind frequency. Temperature and wind speed may also contribute to 

the pollutant dispersion, e.g. from the unit operation schedule (Table 3.7), the main 

downtime concentrated in the second and third season, however they still keep highest 

concentration compared with the other two seasons and this could be the reason that the 

concentrated main wind direction in the year, which could also be related to temperature 

in Summer and August is highest in the year, while the wind speed is lowest among the 

year, the combined temperature inversion conditions and low wind speeds cause a long 

residency of the S02 over the industry area (EPA,2005), in other words, results in 
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Figure 3.24 S02 seasonally ground concentration distribution in the third season in 2005 
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Table 3.6 AERMOD yearly highest average concentrations and locations for 4 seasons in 
2005 

Season Concentration X y 

(~g/mJ) (m) (m) 

1s 

15.83 342535.19 5257245.00 
January-March 

2nd 

75.04 342535.19 5257854.50 
April-June 

3rd 

92.15 342535.19 5257854.50 
July-September 

4th 

32.60 342535.19 5257854.50 
October-December 
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r------------------------------------

Table 3.7 Unit Operation schedule (days) 

Boiler 1 Boiler 2 Boiler 3 

2001 2003 2005 2001 2003 2005 2001 2003 2005 

January 31 31 31 31 31 31 31 31 31 

February 28 28 28 28 26 23 25 28 28 

March 30 31 30 31 31 31 30 30 31 

April 30 30 19 30 30 13 0 0 27 

May 31 19 0 31 28 21 0 11 2 

June 30 0 0 11 27 0 0 0 4 

July 19 0 0 3 0 0 7 0 31 

August 0 0 0 6 0 0 23 17 17 

September 1 10 0 30 2 2 30 30 29 

October 26 22 16 29 31 30 29 29 4 

November 28 14 30 30 25 30 31 26 0 

December 28 31 21 31 31 31 31 25 22 

Work 282 216 175 290 262 212 226 227 226 

Days 
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localized (not far away) air pollutant concentration by preventing the rise and dispersal of 

pollutant from the lower layers of the atmosphere, which made the pollutant hardly to be 

transported in the atmosphere. 

Surface characteristics Analysis 

Besides the meteorological and terrain input variables (e.g. wind speed, wind direction 

frequency, and site elevation) that affect the pollutant concentration distribution, efforts 

have also to be made to avoid model formulation discontinuities wherein large changes in 

calculated concentrations result from small variations in input parameters. As illustrated 

at the beginning of this chapter, in this step, AERMOD needs surface characteristics 

(surface roughness, Bowen ratio, and Albedo) in order to construct its Planetary 

Boundary Layer (PBL) profiles, which are the overwhelmingly dominant environmental 

parameters that the must be entered into the AERMOD model and can not directly 

measured. This part is supposed to analyze the effects of such parameters on the 

AERMOD modeling. The three factors considered are Albedo Ratio (A), Bowen Ratio 

(B), and Surface Roughness length (C). 

Figure 3.26 shows that the ground-level concentration of S02 increased as the Surface 

Roughness or Bowen Ratio change from low level (-1) representing 0.0001 /0.1 to high 

level ( + 1) representing 1.3/6 (the range of all possible surface roughness is 0.0001-1.3 

from USEPA), while the ground-level concentration of S02 decreased as the Albedo 

changes from low level ( -1) representing 0.1 to high level ( + 1) representing 0.6 (the range 

of all possible Albedo value is 0.1-0.6 from USEPA. All factors are run at two levels, and 

the response variable is the concentration generated from AERMOD modeling without 
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changing other parameters during modeling. The 23 factorial experiment was conducted 

by only one replication and no blocking through Design Expert 7© (Tables 3.8). 

Tables 3.9 show the analysis input and output, respectively. And the results indicated that 

the greatest and the most significant factor is C (i.e., surface roughness length) with 

51.13% contribution. Other interactions make relative small contribution to the model. So, 

surface roughness length is chosen for Monte Carlo simulation and later risk assessment. 

Detailed illustration will be provided in the next chapter. 

3.3SUMMARY 

The S02 concentration was significantly affected by the wind speed and direction 

frequency. Large percentage of S02 concentrations were observed in the south-east part to 

the plant and low concentrations distributed in the western part of the study area. 

Terrain also affected the concentration distribution of the pollutant. If high elevation (e.g. 

hills) was in the pathway where highest wind direction frequency happened, the 

dispersion of the air pollutant would be limited. 

Temperature combined with wind speed could be another contribution to the pollutant 

dispersion. As illustrated above, the combined temperature inversion conditions and low 

wind speeds cause a long residency of the S02 over the industry area. This is quite 

agreeable with the modeling results that the concentration distribution varied with the 

season. In the spring and winter season (with relative low temperature and high wind 

speed), relatively low concentration and large distribution area would be identified, along 

with the long distance between the stacks and the location with maximum so2 
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Table 3.8 23 factorial experimental design data 

Std Run Factor A: Factor B: Factor C: Response: 

Albedo Bowen Surface Roughness Concentration 

Ratio Length (J.lg/m3) 

2 -1 -1 -1 13.8738 

2 3 -1 -1 11.4472 

3 8 -1 -1 33.3836 

4 6 1 -1 18.3225 

5 1 -1 -1 1 30.6561 

6 5 1 -1 24.6054 

7 4 -1 1 1 63.3039 

8 7 1 1 41.8316 
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Table 3.9 Statistic analysis results 

Term Standardized Sum of Squares % Contribution 

effects 

A(Albedo) -0.35 0.24 10.55 

B (Bowen Ratio) 0.64 0.82 36.25 

C (Surface 
0.76 0.15 51.13 

Roughness) 

AB -0.14 0.039 1.71 

AC 0.036 3.576E-003 0.11 

BC -0.020 7.635E-004 0.034 

ABC 0.050 4.938E-003 0.22 

ME 0.28 

SME 0.67 
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ground-level concentration; m the summer and autumn season (with relative high 

temperature and low wind speed), relatively high concentration and small dispersion area 

could be identified, along with the short distance between the stacks and the location with 

maximum so2 ground-level concentration. 
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CHAPTER 4 STOCHASTIC- BASED FUZZY RISK 

ASSESSMENT OF AMBIENT AIR QUALITY 

4.1 METHODOLOGY 

4.1.1 Monte Carlo Simulation of Contaminant Transport 

The stochastic modeling technique is intended to represent the uncertainties associated 

with the physical system and the model parameters as functions of the mathematical 

randomness or as typically selected or mathematically produced sample data set. The 

normal distribution function is commonly used to represent the various input parametric 

distributions, as shown below: 

(4.1) 

Where x is random variable, PN (.) is the probability density function, crx is the standard 

deviation ofx, and Jlx is the mean value ofx. 

One of the most straightforward and popular solution forms used with stochastic 

modeling is Monte Carlo simulation. Monte Carlo simulation is a computational method 

for generating probability distributions of variables that depend on other variables or 

parameters represented as probability distributions (Rubinstein and Kroese, 2007). It is an 

analytical process to assess uncertainty when input variables are too complex to be 

represented by single, deterministic values. Due to the increasing dissatisfaction with the 

deterministic or point estimate calculations typically used in quantitative contaminant 
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concentration (Mosegaard et al., 1995), Monte Carlo simulation has become increasingly 

common in simulating the contaminant transport in environmental field. The procedure 

consists of the generation of random numbers from known probability distribution. The 

generated numbers are used as inputs to governing equations, and all the corresponding 

outputs are computed. Theoretically, this method is based on an entirely random process 

and proves statistically that with enough sampling iterations one can accurately generate 

output realization distributions, which are then analyzed to define the output statistics. 

Compared with other modeling methods, it has the following advantages: (1) Adaptation 

of the algorithms for computer programming along with existing simulators is 

straightforward; (2) No additional difficulties arise in solving problems with 

discontinuous boundary functions and non-smooth boundaries; (3) Problems associated 

with random parameters and their correlation can be solved easily. 

In specific, input variables are assigned probability distributions rather than single values 

and the required calculations are repeated many times with the input variables changing 

for each iteration. The results of the simulations are presented as probability distributions. 

The specific values of the input variables are taken from and determined by the assumed 

probability distributions. For example, if a normal probability distribution is assumed for 

an input variable, values around the average will be used most frequently in the 

calculations, and values greater than and less than the average will be used with equal 

frequency. In order to adequately represent the range of all possible input variables in a 

Monte Carlo analysis, several hundred iterations of the calculations are required. 
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Modeling of pollutant transport in the ambient air requires of various physical, chemical 

and biological parameters. For example, the AERMOD dispersion model has a 

meteorological pre-processor (AERMET) that requires the input of site-specific land use 

parameters corresponding to land-use categories, including Albedo, Bowen ratio, and 

Surface roughness, however, such fundamental parameters are generally difficult to 

acquire with accurate and deterministic values, and a number of uncertainties are 

associated with them temporally and spatially. (Lahkim and Garcia, 1999; Sax and Isakov, 

2003; Manomaiphiboon, and Russell, 2004; Hanna, 2007). In this study, the Monte Carlo 

simulation algorithm was developed and incorporated within the AERMOD modeling 

system for reflecting uncertainties with surface roughness, which has been found to be 

the most important factor in reflecting surface characteristics and affecting model results 

(Lahkim and Garcia, 1999). The major procedures of the Monte Carlo simulation are 

shown in Figure 4.1. 

4.1.2 Probabilistic risk assessment 

In a given system, risk can be expressed as PF (R < S), where R denotes e.g. so2 

concentration (random variable), S is environmental loading capacity (random variable); 

and PF denotes probability. More specifically, environmental risk could be expressed as 

the probability of S02 's concentrations or loading (denoted as random number L) 

exceeding a prescribed safety level or capacity (denoted as random number C), i.e., PF = 

P(L > C). Thus, the risk can be quantified as follows: 

(4.2) 
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Define modeling system (i.e. 
AERMOD dispersion model) and 

scenario (inhalation risks) 

J. 

Determine inputs (and model 
parameters) whose 

uncertainties are to be studied 
(i.e. surface roughness length) 

....- J. 

Determine outputs whose 
uncertainties are to be 

determined (i.e. so2 ground 
concentration distribution) 

... 
"""' 

Estimate uncertainties in model 
inputs and parameters (i.e. 

median of 1m for urban 
scenario, standard deviation+ 
20%, and normal distribution) 

./ .... 
Run model many times (e.g. 1 000) 

with random and independent 
variations of inputs 

... 
T 

Analyze uncertainties in 
outputs 

Figure 4.1 the Monte Carlo simulation algorithm 
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Where PF is risk level quantified as probability of system failure, and fLc is associated 

probability density function. 

If random number C can be defined by some local environmental guidelines (i.e., if C = 

C0) , then the risk can be quantified as follows (Chen et al., 1998b ): 

(4.3) 

Obviously, if different guidelines are adopted to describe S02 concentration, different 

risk-assessment results will be derived from implementing proposed stochastic risk 

assessment (Chen, Z. et al. 1998). 

4.1.3 Fuzzy Sets Theory and Fuzzy Logic 

Forty years have gone by since Zadeh's pioneering paper introducing fuzzy sets and 

fuzzy logic (Zadeh, 1965). Such kind of theory efficiently helps address deficiencies 

inherent in binary logic and propagates uncertainties through models. Figure 4.2 illustrate 

the difference between traditional crisp set theory and fuzzy set theory. The key terms and 

their explanations are presented below: 

Fuzzy Sets 

A fuzzy set is any set that allows its members to have different grades of membership 

(membership function) in the interval [0, 1]. In fuzzy sets, there is no crisp definition of 

belonging (binary), instead, uses degree of belonging or membership functions (J.L ). In 

specific, a fuzzy set is a pair (A, J.l) where A is a set and for each x E A , p(x) is the grade 

of membership ofx. The triangular membership function, one ofthe most popular 
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Crisp set Fuzzy set 

Y: Universe B 
Y: Universe 
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O< Jls < l 

Figure 4.2 Comparison between crisp set and fuzzy set 
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approaches for generating membership functions is employed by many researchers due to 

its simplicity (Civanlar and Trussel, 1986; Dou et al., 1997; Chen et al. , 2003). As 

illustrated in Figure 4.3, a triangular fuzzy number can be defined by specifying three 

numbers: the lowest possible value, the highest possible value and the most credible 

value. An element mapping to the value 1 describes a fully included member or the most 

credible value, any number that less than the lowest possible value or greater than the 

highest possible is not included in the fuzzy set and thus mapping to the value 0. Values 

strictly between 0 and 1 characterize the fuzzy members and they could be obtained by 

linear interpolation (Bauer, 1995). It can also be found the a -cut and support value in 

Figure 4.3. The fuzzy set that contains all elements with a membership of a E [0,1] and 

above is called the a -cut of the membership function. At a resolution level of a , it will 

have support of Aa . The wider the support of the membership function, the higher the 

uncertainty; the higher the value of a , the higher the confidence in the parameter (Li and 

Yen, 1995). 

