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(ABSTRACT) 

In this study, integrated pollution control (IPC) 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. It does this by simultaneously taking into account all 

pollutant discharges, all available control options, the transport of all pollutants in the environment 

following discharge, and the resulting risk to human health and environment. 

The purpose of this study is to determine whether it is technically feasible to implement the IPC 

approach. IPC is considered technically feasible if a methodology capable of selecting a pollution 

control strategy under an IPC framework can be developed and if the methodology is reliable - i.e., 

the assumptions underlying the model are valid, and adequate data are available. 

A typical IPC methodology involves identifying pollutant sources and pollution control options, 

tracing the pollutants through the environment, determining risks to human health and the envi·-

ronment resulting from the ambient pollutant concentrations, and identifying the most cost-

effective pollution control alternative. In this study, three submodels - pollution control and cost, 

pollution transport, and risk assessment - are used to provide information for the first three steps 

of the IPC methodology. An IPC model which integrates information provided by the three sub-

models and selects the most cost-effective control strategy from a given set of pollution control al-

ternatives is developed. The model is applied to a case-study which involves a hypothetical 

coal-fired power plant situated in a realistic physical setting. 



Rather than identifying the most cost-effective solution for the case-study, the purpose here is to 

demonstrate what is involved in the implementation of the IPC approach through a simplified ex-

ample. Specifically, the study systematically documents the limitations of the approach, which re-

sult from the unavailability of data, the inadequacy of modeling techniques, and difficulty in dealing 

with value based issues. The author's sense of the likelihood that these limitations can be overcome 

is presented. The study resulted in some general observations which reflect on the applicability of 

IPC to pollution control. For instance, the observation is made that to increase the reliability of 

the IPC model, the pollution transport and risk assessment models need significant development, 

with particularly extensive efforts required in the risk assessment area in terms of both data devel-

opment and modeling. 

The study concludes that, at the present time, development of IPC is not at a point where it can 

be implemented with confidence. However, the author contends that despite its limitations, and 

irrespective of whether or not IPC can ever be implemented, the approach can be used as a valuable 

tool for analyzing environmental systems in that it reveals issues that might be lost if the system is 

analyzed component by component. 
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1.0 INTRODUCTION 

1.1 Background 

The 1970s saw the passage of a number of significant environmental control laws at the federal level. 

The Clean Air Act Amendments of 1970 and the Federal Water Pollution Control Act Amend-

ments of 1972 were passed largely in response to the problems of deteriorating air and water quality 

in urban America (largely by-products of rapid industrial and urban growth in the fifties and sixties). 

The Resource Conservation and Recovery Act of 1976 was passed to deal with the ever increasing 

generation of solid and hazardous wastes, the result of both continuing technological advancement 

(new methods of manufacturing, packaging, and marketing of consumer products), and the 

enforcement of air and water pollution controls (producing sludge and other residuals). 

The provisions of these and other similar laws exemplify the traditional approach to pollution 

control, addressing pollution problems as and when they arise, on a medium-by-medium basis (i.e., 

first air, then water, then land). This incremental and fragmented approach is redundant in efforts, 

is expensive, and considers only a part of the problem at a time. 
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Underlying the traditional medium-by-medium approach are two important assumptions, namely 

( 1) that pollutants released into the environment in compliance with the standards set for each 

medium are "safe .. for humans and the environment, and (2) that pollutants remain in the same 

medium into which they are discharged (Conservation Foundation, 1984). To examine the effec-

tiveness of the traditional approach in providing environmental protection, elaboration on both of 

the above assumptions is desirable. 

In the first assumption, if 'safe' means 'zero-risk' and if the aim is to achieve safety at any cost, then 

the traditional approach probably is a convenient method for addressing environmental pollution. 

However, in view of the importance of economic factors, "the impracticality of aiming toward 

zero-risk" is increasingly recognized by the regulatory authorities involved in pollution-induced risk 

assessment (Anderson, 1983). Specifically, no risk to human health from carcinogens1 would imply 

no discharge of carcinogens into the environment. However, current environmental regulations do 

permit the discharge of carcinogens into the environment. Hence, under the regulations specified 

by the traditionaI pollution control approach, some pollutants do contribute to both environmental 

and human health risk. 

The second assumption that pollutants remain in the environmental medium into which they are 

discharged is not valid either. Pollutants do move across environmental media while travelling 

through the environment. By addressing the pollution problem in each medium separately, the 

'single-medium' approach addresses the problems of intermedia interactions only as and when they 

arise. The current concerns about acid rain and ground water contamination are two examples of 

this process. 

Under the traditional approach, end-pipe treatments are often imposed with little or no attention 

paid to the fact that, in modifying the chemical and/or physical characteristics of pollutants, they 

necessitate the discharge of these pollutants into different media. In order to comply with the 

I According to the current understanding of carcinogenesis, a carcinogen can induce cancer-risk at the 
lowest possible dose. 
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standards set for these other media, additional controls have to be installed. This incremental or 

stepwise method of controlling pollution can be inefficient and expensive. 