Fuzzy Logic 

Fuzzy logic is a form of multivalued logic derived from fuzzy set theory to deal with 

reasoning, making inferences from observed imprecise phenomena. In fuzzy logic the 

degree of truth of a statement can also range between 0 and 1. It is a superset of 

conventional (Boolean) logic that has been extended to handle the concept of partial truth 

- truth values between "completely true" and "completely false" (Zadeh, 1965). 

Valuations JL : V
0 
~ W of propositional variables (Vo) into a set of membership degrees 
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Figure 4.3 Example of a triangular fuzzy set 
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(W) can be thought of as membership functions mapping predicates into fuzzy sets (or 

more formally, into an ordered set of fuzzy pairs, called a fuzzy relation. 

With these valuations, many-valued logic can be extended to allow for fuzzy premises 

from which graded conclusions may be drawn (Gottwald and Siegfried, 2001). The 

concept can be illustrated with the following example about people and "cancer risk". If 

the set S (the universe of discourse: the range of all possible values for an input to a fuzzy 

system) is defined as the set of people. A fuzzy subset "cancer risk" is also defined, which 

answers the question "to what degree is person x face cancer risk?" To each person in the 

universe of discourse, a degree of membership in the fuzzy subset "cancer risk" should be 

assigned. The easiest way to do this is with a membership function based on the hazards 

index (HI = CD!). LetjlA1(HJ(x)), JlA2(HJ(x)) and JlA3(HI(x)) be the membership 
SF 

functions of the fuzzy sets "low-risk", "medium-risk" and "high-risk", respectively. Then 

the JlA1 (HJ(x)) , JlA2(HI(x)) and JlA3(HI(x)) can be defined as follows in order to 

characterize such linguistic variables (note: ¢ =HI(x) ): 

when ¢ E [O,a] 

when ¢ E [a,b] 

otherwise 
(4.1) 
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1 when ¢ = b 

gB(¢) when tjJE[a,b] 
f-LA2 (¢) = 

rB(¢) when ¢ E [b ,c] 
(4.2) 

0 otherwise 

when tjJE[b,c] 

when ¢ = c 
(4.3) 

otherwise 

A graph can be used to represent the equations (Figure 4.4): 

Fuzzy Set Operation 

The operations on fuzzy sets are generalization of crisp set operations. There is more than 

one possible generalization. The most widely used standard fuzzy set operations include: 

fuzzy unions, fuzzy intersections, and fuzzy complements. 

Standard union (Figure 4.5): The membership function of the union of two fuzzy sets A 

and B with membership functions f-LA and JL8 respectively is defined as the maximum 

of the two individual membership functions. This is called the maximum criterion. The 

union operation in fuzzy set theory is the equivalent of the OR operation in Boolean 

algebra. 

f-LAUB = max(JLA, VB) (4.4) 

Standard intersection (Figure 4.6): The membership function of the intersection of two 

fuzzy sets A and B with membership functions f-LA and f-LB respectively is defined as 
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the minimum of the two individual membership functions. This is called the minimum 

criterion. The intersection operation in fuzzy set theory is the equivalent of the AND 

operation in Boolean algebra. 

f-lAnB = min(f-LA, vB) (4.5) 

Standard complement (Figure 4.7): The membership function of the complement of a 

fuzzy set A with membership function f-LA is defined as the negation of the specified 

membership function. This is called the negation criterion. The complement operation in 

fuzzy set theory is the equivalent of the NOT operation in Boolean algebra. 

(4.6) 

Fuzzy Rule-based Systems 

Fuzzy control, which directly uses fuzzy rules, is the most important application in fuzzy 

set theory. The rule-based fuzzy system contains a rule base and a reasoning algorithm, 

which is used to process fuzzy input values x;,i = l, ... ,n to a crisp output value 

y (Figure 4.8). 

Using a procedure originated by Mamdani (1975) in the late 1970s, three steps are taken 

to create a rule-based fuzzy system: 

1) Fuzzification --Using membership functions to graphically describe a situation; 

2) Rule evaluation -- Application of fuzzy rules by the combination of two sub processes: 

inference and composition based on defined fuzzy rules; and 

3) Defuzzification --Obtaining the crisp or actual results. 
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Fuzzification: 

First of all, the different levels of input are defined by specifying the membership 

functions for the fuzzy sets, the membership functions defined on the input variables are 

applied to their actual values, to determine the degree of truth for each rule premise. The 

degree of truth for a rule's premise is sometimes referred to as its alpha. 

If a rule's premise has a nonzero degree of truth (if the rule applies at all...) then the rule 

is said to fire. The first step is to take the inputs and determine the degree to which they 

belong to each of the appropriate fuzzy sets via membership functions. 

Rule evaluation: 

The next step is to define the fuzzy rules and processing inference and composition based 

on defined fuzzy rules. The fuzzy rules are merely a series of if-then statements. These 

statements are usually derived by an expert to achieve optimum results. In the inference 

sub-process, the truth value for the premise of each rule is computed, and applied to the 

conclusion part of each rule. This results in one fuzzy subset to be assigned to each output 

variable for each rule. In the composition sub-process, all of the fuzzy subsets assigned to 

each output variable are combined together to form a single fuzzy subset for each output 

variable. There are three built-in methods: max (maximum), prob. (probabilistic OR), and 

sum (simply the sum of each rule's output set, chosen for the current research). 

Defuzzification: 

Sometimes it is useful to just examine the fuzzy subsets that are the result of the 

composition process, but more often; this fuzzy value needs to be converted to a single 
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number with a crisp value. The result of the fuzzy controller as of known is a fuzzy set. In 

order to choose an appropriate representative value as the final output (crisp values), 

defuzzification must be done. There are numerous defuzzification methods, but the most 

common one used is the CENTROID methods (Kosko et al., 1993) (which is also applied 

in the current research). In the CENTROID method, the crisp value of the output variable 

is computed by finding the variable value of the center of gravity of the membership 

function for the fuzzy value. 

To summarize, Figure 4.9 shows the contents of a rule-based fuzzy system. The input 

signals combined to the vector x = [ x1, x2 , •• • , xn f are crisp values, which are 

transformed into fuzzy sets in the fuzzification. The output comes out directly from the 

defuzzification block, which transforms an output fuzzy set back to a crisp value using 

defuzzifications. The set of membership functions responsible for the transforming part 

and the rule base as the relational part contain as a whole the modeling information about 

the system, which is processed by the inference and composition. 

4.1.4 Probabilistic versus fuzzy reflection of uncertainties in environmental systems 

Probability theory and fuzzy logic are powerful tools to overcome the uncertainty (Blair, 

2001). Probability theory is mainly responsible for representation and processing of 

uncertainty (randomness) while fuzzy logic is used for representation and processing of 

vague data. The differences between the probability measure and membership function 

could be summarized in four aspects (Dubois and Prade, 1993): 1) Probability measure 

calculates the probability that an ill-known variable x ranging on U hits the well-known 
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set A, while membership function calculates the membership of a well-known variable x 

ranging on U hits the ill-known set A; 2) Probability measure is conducted before an 

event happens membership function is applied after it happened to figure out the 

vagueness of the fuzzy part; 3) Probability belongs to the measure theory, and 

membership function is a kind of set theory; 4) The domain of probability measure is 

following Boolean Algebra, but membership function domain cannot be a Boolean 

Algebra since it implements soft linguistic variables on a continuous range of truth values, 

thus having the power of handling the concept of "partial truth" (Chen and Pham, 2001). 

As described above, there have been a number of environmental applications using either 

probabilistic or fuzzy set approaches individually during the past years. However, 

uncertainty manipulation through individual approaches may not be feasible in real-world 

situations as it was challenged by complex uncertain inputs in modeling procedures. 

There were also some studies on the combination of stochastic and fuzzy methods, but the 

involved cases and uncertainties were limited, which is calling for further studies. In this 

research, an integrated fuzzy-stochastic method will be developed and applied in a 

real-world case study of the risk assessment of ambient air quality. 

The S02 concentrations predicted through the Monte Carlo simulation can be regarded as 

stochastic events due to the randomness in the input parameters. The stochastic event can 

be characterized through a probability concept. According to the definition, probability is 

a measure of an empirical, objective and physical fact of the external world, and 

independent of human attitudes, opinions, models and simulations. It is never relative to 

evidence or opinion. As a result, the outcome of the stochastic event (e.g., S02 
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concentration exceeds the selected concentration in dose-response relationship) should be 

either true or false. However, the outcome may be given by a quantity other than true or 

false due to the uncertainties in S02 dose-response relationship and the Monte Carlo 

outputs. This means that the outcome will show fuzziness, and this kind of fuzziness may 

be quantified by a degree of belief (e.g., membership function) (Chen, 2000). 

Thus, the occurrence of environmental risk can be treated as a fuzzy event. Randomness 

associated with the S02 concentration is linked to this fuzzy event using the concept of 

fuzzy logic. The concentration levels of S02 dose-response relationship are categorized 

into "low", "low-to-medium", "medium", "medium-to-high", and "high" by associating 

them with different magnitudes of probability of guideline violation that is obtained from 

Monte Carlo outputs. The construction of membership functions for these fuzzy events 

can be constructed through questionnaire survey. Thus, fuzzy logic, expert involvement, 

and stochastic simulation will be integrated within a general framework. It also links the 

probabilistic and possiblistic uncertainties using the concept of fuzzy logic. 

4.1.5 Approaches for Environmental and Health Risk Assessment 

The objective of the risk assessment is to provide an independent, scientifically-based 

opinion of whether the pollutants (e.g. air emissions from the power station) pose a 

potential risk of adverse environmental or health effects to the surrounding communities. 

For a specific case, the related risk characterization can be conducted through 

environmental-standard-based risk assessment (ERA) and health risk assessment (HRA) 

(Carrington and Bolger, 1998; Batcherlor et al. , 1998; USEPA, 1999). The approach of 

environmental-standard-based risk assessment (ERA) is to compare contaminant 
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concentration with the corresponding ambient air quality standards. In cases when the 

concentrations are above standards but there is no exposed population, the pollution 

control can then be perceived as being not a top priority issue of the ambient air quality 

management. This situation cannot be characterized by environmental risk assessment 

(ERA) alone, further health risk assessment (HRA) is needed for better risk management. 

The approach of health risk assessment (HRA) for non-carcinogenic contaminants (e.g. 

S02) is to compare the human chronic intake of contaminant with the corresponding 

reference dose. 

Environmental-standard-based risk assessment (ERA) 

As mentioned above, through Monte Carlo simulation, the probability under which the 

contaminant concentration exceeds the environment quality standard can be described as 

follows: 

PF= P(C>Cs) = 1-F (Cs) (4.7) 

Where C is the contaminant concentration, Cs is the ambient air quality standard, and F 

(Cs) is the cumulative distribution function (CDF) of contaminant concentration which 

can be obtained from Monte Carlo simulation results. 

Health risk assessment (HRA) 

The fundamental elements of risk assessment include hazard identification, toxicity 

assessment, exposure assessment, and risk characterization (USEP A, 1999). Figure 4.10 

shows components of the human health risk assessment process, and the detailed 

explanations are described below. 
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Hazard Identification: 

The data gathered and evaluated in this stage provide information into the layout of the 

site, chemicals which may be of potential concern, possible exposure pathways and routes 

by which people living in the area may be exposed to these chemicals, the types of people 

within the area who have the highest potential for exposure based on their lifestyles, 

activities, etc., and any other specific areas or issues of concern to be addressed. The 

outcome of this task forms the basis of the approach taken in the risk assessment. Public 

input is an important part of this step to ensure information collected reflects the 

community being evaluated and addresses their needs and concerns. 

In terms of volume and variety of contaminants emitted, no other single pollution source 

comes close to matching the negative impact from electric power plants. In Canada, 

nationally, annual power plant emissions are responsible for 22% of carbon dioxide 

pollution, 20% of sulfur dioxide pollution, 11% of nitrogen oxide pollution, and 25% of 

mercury pollution (NPRI, 2002). S02, as one of the key primary pollutants of concern 

produced by fossil fuel power plants, is selected for evaluation in the human health risk 

assessment of air emissions from the Holyrood Thermal Generating Station. 

This section is aiming at evaluating the potential for adverse health effects to local 

residents exposed to current measured S02 concentrations; and the exposure pathways 

selected for case evaluation in the human health risk assessment is inhalation of 

outdoor/indoor air by adults/children age 2-1 2. 

The potentially exposed populations would include: 

(1) Present population in vicinity of the plant; It is identified as those living within 
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specified distances from site boundaries. Here, the 400 X 400 m2 of central area and the 

point of maximum pollutants concentrations were chose as the target area. 

(2) Subpopulations of special concern, e.g., young children. 

Exposure Assessment: 

The amount of exposure to each of the emissions of concern that people living in the area 

could be receiving are estimated using computer models and environmental monitoring 

data. 

Since the contaminant is not a recognized or suspect carcinogen, there is no need to do 

the exposure assessment taking them as carcinogens. Here just do the noncarcinogenic 

exposure assessment of the pollutant as noncarcinogens. For Inhalation: 

CxCR x EF x EDx RRx Abs 
I =----------

N BW x AT (4.8) 

Where IN = intake (mg/kg of body weight/day); C = concentration at exposure point (e.g., 

mg/L in water or mg/m3 in air); CR = contact rate (e.g., Llday or m3/day); EF = exposure 

frequency (days/year); ED = exposure duration (years); RR = retention rate (%); Abs 

=Absorption rate(%); BW = body weight (kg); AT = averaging time (days) 

Table 4.llists the assumed parameters of adults and children age 2-12 (subpopulations of 

special concern) for calculation of dosage and intake determined for the Holyrood 

Thermal Generating Station. 

Chronic daily intake by adults and children age 2-12 were calculated with the results 

showed in Table 4.2. 
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Table 4.1 Parameters for calculation of dosage and intake 

Parameter Adults Child age 2-12 

Average body weight (kg) 70 22.5 

Air breathed (m3/day) 0.83 0.355 

Retention rate (inhaled air) 100% 100% 

Absorption rate (inhaled air) 100% 100% 

Exposure frequency (days/year) 365 365 

Exposure duration (years) 30 5 
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Table 4.2 Chronic daily intake by adults and children age 2-12 

Target Groups 

adults 

children 

Chemicals 

114 

Chronic Daily Intake 

(flg /kg* d) 

at Cmin = 7.030flg/m3 

2.501 

0.555 



Toxicity Assessment: 

In this step, exposure limits are selected for each of the chemicals of potential concern 

being evaluated in the assessment. Exposure limits represent the amount of a chemical an 

individual can be exposed to on a daily basis without developing health effects or where 

the risk of developing a health effect is considered to be at an acceptable level. Exposure 

limits exist for many chemicals and have been established by regulatory agencies such as 

Health Canada, United States Environmental Protection Agency and World Health 

Organization. For air pollutants (e.g. sulfur dioxide), the regulatory air quality guideline is 

selected as the exposure limit, i.e., Ambient air S02 RfC is 660J.!g/m3
. 

Risk Characterization: 

To determine whether or not the estimated exposures to the chemicals of potential 

concern would be expected to result in any adverse health problems, the estimated 

exposure level is compared to the exposure limit. If the estimated exposures are less than 

the exposure limit, no adverse health effects are predicted. If estimated exposures are 

greater than exposure limits, there is a possibility of adverse health effects. Prior to 

concluding that adverse health effects could actually be occurring, the assumptions used 

in the assessment (which are intentionally protective or conservative to ensure exposures 

and risks are not underestimated) need to be re-examined, and their impact on the 

exposure and risk estimates should be understood. 

Since S02 is not a recognized or suspect carcinogen, there is no need to consider its 

carcinogenic toxicity. In this study, only its noncarcinogenic toxicity resulted from 
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emission from the thermal plant was evaluated. The toxicity scores for S02 in the ambient 

air could be obtained as follows, 

TS = Cmax I RfC (4.9) 

Where TS = toxicity score; Cmax = maximum concentration, pg I m3 
; RfC = chronic 

reference concentration, ( pg I m3 
) . 

From the results of the air dispersion modeling before (Chapter 3), all the concentrations 

of S02 emitted from the stacks are far from both the local and federal standards. In risk 

assessment, only the maximum annual average concentrations occurred in south-east 

from the plant were considered. In addition, for the purpose of comparison, the 400 

meters diameter local area surrounding the plant was targeted and it can be easily tell 

from Table 4.3 that the concentrations of such points always demonstrated the lowest 

value. By this way, it is enough to generate a range of the health effects between the 

lowest and highest damage. 

Noncarcinogenic risk is normally characterized in terms of a hazard index. The hazard 

index is calculated by 

HI= IN I RfD ( 4.1 0) 

Where HI = hazard index; IN = chronic daily intake of noncarcinogen, pg I kg; RID = 

reference dose, pg I kg. 

The inhalation noncarcinogenic risk to adults and children age 2-12 m the selected 

location can be calculated and the outputs are shown in Table 4.4. 
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Table 4.3 Toxicity analysis for S02 emission in 2003 

Chemical C(~g/m) Inhalation Toxicity Score 

so2 Max. Central RfC (~g/m3)* Max Central 

area (OEHHA-CREL) area 

54.45819 7.030 660 0.0825 0.0107 

* Only consider the major human health risks through inhalation. 
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Table 4.4 Noncarcinogenic Risk Output 

Noncarcinogenic 
Dose (ug/kg*d) Inhalation 

Risk 
Chemicals RID 

Central Central 
Max. (ug/kg*d)* Max. 

area area 

Adults so2 19.372 2.501 NA 

Children so2 4.296 0.555 NA 
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The Inhalation RIDs of these contaminants are not available, and so, it is impossible to 

conduct the assessment by this method. 

4.1.6 Stochastic- based Fuzzy Risk Assessment 

An attempt was made to link the probabilistic and possibility uncertainties through the 

concepts of statistical analysis and fuzzy logic. Consequently, an integrated risk 

assessment approach was developed. This development will be based on (a) Monte Carlo 

simulation for the fate and transport of S02 in the study domain through an air dispersion 

model; (b) examination of S02 concentrations based on the simulation results that are 

expressed as cumulative distribution functions or probability density functions; (c) 

quantification of environmental quality guidelines and health impact criteria using 

fuzzy-logic techniques through a number of questionnaire surveys; (d) quantification of 

environmental and health risks based on fuzzy/stochastic inputs, and (e) risk assessment 

and decisions analysis based on fuzzy logic inference. Figure 4.11 shows the flow chart of 

the developed system. 

The integrated risk level is derived from comprehensive consideration of environmental 

and health risks. The quantification of the integrated risk level can only be based on 

subjective opinions rather than through probabilistic analyses. Therefore, fuzzy logic is an 

effective tool for facilitating this kind of risk quantification. In this study, determination 

of the integrated risk is based on a series of fuzzy rules as acquired through questionnaire 

survey for inputs from experts and stakeholders. The risk levels are set to include six 

categories of fuzzy sets: "low", "low-to-medium", "medium", "medium-high", "high", 

and "very-high". The fuzzy logic operator "AND" is used to join factors in the antecedent 
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of the rules. 

The corresponding membership functions of these risk levels can be established 

according to the method developed by Hwang and Chen (1999). The range of the 

integrated risk levels (i.e. IRL = [0, 1 00]) is subjectively given to the fuzzy sets in order 

for them to have single numerical risk scores (RS) after de-fuzzification. These numerical 

values have no direct relationship with the values of the input risk factors (e.g., 

environmental risk and health risk). However, after establishing the fuzzy sets of the 

integrated risk level, a numerical site score can be obtained through the fuzzy "AND" or 

fuzzy "OR" operations based on the environmental guideline, the probability of guideline 

violation, and the corresponding hazard index. The management decisions can then be 

made based on the calculated RS that describe the integrated risk level. 

4.1.6.1 Monte Carlo Simulation of S02 Transport 

The stochastic modeling was used to simulate S02 transport in the ambient air in 2003 

which showed the highest S02 concentration in the modeling results. The value of surface 

roughness was assumed to be normally distributed (Manomaiphiboon and Russell, 2004). 

The mean value and standard deviations of surface roughness length were used for Monte 

Carlo simulation. Due to uncertainties in this parameter, 1 000 random numbers of the 

surface roughness value are generated, while 500 were generated from the whole possible 

surface roughness distribution range (0.0001-1.3m) (US EPA, 2006) of the modeling 

system and the other 500 random numbers were generated from the surface roughness 

(l.Om) chosen for the case study basing on the assumed probabilistic distribution (±20%). 

The reason to conduct the two sets of simulation is to see how the surface roughness 
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performs on modeling results (i.e., S02 ground concentration) in both specific surface 

condition (urban) and all possible surface conditions (vary temporally and spatially). As a 

result, two 500 sets of S02-concentration-distribution patterns could be obtained by 

Monte Carlo simulation running. With a conservative consideration, only the peak 

concentrations of the yearly average were identified for further risk assessment, leading to 

the peak values as shown in Figure 4.12 (a) and (b). Figure 4.13 (a) and (b) show the 

corresponding cumulative distribution functions. A summary of the results from the 

Monte Carlo simulation is given in Table 4.5. It is obviously that the average 

concentration of (b) representing the ground concentration obtained from modeling by 

using urban yearly surface roughness is higher than that of (a) representing the ground 

concentration obtained from modeling by using the whole range of surface roughness 

varied temporally and spatially. The CDF of (b) be will used as a stochastic base for the 

following fuzzy risk assessment. 

4.1.6.2 Fuzzy Environmental Quality Guidelines 

The environmental risk assessment involves a comparison of the contaminant 

concentration with the corresponding environmental standard. However, the ambient air 

quality standards are different among countries, states or provinces. As indicated in Table 

4.6, taken the annual average as an example, the guidelines for S02 range from 30 to 

80jlg/m3
· As a result, for a specific case study, such kind of guidelines could be 

over/under-conservative or impractical for environmental risk analysis since the risk 

indicators such as the degrees of guideline violation are not compatible among different 

regions. Therefore, a number of uncertainties exist in the applicability of the guidelines. 
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Table 4.5 Summary of Monte Carlo simulation results 

(a) 

Contaminant Minimal Maximum Average Standard Skewness 

concentration (~g/m3) (~g/m3) ~g/m3) deviation (~g/m3) 

in ambient (ug/m3) 

air 

so2 34.474 69.574 59.04 7.82 -0.73 

(b) 

Contaminant Minimal Maximum Average Standard Skewness 

concentration (~g/m3) (~g/m3) (~g/m3) deviation (~g/m3) 

in ambient (~g/m3) 

air 

so2 52.02 72.82 65.50 4.01 -0.48 
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Table 4.6 Ambient air quality standards for S02 Respiratory irritation in sensitive 

World Health Organization 
(Jlg/m3)(WHO, 2000) 

individuals 

Environment Canada/Health Canada 
National Ambient Air Quality (NAAQO) 

(Jlg/m3)(CCME, 2002) 

Newfoundland and Laborador Regulation 39/04 
(Jlg/m3)(NL, 2004) 

U.S.EPA National Ambient Primary Air Quality 
Standards (Jlg/m3

) (U.S. EPA, 2005) 

National Standards for Criteria Air Pollutants in 
Australia (ppm) (DEH, 2005) 

Air Quality Standards for the Europe (Jlg/m3
) 

(EEC Directive Directive 80/779) (EEC, 2005) 

I26 

10min avg GV= 500 
12h avg GV = 125 
Annual avg GV= 50 
Ih max desirable = 450 
24h max desirable= 150 
Annual max desirable= 30 
I h max acceptable = 900 
24h max acceptable=300 
Annual max acceptable=60 
24h max tolerable=800 
I h Ambient Air Quality Standard 
(AAQS) = 900 
3hAAQS = 600 
24h AAQS = 300 
Annual AAQS= 60 
24 hour average= 366 
Annual average = 80 
I hour average= 0.20 
24 hour average= 0.08 
Annual average= 0.02 
24 hour average= 250 
Annual average = 80 



Such uncertainties can hardly be quantified by probabilistic distributions, but they can be 

described through linguistic variables that can be quantified through fuzzy logic. To 

facilitate a guideline-based environmental risk analysis, the guidelines are divided into 

three strictness levels, namely "strict", "medium" and "loose". Construction of 

membership functions for these three fuzzy sets will rely on experiences of the experts 

and stakeholders who have in-depth knowledge of the concerned system and can provide 

valuable inputs for quantifying the uncertainties. Fuzzy logic provides an effective tool 

for processing such subjective opinions. A questionnaire survey was conducted to collect 

data for establishing the membership functions (see Appendix III). The annual average 

guideline for S02 was of interest in this study. Table 4.7 lists the survey results regarding 

the three strictness levels of guidelines. The results indicated that 67% of the surveyed 

respondents preferred the "strict" guideline, which means "the annual average S02 

concentration should be approximately 30 llg/m3
"; around 4 7% of the respondents 

selected "60 llg/m3
" as a "medium" one for the annual average S02 concentration; and 

67% of the respondents preferred that "the annual average S02 concentration should be 

approximately 80 llg/m3 or less" as a " loose" one. So the membership functions of these 

three strictness levels can then be constructed based on the survey results (Figure 4.14). 