Distinguished from the incremental and fragmented nature of the traditional approach, integrated 

pollution control (IPC) in this study is viewed as an approach which seeks the most cost-effective 

way of reducing the overall risk to human health and environment from all pollutants in all envi-

ronmental media. It does this by simultaneously taking into account all pollutant discharges, all 

available control options, the transport and fate of all pollutants in the environment following dis-

charge, and the resulting risk to human health and environment. IPC specifically recognizes pol-

lution transfers across environmental media during pollution transportation as well as in end-pipe 

treatments. It also considers the differences in effects of a pollutant on a receptor resulting from the 

different exposure pathways and the degree of modification that the pollutant undergoes during its 

passage through the environment. 

By adopting a comprehensive view of the environment, IPC can take advantage of the interactions 

to permit trade-offs (for a given level of risk to the receptor) involving pollutants released into the 

same medium as well as into different media. The flexibility gained by allowing the trade-offs per-

mits a greater use of controls having relatively low marginal control costs. In other words, those 

pollutant discharges for which marginal control costs are high can be controlled less in comparison 

to pollutant discharges involving low marginal control costs. Thus, the overall cost of achieving the 

same level of risk reduction as is possible under the traditional approach can be reduced. In the 

worst situation, IPC will recommend the same controls which are specified by the traditional ap-

proach. 

The above discussion on the 'single-medium' and IPC pollution control approaches suggests that, 

in principle, IPC is superior to the traditional approach for the following two reasons. ( 1) By taking 

a comprehensive view of the system and simultaneously considering the risk due to all pollutants 

to which a receptor is likely to be exposed, IPC should reflect more closely the overall risk. (2) The 
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control strategies selected under an IPC framework should be more cost-effective, or at least as 

cost-effective, as those selected using a 'single-medium' approach. 

1.2 Research Focus 

Having made the assertion that IPC is superior to the traditional approach, the interest of this study 

is in determining whether, with our present understanding of environmental pollution and the 

pollution-induced risk, IPC can be implemented. In order to determine its applicability to pollution 

control, both the technical and the institutional feasibility of IPC must be examined. This study 

focuses on examining the technical feasibility of IPC. 

IPC may be considered technically feasible ( 1) if we have a methodology to select pollution control 

options in an IPC framework, and (2) if, in view of uncertainty in data and the inadequacy of var-

ious techniques comprising the IPC methodology, the methodology provides reliable results, i.e., 

results in which one might have sufficient confidence to use them in implementing controls. 

The IPC methodology or model used for this study is assembled from various existing techniques 

or models used for different purposes in the implementation of traditional pollution controls. The 

concern about the reliability of the IPC model results arises because of (I) the potential weaknesses 

of individual models constituting the IPC model, and (2) likely problems in coupling the compo-

nent models in the IPC framework. The best method of determining whether a methodology is 

reliable or not is to validate it by comparing its predictions with observed data. However, because 

of the nature of the problem2 and the time scale involved, complete validation of an IPC model is 

impractical. Hence, in this study, the reliability of the IPC methodology is assessed by examining 

2 For example, to validate the component model which estimates the incidences of human health impacts 
due to pollutant exposures, the population dynamics of a region would have to be controlted, which is 
impractical. 
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available evidence regarding the likely validity of the available data, the assumptions underlying the 

component models, and the assumptions made in coupling the component models. 

1.3 Literature Revie1v 

The potential effectiveness of the 'integrated' or 'multi-media' pollution control approach was re-

alized at least as early as 1970, when the Environmental Protection Agency (EPA) was established 

to bring most of the federal environmental programs under a single administration (Council on 

Environmental Quality, 1970). However, separate offices were established within the EPA to ad-

dress the pollution control problems of each medium. The reluctance to experiment with the novel 

concept of integrated pollution control in the early 70s could have been due to (I) pressing envi-

ronmental problems and the potential for more rapidly achieving a cleaner environment by using 

the already tried-out and established 'single-medium' control approach, and (2) difficulty in devel-

oping the 'integrated' approach, because of the non-availability of the appropriate data and models. 

However, recently the concept of 'integrated' pollution control has again surfaced and is being 

studied for its implications for pollution control policies, both in and outside the USA (Russell, 

1986; U.S. EPA, 19842 ). 

EPA's approach to IPC, which is similar to that used in this dissertation, uses risk as an nintegration 

device"' for pollution control decisions (Russell, 1986). Very few studies which use the EPA per-

spective of IPC have been identified. However, the literature does contain other studies which are 

described as IPC or "multi-media"' related. These concentrate on developing pollution controls 

which simultaneously reduce pollution discharges into all environmental media or on identifying a 

least cost alternative from a number of process or pollution control options which meet some pol-
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lution control requirements (not necessarily risk reduction). Various studies dealing with the dif-

ferent perspectives of 'multi-media' or integrated pollution control concept are reviewed below. 