For example, if the ambient air quality guideline is 60 llg/m3
, then it can be categorized as 

"medium" (with a membership grade of 1); if the guideline is 40 llg/m3
, then it can be 

categorized as partly "strict" (with a membership grade of 0.35) and partly "medium" 

(with a membership grade of 0.68). 

4.1.6.3 Linkage between Fuzzy and Stochastic Events 
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Table 4. 7 Survey on ambient air quality guideline 

(1) Survey on Strict ambient air quality guideline 

The annual average S02 

concentration should be 

approximately: 

No. of Respondents Percentage (%) 

30J.!g/m or less 

50J.!g/m3 or less 

55J.!g/m3 or less 

60J.!g/m3 or less 

65J.!g/m3 or less 

70J.!g/m3 or less 

80J.!g/m3 or less 

Total No. ofRespondents 

20 

9 

0 

0 

0 

0 

30 

128 

67 

30 

0 

0 

3 

0 

0 

100 



(2) Survey on Medium ambient air quality guideline 

The annual average S02 

concentration should be 

approximately: 

30f.!g/m or less 

50f.!g/m3 or less 

55f.!g/m3 or less 

60f..lg/m3 or less 

65f.!g/m3 or less 

70f..lg/m3 or less 

80f..lg/m3 or less 

Total No. of Respondents 

No. ofRespondents 

3 

6 

3 

14 

3 

0 

30 

129 

Percentage (%) 

10 

20 

10 

47 

10 

3 

0 

100 



(3) Survey on loose ambient air quality guideline 

The annual average S02 

concentration should be 

approximately: 

30J.Lg/m or less 

50J.Lg/m3 or less 

55J.Lg/m3 or less 

60J.Lg/m3 or less 

65J.Lg/m3 or less 

70J.Lg/m3 or less 

80J.Lg/m3 or less 

Total No. of Respondents 

No. of Respondents 

2 

2 

2 

1 

2 

20 

30 

130 

Percentage (%) 

7 

3 

7 

7 

3 

7 

67 

100 
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Figure 4.14 Membership functions of ambient air quality guidelines 
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The direct application of environmental risk analysis via Monte Carlo simulation methods 

may lead to two potential shortcomings. Firstly, risk analysis using the Monte Carlo 

outputs requires that distributions for the input parameters be precisely specified; 

secondly, researchers mostly assume the input parameters are independent of one another 

even though they are obviously not. Although methods to simulate correlations among the 

parameters exist, they are not detailed enough for further risk quantification, especially 

when the dependencies are not well known. 

The S02 concentrations predicted through the Monte Carlo simulation can be regarded as 

stochastic events due to the randomness in the input parameters (e.g. surface roughness). 

The stochastic event can be characterized through a probability concept. According to the 

definition, probability is a measure of an empirical, objective and physical fact of the 

external world, independent of human attitudes, opinions, models and simulations. It is 

never relative to evidence or opinion. As a result, the outcome of the stochastic event (e.g., 

S02 concentration exceeds the guideline) should be either true or false. However, the 

outcome may be given by a quantity other than true or false due to the uncertainties in the 

environmental guidelines and the Monte Carlo outputs. In this study, the occurrence of 

environmental risk due to the violation of the environmental guideline is treated as a 

fuzzy event. Randomness associated with the S02 concentration is linked to this fuzzy 

event using the concept of fuzzy logic. The environmental risk levels can be categorized 

into "low", "low-to-medium", "medium", "medium-to-high", "high" by associating them 

with different magnitudes of probability of guideline violation that is obtained from 

Monte Carlo outputs. In addition, the guidelines with different strictness degrees are also 
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incorporated within the modeling system for quantifying the environmental risk levels. 

The construction of membership functions for these fuzzy events still relies on 

questionnaire survey. Thus, this study has integrated fuzzy logic, expert involvement, and 

stochastic simulation within a general framework. It has also attempted to link the 

probabilistic and possibilistic uncertainties using the concept of fuzzy logic. 

(1) Fuzzy environmental risk under the strict guideline 

Table 4.8 lists the survey results of environmental risk levels under the strict 

environmental guideline. 

It was found that 53% of the surveyed respondents selected "30% or less" as "low 

environmental risk" for the probability of guideline violation under the strict guideline; 

57% of the respondents preferred that "the probability of guideline violation should be 

approximately 40%" as a "low-to-medium environmental risk" under the strict guideline; 

57% of the respondents chose "the probability of guideline violation should be 

approximately 50%" as a "medium environmental risk"; 53% of the respondents showed 

"the probability of guideline violation should be approximately 60%" as a 

"medium-to-high environmental risk"; and 4 7% of the respondents selected "the 

probability of guideline violation should be approximately 70% or greater" as the "high 

environmental risk". According to Hwang and Chen (1992), the membership functions of 

these fuzzy sets can then be constructed based on the survey results (Figure 4.15). In this 

figure, "L", "L-M", "M", "M-H" and "H" represent "Low", "Low-to-Medium", 

"Medium", "Medium-to-High" and "High", respectively. 

For example, if the probability of strict-guideline violation is 55% from the Monte Carlo 
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Table 4.8 Survey on environmental risk levels under the strict guideline 

(1) Survey on low environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. of Respondents 

No. ofRespondents 

7 

3 

16 

2 

2 

0 

0 

0 

0 

30 

134 

Percentage (%) 

23 

10 

53 

7 

7 

0 

0 

0 

0 

100 



(2) Survey on low-to-medium environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. of Respondents 

No. of Respondents 

1 

6 

4 

17 

0 

2 

0 

0 

0 

30 

135 

Percentage (%) 

3 

20 

13 

57 

0 

7 

0 

0 

0 

100 



(3) Survey on medium environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. of Respondents 

No. of Respondents 

1 

5 

4 

17 

0 

2 

0 

0 

30 

136 

Percentage (%) 

3 

3 

17 

13 

57 

0 

7 

0 

0 

100 



( 4) Survey on medium-to-high environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. of Respondents 

No. of Respondents 

0 

0 

1 

5 

3 

16 

3 

2 

0 

30 

137 

Percentage (%) 

0 

0 

3 

17 

10 

53 

10 

7 

0 

100 



(5) Survey on high environmental risk 

The probability of No. ofRespondents Percentage (%) 

guideline violation should 

approximately be: 

10% or less 1 3 

20% or less 0 0 

30% or less 1 3 

40% or less 0 0 

50% or less 6 2 

60% or less 2 7 

70% or less 14 47 

80% or less 2 7 

90% or less 4 13 

Total No. of Respondents 30 100 
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Figure 4.15 Membership function of environmental risk associated with the probability of 
violating the strict ambient air quality standard (note: P% = Probability of contaminant 

concentration exceeding its corresponding ambient air quality standard) 

139 



simulation, then the related environmental risk can be categorized as partly "medium" 

(with a membership grade of 0.5) and partly "medium-to-high" (with a membership grade 

of 0.5). If the probability is 35%, then the risk can be categorized as partly "low" (with a 

membership grade of0.5) and partly "low-to-medium" (with a membership grade of0.5). 

(2) Fuzzy environmental risks when medium guideline is applied 

Table 4.9 lists the survey results of environmental risk levels under the medium 

environmental guideline. 

Similarly, the membership functions can be established according to the survey results: 

"the probability of guideline violation should be approximately 20% or less" corresponds 

to "low environmental risk" under the medium guideline; "the probability of guideline 

violation should be approximately 30%" is of "low-to-medium environmental risk" under 

the medium guideline; "the probability of guideline violation should be approximately 

40%" corresponds to "medium environmental risk"; "the probability of guideline 

violation should be approximately 50%" is of "medium-to-high environmental risk"; and 

"the probability of guideline violation should be approximately 60% or greater" 

corresponds to "high environmental risk" under the medium guideline. 

The membership functions of these fuzzy events are shown in Figure 4.16. For example, 

if the probability of medium-guideline violation is 42.5% from the Monte Carlo 

simulation, then the related environmental risk can be categorized as partly "medium" 

(with a membership grade of 0.75) and partly "medium-to-high" (with a membership 

grade of 0.25). If the probability is 22.5%, then the risk can be categorized as partly "low" 

(with a membership grade of0.75) and partly "low-to-medium" (with a membership 
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Table 4.9 Survey on environmental risk levels under the medium guideline 

(1) Survey on low environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. ofRespondents 

No. of Respondents 

8 

17 

4 

0 

0 

0 

0 

0 

30 

141 

Percentage (%) 

27 

57 

13 

0 

3 

0 

0 

0 

0 

100 



(2) Survey on low-to-medium environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. of Respondents 

No. of Respondents 

2 

7 

16 

4 

0 

1 

0 

0 

0 

30 

142 

Percentage (%) 

7 

23 

53 

13 

0 

3 

0 

0 

0 

100 



(3) Survey on medium environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. ofRespondents 

No. ofRespondents 

5 

19 

3 

1 

0 

0 

0 

30 

143 

Percentage (%) 

3 

3 

17 

63 

10 

3 

0 

0 

0 

100 
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(4) Survey on medium-to-high environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. of Respondents 

No. ofRespondents 

1 

1 

3 

19 

4 

0 

0 

30 

144 

Percentage (%) 

3 

3 

3 

10 

63 

13 

3 

0 

0 

100 



(5) Survey on high environmental risk 

The probability of No. of Respondents Percentage (%) 

guideline violation should 

approximately be: 

10% or less 3 

20% or less 0 0 

30% or less 3 

40% or less 1 3 

50% or less 4 13 

60% or less 16 53 

70% or less 4 13 

80% or less 3 10 

90% or less 0 0 

Total No. of Respondents 30 100 
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Figure 4.16 Membership function of environmental risk associated with the probability of 
violating the medium ambient air quality standard (note: P% = Probability of contaminant 

concentration exceeding its corresponding ambient air quality standard) 
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grade of 0.25). 

(3) Fuzzy environmental risk under the loose guideline 

Table 4.10 lists the survey results of environmental risk levels under the loose 

environmental guideline. 

The membership functions of the fuzzy sets can be established according to the following 

investigation results: "the probability of guideline violation should be approximately 10% 

or less" correspond to "low environmental risk" under the strict guideline; "the 

probability of guideline violation should be approximately 20%" is of "low-to-medium 

environmental risk" under the strict guideline; "the probability of guideline violation 

should be approximately 30%" correspond to "medium environmental risk"; "the 

probability of guideline violation should be approximately 40%" is of "medium-to-high 

environmental risk"; and "the probability of guideline violation should be approximately 

50% or greater" corresponds to "high environmental risk" under the strict guideline. The 

membership functions of these fuzzy events are shown in Figure 4.17. For example, if the 

probability of medium-guideline violation is 50% from the Monte Carlo simulation, then 

the related environmental risk can completely be categorized as "high" (with a 

membership grade of 1 ). If the probability is 45%, then the risk can be categorized as 

partly "medium-to-high" (with a membership grade of 0.5) and partly "high" (with a 

membership grade of0.5). 

4.1.6.4 Fuzzy Health Risk Assessment 

The toxicological data used to calculate reference doses (RFD) and slope factors (SF) 
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Table 4.10 Survey on environmental risk levels under the loose guideline 

(1) Survey on low environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. of Respondents 

No. of Respondents 

26 

0 

3 

0 

0 

0 

0 

0 

30 

148 

Percentage (%) 

87 

0 

10 

3 

0 

0 

0 

0 

0 

100 



(2) Survey on low-to-medium environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. of Respondents 

No. of Respondents 

4 

19 

3 

3 

0 

0 

0 

0 

30 

149 

Percentage (%) 

13 

63 

10 

10 

3 

0 

0 

0 

0 

100 



(3) Survey on medium environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. of Respondents 

No. of Respondents 

2 

19 

4 

3 

0 

0 

0 

30 

150 

Percentage (%) 

7 

3 

63 

13 

10 

3 

0 

0 

0 

100 



(4) Survey on medium-to-high environmental risk 

The probability of 

guideline violation should 

approximately be: 

10% or less 

20% or less 

30% or less 

40% or less 

50% or less 

60% or less 

70% or less 

80% or less 

90% or less 

Total No. of Respondents 

No. of Respondents 

2 

0 

17 

6 

2 

2 

0 

0 

30 

151 

Percentage (%) 

7 

3 

0 

57 

20 

7 

7 

0 

0 

100 



(5) Survey on high environmental risk 

The probability of No. of Respondents Percentage (%) 

guideline violation should 

approximately be: 

10% or less 3 

20% or less 0 0 

30% or less 3 

40% or less 0 0 

50% or less 20 67 

60% or less 1 3 

70% or less 5 17 

80% or less 3 

90% or less 3 

Total No. of Respondents 30 100 
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Figure 4.17 Membership function of environmental risk associated with the probability of 
violating the loose ambient air quality standard (note: P% = Probability of contaminant 

concentration exceeding its corresponding ambient air quality standard) 
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usually came from laboratory studies on animals. The health risk assessment often 

adopted reference doses and slope factors published by the US EPA. The US EPA has 

been updating the health risk limits to keep them current. As more and more toxicological 

studies have been completed, many updated data on reference doses and cancer potency 

slope factors have been added to the US EPA database. As a result, a number of 

uncertainties exist when these parameters are used to analyze health risks. These 

uncertainties should be incorporated within the process of risk analysis. However, the 

quantity of information available is not good enough for using probabilistic distributions 

to describe the applicability or suitability of the guidelines, resulting in consequent 

difficulties in quantifying the associated health risks. Such uncertainties usually show 

subjective features; as a result, a fuzzy logic approach was proposed in this study to 

account for such complexity. In this study, non-carcinogenic health risk introduced by 

S02 was investigated. The health risk levels were categorized into fuzzy sets of "low", 

"low-to-medium", "medium", "medium-to-high", and "high" by associating them with 

different magnitudes of toxicity score (TS, the ratio of contaminant concentration to the 

reference concentration). A questionnaire survey was conducted to obtain the associated 

membership functions. The investigated TS was set to vary from 0.045 (corresponding to 

the Canadian Ambient Air quality Guideline for S02 (CCME, 2002)) to 0.12 

(approximately corresponding to the USEPA guideline for S02 (US EPA, 2005)). 

Table 4.11 lists the survey results on health-risk levels. Similar to the identification of 

environmental risk levels, the membership functions of the related fuzzy health risk levels 

can be established according to the survey results: "the toxicity score is approximately 
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Table 4.11 Survey on health risk levels 

(1) Survey on low health risk 

The toxicity score should No. ofRespondents Percentage (%) 

be approximately: 

0.045 or less 28 93 

0.054 or less 3 

0.062 or less 3 

0.070 or less 0 0 

0.078 or less 0 0 

0.086 or less 0 0 

0.094 or less 0 0 

0.100 or less 0 0 

0.12orless 0 0 

Total No. of Respondents 30 100 
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(2) Survey on low-to-medium health risk 

The toxicity score should No. ofRespondents Percentage (%) 

be approximately: 

0.045 or less 3 10 

0.054 or less 6 20 

0.062 or less 18 60 

0.070 or less 3 10 

0.078 or less 0 0 

0.086 or less 0 0 

0.094 or less 0 0 

0.100 or less 0 0 

0.12orless 0 0 

Total No. of Respondents 30 100 
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(3) Survey on medium health risk 

The toxicity score should No. of Respondents Percentage (%) 

be approximately: 

0.045 or less 3 

0.054 or less 2 7 

0.062 or less 5 17 

0.070 or less 3 10 

0.078 or less 19 63 

0.086 or less 0 0 

0.094 or less 0 0 

0.100 or less 0 0 

0.12 or less 3 

Total No. ofRespondents 30 100 
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- -----~------- -------

(4) Survey on medium-to-high health risk 

The toxicity score should No. of Respondents Percentage (%) 

be approximately: 

0.045 or less 1 3 

0.054 or less 3 

0.062 or less 3 

0.070 or less 4 13 

0.078 or less 4 13 

0.086 or less 3 

0.094 or less 18 60 

0.100 or less 0 0 

0.12 or less 3 

Total No. of Respondents 30 100 
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------~- ~·~-~-----------------------~ 

(5) Survey on high health risk 

The toxicity score should No. of Respondents Percentage (%) 

be approximately: 

0.045 or less 0 0 

0.054 or less 0 0 

0.062 or less 3 

0.070 or less 2 7 

0.078 or less 4 13 

0.086 or less 0 0 

0.094 or less 0 0 

0.100 or less 5 17 

0.12 or less 18 60 

Total No. of Respondents 30 100 
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0.045or less" is corresponding to "low health risks"; "the toxicity score is approximately 

0.062" is corresponding to "low-to-medium health risks"; "the toxicity score is 

approximately 0.078 or less" is corresponding to "medium health risks"; "the toxicity 

score is approximately 0.094 or less" is corresponding to "medium-to-high health risks"; 

and "the toxicity score is approximately 0.12 or less" is corresponding to "high health 

risks". Consequently, the membership functions of these fuzzy events were obtained 

(Figure 4.18). For example, if the calculated TS is 0.107, then the related health risk can 

be categorized as partly "medium-to-high" (with a membership grade of 0.5) and partly 

"high" (with a membership grade of 0.5). If the calculated TS is 0.07, then the related 

health risk can be categorized as partly "low-to-medium" (with a membership grade of 

0.5) and partly "medium" (with a membership grade of 0.5). 

4.1.6.5 General Risk Levels and Rules Base for Risk Management 

The risk characterization can be conducted through environmental-standard-based risk 

and health risk levels as discussed in the previous sections. In this study, the 

environmental risk was defined as the risk introduced from the violation of environmental 

guidelines or regulations, and the health risk as the risk of health impact due to chronic 

intake of the contaminant (i.e., S02). The general risk levels were derived from an 

integrated consideration of environmental and health risks based on a series of fuzzy rules 

as acquired through questionnaire survey for inputs from experts and stakeholders. The 

risk levels were set to include six categories of fuzzy sets: "low", "low-to-medium", 

"medium", "medium-to-high", "high", and "very high". The fuzzy logic operator "AND" 

was used to join factors in the antecedent of the rules. Since both environmental and 
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Figure 4.18 Membership function of health risk associated with toxicity score 
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health risks included five categories of fuzzy events, there were a total of 150 rules 

(5 x5x6). Assume that, if a rule obtains the highest frequency in the survey, then it can be 

kept in the rule base for the determination of the general risk level. Table 4.12 lists the 

survey results for building the fuzzy rule base. 

It was found that 96.7% of the surveyed respondents selected " if both environmental and 

health risks are low, then the general risk level will be low"; 84.3% of them selected "if 

the environmental risk is low and the health risk is low-to-medium, then the general risk 

will be low-to-medium"; 74.3% of them chose "if the environmental risk is low and the 

health risk is medium, then the general risk will be medium"; 70.0% of them showed "if 

the environmental risk is low and the health risk is medium-to-high, then the general risk 

will be medium-to-high", and 64.3% of them selected "if the environmental risk is low 

and the health risk is high, then the general risk will be high". The highest frequencies for 

other can be found in Table 4.12 as shown in bold font. As a result, 25 fuzzy rules were 

obtained (Table 4.13). Since the general risk level can be categorized into "low", 

"low-to-medium", "medium", "medium-to-high", "high" and "very high", the 

corresponding membership functions of these fuzzy events can then be established 

according to Hwang and Chen (1992) and Mohamed et al. (1999) (Figure 4.19). The 

range of the general risk levels (i.e. GRL = [0, 1 00]) is subjectively given to the fuzzy sets 

in order for them to have single numerical scores after de-fuzzification. These numerical 

values have no direct relationship with the values of the input risk factors (e.g., 

environmental risk and health risk). However, after establishing the fuzzy sets of the 

general risk level a numerical score can be obtained from Figure 4.19 through the fuzzy 
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Table 4.12 Survey on fuzzy rules 

Antecedent The general risk level is "number ofres2ondents {2ercentage2" 
ER HR L L-M M M-H H V-H 

L L 
29 

0 0 0 0 
(96.7%) 

L L-M 3 
25 

2 0 0 0 
(84.3%) 

L M 1 5 22 
1 1 0 

(74.3%) 

L M-H 2 0 6 
21 

0 1 
(70%) 

L H 0 2 7 
19 

(64.3%) 

L-M L 5 
23 

0 2 0 0 
(76.7%) 

L-M L-M 0 
28 

1 0 0 
(94.3%) 

L-M M 0 2 
26 

0 2 0 
(86.7%) 

L-M M-H 0 2 3 
21 

3 
(70%) 

L-M H 0 1 3 3 
22 

1 
(74.3%) 

M L 5 23 1 0 0 
(76.7%) 

M L-M 0 5 
24 

1 0 0 
(80.0%) 

M M 0 
24 

4 0 
(80.0%) 

M M-H 0 0 3 
20 5 2 

(66.7%) 

M H 0 0 3 5 
13 1 

(44.3%) 

M-H L 0 2 4 23 1 0 
(76.7%) 

M-H L-M 0 0 6 
23 

1 0 
(76.7%) 

M-H M 0 0 2 
26 

2 0 
(86.7%) 

M-H M-H 0 0 0 
20 

9 1 
(66.7%) 

M-H H 0 0 0 5 
23 

2 
F6.7%~ 
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Antecedent 
ER 

High 

High 

High 

High 

High 

~------- ~~~-------------------

Table 4 .12 Survey on fuzzy rules (Continue) 

The general risk level is "number of respondents (percentage)" 
HR L L-M M M-H H V-H 

L 0 2 

L-M 0 1 

M 0 0 

M-H 0 0 

H 0 1 

164 

2 4 

5 2 

1 5 

0 3 

0 0 

22 
(74.3%) 

22 
(74.3%) 

23 
(76.7%) 

24 
(80.0%) 

8 

0 

0 

1 

3 

21 
(70.0%) 



Table 4.13 Rules for assessing the general risk level 

Antecedent Consequence 

Rule# If environmental And health risk Then the general 

risk (ER) is (HR)is risk level (GRL) is 

low Low Low 

2 Low Low-to-medium Low-to-medium 

3 Low Medium Medium 

4 Low Medium-to-high Medium-to-high 

5 Low High High 

6 Low-to-medium Low Low-to-medium 

7 Low-to-medium Low-to-medium Low-to-medium 

8 Low-to-medium Medium Medium 

9 Low-to-medium Medium-to-high Medium-to-high 

10 Low-to-medium High High 

II Medium Low Medium 

I2 Medium Low-to-medium Medium 

13 Medium Medium Medium 

14 Medium Medium-to-high Medium-to-high 

15 Medium High High 

16 Medium-to-high Low Medium-to-high 

17 Medium-to-high Low-to-medium Medium-to-high 

18 Medium-to-high Medium Medium-to-high 

19 Medium-to-high Medium-to-high Medium-to-high 

20 Medium-to-high High High 

2I High Low High 

22 High Low-to-medium High 

23 High Medium High 

24 High Medium-to-high High 

25 High High Very High 

165 



1-iGRL 

0. 8 

0. 6 

0.4 

0. 2 

0 

L L-M M M-H H V- H 

0 10 20 30 40 50 60 70 80 90 1 DO 

GRL 

Figure 4.19 Membership functions of general risk levels 
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"AND" or fuzzy "OR" operations based on the environmental guideline, the probability 

of guideline violation, and the corresponding toxicity score. This will be illustrated in the 

result analysis as it applied to the S02 emission form the thermal station. The 

management decisions can then be made based on the calculated scores that describe the 

general risk level. Table 4.14 lists the relationship between scores and suggested 

management actions. 

4.2 REAL CASE APPLICATION 

Three scenariOs were examined based on the annual average Ambient Air quality 

standards formulated by the Province of Newfoundland and Labrador, the Environment 

Canada, and the USEPA. The strictness degrees of the guidelines were analyzed, and the 

probabilities of guideline violation were obtained to analyze the associated environmental 

risks. The mean of the 500 peak S02 concentrations from the Monte Carlo simulation (b) 

was used for analyzing the hazard index through inhalation pathways. The associated 

health risks can be quantified. Thus, the general risk level due to the environmental and 

health risks would be obtained through fuzzy "AND" and "OR" operations. 

4.2.1 Scenario 1: under the Environment Canada Ambient Air Quality 

Guideline 

Environment Canada Ambient Air quality Guideline for the annual maximum desirable 

S02 is 30 ~g/m3· It was indicated from Figure 4.14 that this guideline was "strict" (with a 

membership grade of 1 ). It was also found from Figure 4.13 (b) that P(C<30) = F (30) = 

0.0; thus the probability of guideline violation was PF = 1-F (0.3) = 1.0. As a result, the 
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- -------------------------------- ---

Calculated Site Score 

90-100 

70-90 

50-70 

30-50 

10-30 

0-10 

Table 4.14 Risk management actions 

Risk Management Action 

The S02 emission should be immediately controlled 

Take full actions to control the S02 emission 

restrict so2 emission 

Take interim control measures 

The air quality should be monitored 

No actions are required 
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environment risk (ER) would be "High" with a membership grade of 1.0 according to 

Figure 4.15 when the probability was 1.0 and the guideline was "strict". 

The associated toxicity score (TS) can be calculated as 0.099 when a reference dose (RFD) 

of 660 ~g/m3 was used. It could then be found from Figure 4.18 that the corresponding 

health risk (HR) would be partly "medium-to-high" (with a membership grade of 0.8) and 

partly "high" (with a membership grade of 0.2). Therefore, two combinations of the 

antecedents include: (a) if ER is "High" and HR is "Medium-to-high", and (b) if both ER 

and HR are "High". The input and output data were analyzed in the inference process as 

shown in Figure 4.20. The fuzzy "AND" operation was applied to the rule's antecedent to 

determine its consequence according to the rule base as shown in Table 4.13. In other 

words, the minimum degree of membership grade of the two input factors (ER and HR) 

was given to the output factor (GRL). In the rule number 24, !!GR = min (1, 0.8) = 0.8, and 

in rule number 25, ~GR = Min (1.0, 0.2) = 0.2. The outputs from the inference procedure, 

which were also the inputs for the composition process, were then two scaled down fuzzy 

GRL values. In the composition process, the fuzzy "OR" operation was applied to the two 

fuzzy GRL values. In other words, the two fuzzy GRL value were superimposed to obtain 

the final fuzzy GRL. The final GRL would be "High" with a membership grade of 0.8 

under this scenario, and the crisp final GRL value was obtained by calculating the 

centroid of the fuzzy GRL value as 84. As a result, the suggested risk management action 

would be "take full actions to control the S02 emission" according to Table 4.14. 
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Figure 4.20 Fuzzy inference and composition process under scenario 1 
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4.2.2 Scenario 2: under the Newfoundland and Labrador Ambient Air 

quality Guideline 

Newfoundland and Labrador Ambient Air quality Guideline for the annual average S02 is 

60J..lg/m3
· It was indicated from Figure 4.14 that this guideline was "medium" (with a 

membership grade of 1). It was also found from Figure 4.13 that P(C<60) = F (60) =0.05; 

thus the probability of guideline violation was PF = 1-F (60) = 0.95. As a result, the 

environment risk (ER) would be "High" with a membership grade of 1.0 according to 

Figure 4.16 when the probability was 0.95 and the guideline was "medium". 

The corresponding health risk (HR) would still be partly "medium-to-high" (with a 

membership grade of 0.8) and partly "high" (with a membership grade of 0.2). Therefore, 

we would have two combinations of the antecedents including: (a) ifER is "medium" and 

HR is "Medium-to-high" and (b) ifER is "medium" and HR is "High". 

The input and output data were analyzed in the inference process as shown in Figure 4.21 . 

The fuzzy "AND" operation was applied to the rule's antecedent to determine its 

consequence according to the rule base as shown in Table 4.13. In other words, the 

minimum degree of membership grade of the two input factors (ER and HR) was given to 

the output factor (GRL). In the rule number 24, J..lGR = Min (1 , 0.8) = 0.8, and in rule 

number 25, J..I.GR = Min (1 .0, 0.2) = 0.2. The outputs from the inference procedure, which 

were also the inputs for the composition process, were then two scaled down fuzzy GRL 

values. In the composition process, the fuzzy "OR" operation was applied to the two 

fuzzy GRL values. In other words, the two fuzzy GRL value were superimposed to obtain 
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Figure 4.21 Fuzzy inference and composition process under scenario 2 
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the final fuzzy GRL. The final GRL would be "High" with a membership grade of 0.8 

under this scenario, and the crisp final GRL value was obtained by calculating the 

centroid of the fuzzy GRL value as 64. As a result, the suggested risk management action 

would be "restrict S02 emission" according to Table 4.14. 

4.2.3 Scenario 3: under the USEPAAmbient Air Quality Guideline 

The USEPA Ambient Air quality Guideline for the annual average S02 is 80j..tg/m4
· It was 

indicated from Figure 4.14 that this guideline was "loose" (with a membership grade of 1 ). 

It was also found from Figure 4.13 that P(C<80) = F (80) = 1.0; thus the probability of 

guideline violation was PF = 1-F (80) = 0. As a result, the environment risk (ER) would be 

"Low" with a membership grade of 1.0 according to Figure 4.17 when the probability was 

0 and the guideline was "loose". 

The corresponding health risk (HR) would still be partly "medium-to-high" (with a 

membership grade of 0.8) and partly "high" (with a membership grade of 0.2). Therefore, 

we would have two combinations of the antecedents including: (a) if ER is "Low" and 

HR is "Medium-to-high" and (b) ifER is "Low" and HR is "High". 

The input and output data were analyzed in the inference process as shown in Figure 4.22. 

The fuzzy "AND" operation was applied to the rule's antecedent to determine its 

consequence according to the rule base as shown in Table 4.13. In other words, 

theminimum degree of membership grade of the two input factors (ER and HR) was 

given to the output factor (GRL). In the rule number 24, lJ.GR = Min (1, 0.8) = 0.8, and in 

rule number 25, lJ.GR = min (1.0, 0.2) = 0.2.The outputs from the inference procedure, 

173 



ER IIR GRL 
~lotR 

L M -II M -Il 

O.R 

(a) (b) 

IlK. GK.L 

~lr.t 
1.1 

0.2 

(d) (f) 

Ful .. t.y '"A I o· opcrutl\l11 ~ E ~ a ·a 
5 ~ ·o 
"i' :..-
~ 9 
~ ~' ... 

~ II 

J 
( g ) 40 110 NO 100 

Figure 4.22 Fuzzy inference and composition process under scenario 3 
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which were also the inputs for the composition process, were then two scaled down fuzzy 

GRL values. In the composition process, the fuzzy "OR" operation was applied to the two 

fuzzy GRL values. In other words, the two fuzzy GRL value were superimposed to obtain 

the final fuzzy GRL. The final GRL would be "High" with a membership grade of 0.8 

under this scenario, and the crisp final GRL value was obtained by calculating the 

centroid of the fuzzy GRL value as 64. As a result, the suggested risk management action 

would be "restrict S02 emission" according to Table 4.14. 

4.3 MORE DISCUSSIONS 

Actually, recently, the S02 from the Holyrood generation station is not violating the 

Ambient Air Quality guideline for both Canada and Newfoundland, the reason got here is 

just based on the peak value of Monte Carlo simulation results generated from the urban 

average surface roughness value which could not satisfactory describe the surface 

situation of the study area and make the results over-conservative, especially, for scenario 

one, the rule based system application is only conducted based on the desirable guideline, 

all of the remediation action decisions provided here are just representing the possible 

choice when there is more stringent guideline applied in the future. 

4.3.1 Focus on North-Atlantic Region 

For the northern regions in Canada like Labrador, the fragile ecosystems (e.g., reserves 

and parks) and remote communities are more vulnerable to environmental hazards than 

those in other regions. In the questionnaire survey, the respondents were supposed to 

show their opinion about whether or not to recommend a more stringent guideline for S02 
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in northern regions in Canada. From the 30 answers, 24 said "Yes", insisting that the risk 

should be based on the area specifics for better protecting the ecosystems and human 

being. For example, people said, "I believe all emissions guidelines should be stricter and 

more readily enforced", "It depends on the industry, for coal plants in this area, yes", .... , 

and "Most of the contamination in the north is due to southern activities so it makes sense 

to put stringent guidelines all over". Only 6 people claimed "No". They concerned much 

on the pollution source and hold that: "stringent regulations would be needed in industrial 

part of each province. Therefore, even if we have more fragile ecosystem in those areas, 

we should have more concern of the hazard sources and their main production regions"; 

"All the ecosystems are fragile wherever they are. However, the natural S02 is different 

from the industrial S02. The background concentration of S02 varies with regions. 

However the industrial S02 is toxic even in tiny levels. So the objective would be to 

eliminate the industrial so2 to protect the environment in any area". 

Based on their preference and understanding, the annual average guideline for S02 for 

northern regions in Canada, especially the fragile ecosystems and remote communities 

were further investigated in this study. Table 4.15 lists the survey results. 

It was found that 80% of the surveyed respondents indicated that the opinion of "the 

annual average S02 concentration should be approximately 30 J.Lg/m3
" is a "strict" 

guideline; 53% of the respondents selected '"'the annual average S02 concentration 

should be approximately 50 J.Lg/m3
" as a "medium" one; and 57% of the respondents 

showed "the annual average S02 concentration should be approximately 80 J.Lg/m3 or 

less" as a "loose" one. 
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The results also indicated that more stringent guideline was preferred. The membership 

functions of these three fuzzy sets can then be constructed based on the survey results 

(Figure 4.23). For example, if the ambient air quality guideline is 50J..Lg/m3, then it can be 

categorized as "medium"(with a membership grade of 1); If the guideline is 40 J..Lg/m3, 

then it can be categorized as partly "loose"(with a membership grade of 0.5) and partly 

"medium" (with a membership grade of 0.5). 
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Table 4.15 Survey on ambient air quality guideline for northern regions in Canada 

(1) Survey on Strict ambient air quality guideline 

The annual average S02 

concentration should be 

approximately: 

30)lg/m or less 

50)lg/m3 or less 

55)lg/m3 or less 

60)lg/m3 or less 

65)lg/m3 or less 

70)lg/m3 or less 

80)lg/m3 or less 

Total No. of Respondents 

No. of Respondents 

24 

4 

0 

0 

2 

0 

0 

30 

178 

Percentage (%) 

80 

13 

0 

0 

7 

0 

0 

100 



(2) Survey on Medium ambient air quality guideline 

The annual average S02 

concentration should be 

approximately: 

30J..tg/m or less 

50J..tg/m3 or less 

55J..tg/m3 or less 

60J..tg/m3 or less 

65J..tg/m3 or less 

70J..tg/m3 or less 

80J..tg/m3 or less 

Total No. of Respondents 

No. ofRespondents 

2 

16 

5 

5 

0 

30 

179 

Percentage (%) 

7 

53 

17 

17 

3 

3 

0 

100 



(3) Survey on loose ambient air quality guideline 

The annual average S02 

concentration should be 

approximately: 

30J..1.g/m or less 

50J..1.g/m3 or less 

55J..1.g/m3 or less 

60J..1.glm3 or less 

65J..1.g/m3 or less 

70J..1.g/m3 or less 

80J..1.g/m3 or less 

Total No. ofRespondents 

No. of Respondents 

0 

3 

4 

2 

3 

17 

30 

180 

Percentage (%) 

0 

10 

13 

7 

3 

10 

57 

100 
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Figure 4.23 Membership functions of ambient air quality guidelines 
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CHAPTER 5 CONCLUSIONS 

5.1 SUMMARY 

The extent of air pollution problem depends greatly on the type and amount of air 

emission, and their dispersion into the atmosphere. How to effectively evaluate the 

associated risks of violating environmental standards and health criteria has become one 

of the major challenges for environmental engineers and managers. In this study, an 

integrated risk assessment model was developed for systematic and in-depth analysis of 

environmental and human health risks associated with so2 emission from power systems. 

The proposed risk assessment system is based on the following elements: (a) Monte Carlo 

simulation for the so2 dispersion in the ambient air through a regulatory steady-state 

plume numerical modeling system , AERMOD, to account for stochastic uncertainties, 

and statistic analysis of simulation results that were expressed as cumulative distribution 

functions, (b) in-depth risk assessment based on stochastic modeling results by fuzzy set 

theory application: quantification of environmental guidelines and health impacts using 

fuzzy membership functions acquired from a questionnaire survey; quantification of risk 

levels (environmental risk, health risk and general risk) by fuzzy set operation in a 

developed fuzzy rule-based system. A brief summary of their features and application are 

given as follows: 

(1) Air dispersion modeling for so2 emiSSIOn from a thermal power station was 

conducted as a case study to demonstrate applicability of the proposed modeling system. 

One input parameter (surface roughness length) was considered to be uncertain with 
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known probability distribution. Random numbers regarding the surface roughness were 

generated to support 1,000 Monte Carlo runs. The output was statistically examined and 

formed the bases of the risk assessment on the next stage. It provided a systematic manner 

to tackle uncertainties with probabilistic uncertainties within the modeling system. 

(2) An integrated risk assessment approach was proposed in dealing with both 

uncertainties associated with terrain conditions and evaluation criteria in an ambient air 

quality management system. This development was based on the result of former Monte 

Carlo simulation for the ground concentration of S02 by the use of numerical air 

dispersion model, AERMOD. At first, S02 concentration levels obtained from the 

simulation results were examined and set as the inputs for the risk analysis, then a 

questionnaire survey was conducted for qualifying criteria and generating the 

corresponding fuzzy membership functions; finally, the risk assessment related to 

environmental, human health and general risks was conducted based on the stochastic 

simulation-based fuzzy inputs in a developed fuzzy rule-based system. The developed 

approach was applied to real-world case study in Canada. Three scenarios with 

application of different environmental quality guidelines were analyzed, and the results 

were useful for understanding environmental risk resulting from standards violation and 

human health risk due to so2 inhalation. It could directly support decision making on 

emission control by providing general risk corresponding to different control options. 

5.2 RESEARCH ACHIEVEMENTS 

As an extension of the previous studies, the proposed integrated risk assessment model is 

able to systematically quantify both probabilistic and possibilistic uncertainties associated 
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--------------- ---- ~--

with terrain conditions, environmental guidelines, and health criteria m air quality 

management systems. This study is based on the fact that due to the existence of many 

uncertain and complex factors spatially and temporally, deterministic environmental 

guidelines could be impractical and not suit to be implemented. Fuzzy membership 

functions are then employed to quantify these uncertainties and complexities. With this 

expanded evaluation dimensions, the FUSRA can more effectively elucidate relevant 

health risks. Thus, the linkage between both types of uncertainties was also effectively 

established by integrating stochastic simulation, expert involvement, and fuzzy logic 

within a general framework. 

This dissertation research presents a distinguished condition over traditional methods of 

risk assessment by direct incorporation of related physical system simulation for getting 

insight into system conditions, seamless integration of air quality modeling and risk 

analysis process for the in-depth assessment of system risk and reliability and effective 

quantification of system uncertainties using statistical, stochastic, and fuzzy logic 

techniques. Specifically, the proposed methods can advance the existing methodologies of 

risk analysis for more effectively addressing critical issues in power generation systems. 

Thus, useful decision analysis tools based on the proposed methods can be available for 

resolving obstacles before any control actions become reality. 

Generally, the integrated risk assessment model can be used by environmental engineers 

to provide insight and technical bases for supporting air quality management and 

pollution control decisions. For example, the real-world application indicates that not 

only can the probabilistic health risk level be quantified based on simulation of the 
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dispersion of air pollutants under uncertainty in the atmosphere, but also the suitability of 

using a standard in the risk analysis process is given. This further addresses the possibility 

of having a predicted probabilistic risk level for a real-world ambient air quality 

management system under various layers of complex uncertainties in a short- or 

long-term period. Additionally, scenario and post analysis based on this approach and its 

outputs may produce plenty of information and extensive interpretation of risk conditions. 

In summary, with these expanded evaluation dimensions, the integrated risk assessment 

approach can more effectively elucidate the relevant risks associated with air emissions 

under concern. Therefore, solid decision support and more confidence can be expected in 

dealing with air pollution and potential environmental and health risks. 

5.3 RECOMMENDATION FOR FUTURE RESEARCH 

(1) Due to the complex nature of air pollution problems, the data required for the case 

study is extensive. Although most data sources are relatively accurate, others are less so. 

Therefore, increasing the accuracy and certainty of the data sets through further 

investigation and verification would help to increase the quality of the generated 

forecasting and assessment results. 

(2) Technically, an integrated modeling and risk assessment system has been developed 

in this study which involves air dispersion modeling, Monte Carlo simulation and 

stochastic simulation-based fuzzy risk assessment. In this research, only one typical air 

pollutant (i.e., S02) is considered for the risk assessment. In fact, the emission from a 

power plant is usually containing many other pollutants such as NOx. These pollutants 

can be characterized as carcinogen and non-carcinogen, resulting in two types of human 
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health risk impacts (e.g. excessive lifetime cancer risk for carcinogen, and hazard index 

for non-carcinogen). Moreover, each pollutant has its own environmental guideline and 

health risk evaluation criterion. To quantify the general risk level, the environmental risks 

from guideline violation as well as the carcinogenic and non-carcinogenic health risks 

from multiple pollutants should be considered. As a result, more uncertainties would exist 

in such complex conditions. Moreover, this study only considers uncertainties in surface 

roughness (due to its significant impact on the modeling results), environmental 

guidelines and health criteria. However, more uncertain information associated with 

transport simulation input parameters such as air dispersion coefficient and need to be 

further considered in the modeling system; meanwhile, uncertainties in human-impact 

parameters (e.g., daily ingestion rate, body weight, and exposure time), may also affect 

the risk levels, and should be examined in further studies and be incorporated within the 

modeling system to further improve the forecasting and assessment. With these 

considerations, simulation of the evolution of environmental systems would be more 

accurate and then the related risks could be better characterized. 

(3) In risk assessment, it is essential to examine and explain the degree of uncertainty 

associated with the estimate. In many instances, this variability is not properly 

presented to decision makers who use the risk estimates. When risk numbers are 

reported in the public press, the uncertainty is rarely reported, much less explained. The 

methods used in each of the four stages of risk assessment have deficiencies that can 

introduce a high degree of uncertainty and thus impair the validity of the results. For 

example, the hazard identification stage is based on data for which detection, 

186 



identification, and quantification limits could introduce errors. Exposure assessments of 

future conditions depend heavily on air dispersion models, estimates of the performance 

of control options, and production of electricity as well as assumptions about the 

frequency and duration of the exposure. Each is a potential source of uncertainty. The 

toxicity assessment stage has a very high degree of uncertainty associated with the 

reference doses. Even for those chemicals where data exist, extrapolation introduces a 

large measure of uncertainty (e.g., extrapolation from animal tests to human exposures 

and particularly extrapolation to the range of a 0.0001% carcinogenesis response). Finally, 

the computation of risk is an exercise in applied probability of extremely rare events. It is 

not possible to enumerate every conceivable outcome, and credible worst-case exposure 

scenarios are used. This introduces an inherent conservatism that often results in 

assessing scenarios that will never be experienced. The above uncertainties are needed to 

be further studies in the future research. 
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APPENDIX 

I 
Part of data for the surface meteorological information from 2000 to 2006 (from environmental 

Canada) 

CRP118 - HOURLY WEATHER COHO I TIOHS 23/11/2006 11:22 A>t (C) Enui~onNent Canada 
Meteorological Service oF Canada 

•••• COHTROL OPTIOHS SELECTED .... 
Sl'lection usl!'d fo~ th~ analysis period is YEAR between 2000 and 2006 
Analysis only includes Qu~lity Control Data 
Wind direction output Forll'lat is 1 o· s of degree true 
Report does not include 'SPECIALS' 

ST JOHH'S A, HfLD Climate 10: 8403506 Lat : ... 7 .62 Long : - 52.7 .. 
Eleuation: 1JtO.S .. TC 10: YYT Station Typ~: ATI WHO ID: 71801 

YYYY- ""- DD- HH:>tH C~i1ing Uis Wind Wind Dry .... t Dew RH >tSL Station Cloud Cloud 
Direction Speed Bulb Bulb Point Pres s Press Opacity AIIMJunt Weather 

3D's .. koo 10' 5 deg k.-/hr deg c deg c d~g c '\ kP~ kPa tenths tenths (83- 1 06 
(71) (72) (156/75) (76) (78) (79) (71t) (80) (73) (77) (81) (82) 260) 

2800/01/01/ 00 30 UHL 21&.1 28 11 - 10.6 - 11.2 - 1Jrt.J4 71t 101 . 71 99.95 .. .. 
2 800/ 01/01/ 01 30 UHL 2lt.1 27 13 - 9 . .. - 10.1 - 13.5 72 101 .69 99.91 3 8 
2000/01/01/ 02 90 UHL 24 . 1 25 9 - 9.7 - 10.3 - 13 . 4 7 .. 101.77 99 . 98 .. 8 
2000/01/01/ 03 30 UHL 2".1 31 7 - 12 - 12.3 - 11l . 9 79 101 .71 99 . 95 3 5 
2800/01/01/ 0~ 30 UHL 2 ... 1 29 17 - 12 - 12.2 - 111.3 83 101 . 7 99 . 91 3 5 
2000/01/01/ 05 30 UHL 21t.1 27 9 - 10 . 5 - 10.9 - 13.3 80 101. 7 .. 99.98 .. 8 
2800/01/01/ 06 30 UHL 2 ... 1 25 13 - 9 . 2 - 9.8 - 12 . 8 75 101 . 8 100. 01 .. 8 
2000/01/81/ 07 30 160 2 ... 1 23 7 - 10 . 2 - 10 ... - 12.3 85 101.85 100. DB 6 8 
2000/01/01/ 08 30 UHL 21t . 1 2lt 9 - 10 . 6 - 10. 8 - 12.8 8 .. 101 . 88 100. 08 .. .. 
2 000/ 01/01/ 09 30 .. a 2 ... 1 22 7 - 9 . 1 -9.6 -12 79 101 . 93 100.15 7 7 sw-
2800/01/01/ 10 30 160 2 ... 1 26 11 - 7 . .. - 8 - 11 . 4 79 101 . 98 100.18 6 6 sw-
2 800/01/01/ 11 30 UHL 2 ... 1 22 11 - 5 . 6 - 6 ... - 9 77 101 . 85 100.08 1 1 
2001/01/01/ 12 30 UHL 21t.1 25 13 - 4 . 8 - 5.7 - 8.3 76 101 . 82 100. 05 3 3 
2001/01/01 / 13 30 15 2 .. . 1 27 19 - 4.6 - 5.3 - 7.5 88 101 . 82 1 OD . OS 9 9 
2 000/01/01/ ... 30 ..2 2 ... 1 28 2 .. - 5.2 - 5.8 - 7.8 82 101.86 100.08 6 6 sw-
2000/01/01/ 15 30 UHL 24.1 28 28 - 5 . 7 - 6.4 - 8.9 78 101 . 91 100 . 15 2 2 
2 000/01/01/ 16 30 UHL 2 ... 1 28 28 - 6 . 1 - 6 . 9 - 9.7 76 101 . 9 5 100 . 18 1 1 
2 800/01/01/ 17 30 UHL 2 ... 1 29 28 - 6.5 - 7 -~ - 10.4 7 .. 102.08 100.28 2 2 
2000/01/01/ 18 30 UHL 24 . 1 26 7 - 6 . 9 - 7.7 - 10.8 7 .. 102.2 100.41 1 
2800/01/01/ 19 30 UHL 24 . 1 28 19 - 7 . 8 - 8 . 8 - 12 . 6 68 102 . 2 .. 100 . -45 1 1 
2800/01/01/ 20 30 UHL 24 . 1 32 9 - 8.1 - 8 . 8 - 11 .6 76 102.25 100.lt5 2 8 
2800/01/01/ 21 30 130 2-4 . 1 27 9 - 8.6 - 9 . 2 - 12 76 102 . 33 100.55 8 8 
2 000/ 01/ 01/ 22 30 UHL 24 . 1 28 26 - 7.1 - 7 . 8 - 10.6 76 102 . 34 100 . 55 .. 8 
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II 

Part of data for upper air meteorological information from 2000 to 2006 
(from Environmental Canada) 

254 0 JAB 1994 
14531 11801 41.61Jf 52.75"1' 140 2325 

2 100 213 273 51 32767 3 

3 YTJ 10 as 

9 987 140 - 51 - 87 290 133 

4 1000 37 32767 32767 32767 32767 

5 976 227 - 59 - 119 32767 32767 

6 966 304 32767 32767 290 185 

5 950 437 - 19 - 105 32767 32767 

6 929 609 32767 32767 285 205 

4 925 645 - 91 - 112 295 200 

5 902 838 - 115 - 120 32767 32767 

6 893 914 32767 32767 300 190 

5 868 1132 -111 - 123 32767 32767 

6 858 1219 32767 32767 300 180 

4 850 1293 - 129 - 136 300 185 

6 824 1524 32767 32767 300 175 

5 805 1705 -161 -170 32767 32767 

5 796 1789 - 155 - 201 32767 32767 

6 792 1828 32767 32767 300 115 

6 760 2133 32767 32767 295 169 

5 146 2276 - 179 -269 32767 32767 

6 130 2438 32767 32767 285 195 

5 116 2581 - 209 - 289 32767 32767 

6 701 2743 32767 32767 290 205 

4 700 2752 -205 - 295 290 205 

5 685 2912 - 201 - 311 32767 32767 

6 619 3657 32767 32767 290 241 

6 569 4267 32767 32767 290 267 

5 548 4542 -271 -411 32767 32767 

6 523 4876 32767 32767 295 293 

4 500 5190 - 307 - 427 290 JOB 
6 439 6096 32767 32767 290 339 

5 420 6409 -379 - 419 32767 32767 

4 400 6750 - 403 - 503 285 365 
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Please provide the following profile information: 

Prefix: 

Education: 

Age range: 

Company/Institution: 

Residence: 

Mr. 
Ms. 

Post-graduate 
Undergraduate 
Others 

<30 (young adults) 
30-60 (adults) 
>60 (senior) 

Industry 
Government 
Research organization 
Non-governmental organization 
Others 

Newfoundland 
Labrador 
Other provinces in Canada 
Other countries 
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1 Survey on Ambient Air Quality Guideline for Sulfur Dioxide (S02) 

Note: The ambient air quality standards for S02 are different among countries, states 
and provinces. For example, only considering the annual average guideline, Canadian 
National Ambient Air Quality Objectives for S02 is 30- 60 J.Lg/m3

; US EPA has 
established the National Ambient Air Quality Standard (NAAQS) of 80J.Lg/m3

; WHO Air 
Quality Guidelines for Europe is 50 J.Lg/m3

; National Standards for Criteria Air Pollutants 
in Australia is 57 J.Lg/m3

; Air quality standards for the SILAQ countries: 50 J.Lg/m3 in 
Bulgaria, 60 J.Lg/m3 in Czech Rep./Slovakia, 32 J.Lg/m3 in Poland, and 60 J.Lg/m3 in 
Romania. This part is to survey your preferred range of guideline levels that can be 
defined as strict, medium and loose. (Only the annual average standards for S02 are 
discussed here) 

Based on your preference and understanding, please answer the following questions: 

(1) For a strict ambient air quality guideline, which of the following S02 concentrations 
would you like to choose?(Please choose one) 
(a) approximately 30J.Lg/m3 or less 
(b) approximately 50J.Lg/m3 or less 
(c) approximately 55J.Lg/m3 or less 
(d) approximately 60J.Lg/m3 or less 
(e) approximately 65 J.lg/m3 or less 
(f) approximately 70J.Lg/m3 or less 
(g) approximately 80J.Lg/m3 or less 

(2) For a medium ambient air quality guideline, which of the following S02 
concentrations would you like to choose? (Please choose one) 
(a) approximately 30J.Lg/m3 or less 
(b) approximately 50J.Lg/m3 or less 
(c) approximately 55J.Lg/m3 or less 
(d) approximately 60J.Lg/m3 or less 
(e) approximately 65J.Lg/m3 or less 
(f) approximately 70J.Lg/m3 or less 
(g) approximately 80J.Lg/m3 or less 

(3) For a loose ambient air quality guideline, which of the following S02 concentrations 
would you like to choose?(Please choose one) 
(a) approximately 30J.Lg/m3 or less 
(b) approximately 50J.Lg/m3 or less 
(c) approximately 55J.Lg/m3 or less 
(d) approximately 60J.Lg/m3 or less 
(e) approximately 65J.Lg/m3 or less 
(f) approximately 70J.Lg/m3 or less 
(g) approximately 80J.Lg/m3 or less 
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2 Survey on Environmental Risk 

Note: The approach of environmental risk assessment is to compare contaminant 
concentration with the corresponding ambient air quality standards. The environmental 
risk due to violation of the environmental guideline can be categorized into "low", 
"low-to-medium", "medium", "medium-to-high", and "high" by associating them 
with different magnitudes of probability of guideline violation. 

Environmental Risk under the strict Ambient Air Quality Guideline 

Note: This part is to survey the environmental risk level under the strict ambient air 
quality guidelines. Based on your preference and understanding, please answer the 
following questions: 

(4) To have a low environmental risk level, which probability of guideline violation 
would you think is suitable under the strict guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

(5) To have a low-to-medium environmental risk level, which probability of guideline 
violation would you think is suitable under the strict guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

(6) To have a medium environmental risk level, which probability of guideline violation 
would you think is suitable under the strict guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
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(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

(7) To have a medium-to-high environmental risk level, which probability of guideline 
violation would you think is suitable under the strict guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

(8) To have a high environmental risk level, which probability of guideline violation 
would you think is suitable under the strict guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

Environmental Risk under the Medium Ambient Air Quality Guideline 

Note: This part is to survey the environmental risk level under the medium ambient air 
quality guidelines. Based on your preference and understanding, please answer the 
following questions: 

(9) To have a low environmental risk level, which probability of guideline violation 
would you think is suitable under the medium guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
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(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

( 1 0) To have a low-to-medium environmental risk level, which probability of guideline 
violation would you think is suitable under the medium guideline? (Please choose 
one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

(ll)To have a medium environmental risk level, which probability of guideline violation 
would you think is suitable under the medium guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

(12)To have a medium-to-high environmental risk level, which probability of guideline 
violation would you think is suitable under the medium guideline? (Please choose 
one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
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(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

(13)To have a high environmental risk level, which probability of guideline violation 
would you think is suitable under the medium guideline? (Please choose one) 

(a) Approximately I 0% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

Environmental Risk under the Loose Ambient Air Quality Guideline 

Note: This part is to survey the environmental risk level under the loose ambient air 
quality guidelines. Based on your preference and understanding, please answer the 
following questions: 

(14)To have a low environmental risk level, which probability of guideline violation 
would you think is suitable under the loose guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

(15)To have a low-to-medium environmental risk level, which probability of guideline 
violation would you think is suitable under the loose guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
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(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

(16) To have a medium environmental risk level, which probability of guideline violation 
would you think is suitable under the loose guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

(17)To have a medium-to-high environmental risk level, which probability of guideline 
violation would you think is suitable under the loose guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 

( 18) To have a high environmental risk level, which probability of guideline violation 
would you think is suitable under the loose guideline? (Please choose one) 

(a) Approximately 10% or less [ ] 
(b) Approximately 20% or less [ ] 
(c) Approximately 30% or less [ ] 
(d) Approximately 40% or less [ ] 
(e) Approximately 50% or less [ ] 
(f) Approximately 60% or less [ ] 
(g) Approximately 70% or less [ ] 
(h) Approximately 80% or less [ ] 
(i) Approximately 90% or less [ ] 
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3 Survey on Health Risk 

Note: The approach of health risk assessment for non-carcinogenic contaminants like 
802 is to compare the contaminant concentration level with the corresponding reference 
concentration. The toxicological data used to calculate reference concentration usually 
come from laboratory studies on animals. California Air Pollution Control Officers 
Association suggests 660 Jlg/m3 for the RfC of S02. Here, the health risk level is 
categorized into "low", "low-to-medium", "medium", "medium-to-high", and "high" 
by associating them with different magnitudes of toxicity score (the ratio of contaminant 
concentration to the reference concentration). The ratio is set to vary from 0.045 
(corresponding to the Canadian Guideline) to 0.12 (approximately corresponding to the 
USEPA Guideline). Based on your preference and understanding, please answer the 
following questions: 

( 19) To have a low health risk level, which ratio of contaminant concentration to the 
reference concentration would you think is suitable? (Please choose one) 

(a) approximately 0.045 or less 
(b) approximately 0.054 or less 
(c) approximately 0.062 or less 
(d) approximately 0.070 or less 
(e) approximately 0.078 or less 
(f) approximately 0.086 or less 
(g) approximately 0.094 or less 
(h) approximately 0.100 or less 
(i) approximately 0.12 or less 

(20)To have a low-to-medium health risk level, which the ratio of contaminant 
concentration to the reference concentration would you think is suitable? (Please 
choose one) 

(a) approximately 0.045 or less 
(b) approximately 0.054 or less 
(c) approximately 0.062 or less 
(d) approximately 0.070 or less 
(e) approximately 0.078 or less 
(f) approximately 0.086 or less 
(g) approximately 0.094 or less 
(h) approximately 0.100 or less 
(i) approximately 0.12 or less 

(21) To have a medium health risk level, which ratio of contaminant concentration to the 
reference concentration would you think is suitable? (Please choose one) 

(a) approximately 0.045 or less 
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(b) approximately 0.054 or less 
(c) approximately 0.062 or less 
(d) approximately 0.070 or less 
(e) approximately 0.078 or less 
(f) approximately 0.086 or less 
(g) approximately 0.094 or less 
(h) approximately 0.100 or less 
(i) approximately 0.12 or less 

(22)To have a medium-to-high health risk level, which ratio of contaminant 
concentration to the reference concentration would you think is suitable? (Please 
choose one) 

(a) approximately 0.045 or less 
(b) approximately 0.054 or less 
(c) approximately 0.062 or less 
(d) approximately 0.070 or less 
(e) approximately 0.078 or less 
(f) approximately 0.086 or less 
(g) approximately 0.094 or less 
(h) approximately 0.100 or less 
(i) approximately 0.12 or less 

(23)To have a high health risk level, which ratio of contaminant concentration to the 
reference concentration would you think is suitable? (Please choose one) 

(a) approximately 0.045 or less 
(b) approximately 0.054 or less 
(c) approximately 0.062 or less 
(d) approximately 0.070 or less 
(e) approximately 0.078 or less 
(f) approximately 0.086 or less 
(g) approximately 0.094 or less 
(h) approximately 0.100 or less 
(i) approximately 0.12 or less 

4 Survey on the General Risk Level 

Note: The related risk characterization can be conducted through 
environmental-quality-standard-based risk assessment and health risk assessment. In this 
study, the environmental risk is defined as the risk introduced from the violation of 
environmental guidelines or regulations, and the health risk as the risk of health impact 
due to chronic intake of the contaminant. The general risk level can be derived from an 
integrated consideration of environmental and health risks. The risk levels are categorized 
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into: low, low-to-medium, medium, medium-to-high, high, and very high. Based on 
your preference and understanding, please answer the following questions: 

(24)1fboth environmental and the health risk levels are low, what will be the general risk 
level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(25)1f the environmental risk is low and the health risk is low-to-medium, what will be 
the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(26)If the environmental risk is low and the health risk is medium, what will be the 
general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(27) If the environmental risk is low and the health risk is medium-to-high, what will be 
the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(28)1f the environmental risk is low and the health risk is high, what will be the general 
risk level? (please choose one) 
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(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(29)1f the environmental risk is low-to-medium and the health risk is low, what will be 
the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(30) If the environmental risk is low-to-medium and the health risk is low-to-medium, 
what will be the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(31) If the environmental risk is low-to-medium and the health risk is medium, what will 
be the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(32)1f the environmental risk is low-to-medium and the health risk is medium-to-high, 
what will be the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
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(f)) very high 

(33)If the environmental risk is low-to-medium and the health risk is high, what will be 
the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(34)If the environmental risk is medium and the health risk is low, what will be the 
general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(35) If the environmental risk is medium and the health risk is low-to-medium, what 
will be the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(36) If the environmental risk is medium and the health risk is medium, what will be the 
general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(3 7) If the environmental risk is medium and the health risk is medium-to-high, what 
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will be the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(38)If the environmental risk is medium and the health risk is high, what will be the 
general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(39)If the environmental risk is medium-to-high and the health risk is low, what will be 
the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

( 40) If the environmental risk is medium-to-high and the health risk is low-to-medium, 
what will be the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

( 41) If the environmental risk is medium-to-high and the health risk is medium, what 
will be the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
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(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(42)1fthe environmental risk is medium-to-high and the health risk is medium-to-high, 
what will be the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(43)1fthe environmental risk is medium-to-high and the health risk is high, what will be 
the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(44)1fthe environmental risk is high and the health risk is low, what will be the general 
risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

( 45) If the environmental risk is high and the health risk is low-to-medium, what will be 
the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 
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( 46) If the environmental risk is high and the health risk is medium, what will be the 
general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

(47)Ifthe environmental risk is high and the health risk is medium-to-high, what will be 
the general risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

( 48) If the environmental risk is high and the health risk is high, what will be the general 
risk level? (please choose one) 

(a) low [ ] 
(b) low-to-medium [ ] 
(c) medium [ ] 
(d) medium-to-high [ ] 
(e) high [ ] 
(f)) very high [ ] 

s More discussions 

(1) For the northern regions in Canada like Labrador, the fragile ecosystems (e.g., 
reserves and parks) and remote communities are more vulnerable to environmental 
hazards than those in other regions. Would you recommend a more stringent guideline for 
S02 in northern regions in Canada like Labrador? 
Yes [ ] 
No [ ] 
We appreciate your additional comments: ______________ _ 
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(2) For a strict ambient air quality guideline, which of the following S02 concentrations 
would you like to choose?(Please choose one) 
(a) approximately 30)lg/m3 or less 
(b) approximately 50)lg/m3 or less 
(c) approximately 55)lg/m3 or less 
(d) approximately 60)lg/m3 or less 
(e) approximately 65)lg/m3 or less 
(f) approximately 70)lg/m3 or less 
(g) approximately 80)lg/m3 or less 

(3) For a medium ambient air quality guideline, which of the following S02 
concentrations would you like to choose? (Please choose one) 
(a) approximately 30)lg/m3 or less 
(b) approximately 50)lg/m3 or less 
(c) approximately 55)lg/m3 or less 
(d) approximately 60)lg/m3 or less 
(e) approximately 65)lg/m3 or less 
(f) approximately 70)lg/m3 or less 
(g) approximately 80)lg/m3 or less 

( 4) For a loose ambient air quality guideline, which of the following S02 concentrations 
would you like to choose?(Please choose one) 
(a) approximately 30)lg/m3 or less 
(b) approximately 50)lg/m3 or less 
(c) approximately 55)lg/m3 or less 
(d) approximately 60)lg/m3 or less 
(e) approximately 65)lg/m3 or less 
(f) approximately 70)lg/m3 or less 
(g) approximately 80)lg/m3 or less 

215 