The need for integrated pollution control is emphasized in a number of studies (Spofford, 1973, 

1976; Russell, 1976; Russell, 1986; Kneese, 1979; Ryan, 1982; Preston, 1984; Carr, 1986). Basically 

all these studies draw attention to the fact that the economic efficiency of pollution controls can 

be increased by integrating hitherto compartmentalized pollution control system which employs 

separate controls for individual pollutants and/or process streams. These studies recognize that the 

controlling of one waste stream can potentially generate other waste streams which eventually must 

be controlled to meet the environmental protection standards. Bower (1971) and Russell (1973, 

1976) applied material balance models to pulp and paper, steel, and petroleum refining industries, 

respectively, and studied the effects of various control strategies on residuals generation so that the 

minimum cost strategy which would satisfy various process and environmental protection con· 

straints could be identified. 

Kneese and Bower's (1979) study indicates the existence of linkages among the residuals of an 

economic activity and various environmental media. In the application of the Regional Environ-

mental Quality Management (REQM) model to the Lower Delaware valley region, one of their 

findings is that the marginal costs of achieving increasingly stringent constraints for residuals in one 

environmental medium depend on constraint levels in other media. Kneese and Bower's contention 

is that, were there no linkages, the marginal control cost of meeting more stringent constraints in 

one medium would be independent of constraint levels in other media. 

The above studies are comprehensive and involve identifying all factors which influence residuals 

generation, establishing quantitative relationships between these factors and amounts of residuals 

generated, and determining "the range of options available in a given industry to respond to in-

creasingly stringent constraints placed on the discharge of residuals to the environment" (Kneese, 

1979). These studies concentrate on achieving economic efficiency from the viewpoint of both re-

source utilization and making use of the assimilative capacity of the environment to meet the con-
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straints set for residuals or pollutants. Thus this perspective, while showing regard for 

environmental protection, mainly aims at efficient resource allocation and leaves the responsibility 

of the environmental goal setting to agencies like the EPA. 

Carr ( 1986) sheds light on integrated pollution control research activities at the Electric Power Re-

search Institute (EPRI). The focus of this research is to develop economically efficient integrated 

pollution controls as substitutes for various incremental pollution control systems which have re-

sulted from " the uneven evolution and coordination of environmental control legislation and reg-

ulation during the past two decades."' Such designs which coordinate the control of S02, N011 , 

particulates, and solid and liquid wastes are being developed, with a view to both Hanticipatedn and 

existing regulations (Carr, 1986). 

Whereas the above studies focus on achieving specified environmental protection standards at a 

minimum cost, the Battelle Columbus Lab approach focuses on determining those pollution con-

trol strategies which would achieve maximum possible environmental protection by using the 

available pollution control technologies (Reiquam, 1974). In the Battelle Columbus Lab study, the 

environmental protection goal is specified in terms of the ~duction of the pollution-induced risk 

to receptors. The methodology comprises identifying all pollution control options for an 

industry/pollution-producing activity and.determining the 'Strategy Effective Index' (SEI) for each 

control option. The SEI is a measure of the effectiveness of a control strategy in reducing the risk 

of adverse environmental effects that would result if no controls were applied. It is expressed as the 

difference in the 'Environmental Degradation Index' (EDI) with and without the control. 

S.E.10 = E.D.10 - E.D.I., 

where a represents the a1h control, and u the no control case. 

The EDI is computed by the following equation: 

INTRODUCTION 7 



where: 

a = ath control strategy; 

p = 1...n, represents the n pollutants ; 

M, = modifier for each pollutant determined objectively on the basis of the dispersal range, 

persistence, and transferability of the pollutant; 

dp,11 = damage function; 

W, = weight for each pollutant. 

In the Battelle Columbus study, a two level Delphi technique is used to determine the weights for 

comparing (1) the impacts of different pollutants within the same medium, and (2) the impacts of 

pollutants in different media (irrespective of the nature of the pollutants present in each one). 

Lowe, Lewis, and Matkin ( 1982) consider the Battelle Columbus method to be a potential ap-

proach for effective pollution control, but they are not satisfied with a few aspects of the method-

ology. They claim that the inclusion of an objectively determined modifying factor representing 

dispersal range, persistence, and transferability may result in double counting since the expert eval-

uating the impacts is likely to consider these factors too. They also criticize the assumption of an 

'S' shaped damage function used in the Battelle Columbus study, according to which the damage 

due to the maximum amount of a pollutant discharged by any one of the plants of an industry is 

one unit. Lowe et al. argue that "the maximum level of sulfur dioxide emitted by a power station 
I 

would be much higher than the maximum emission level from, say, a steel works, and the damage 

function at the two levels would presumably be very different." They developed a new method· of 

constructing a damage function for each pollutant on the basis of the response from an expert panel, 

who were asked to compare damages of different levels of the same pollutant and damages due to 

the same level of different pollutants. One more modification in these authors' method is to use a 

single weighting system to compare the impacts instead of using the two level weights -- one 

weighting the damage potential resulting from discharging pollutants into different media, and an-

other representing the inherent damage potential of a pollutant. Their contention is that the influ-
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ence of media in determining pollutant impacts is not independent of pollutant characteristics and, 

therefore, the same set of media weights are not valid for all the pollutants discharged into the same 

medium. 

Whereas Lowe et al's methodology explicitly incorporates expert opinion, the EPA's methodologies 

seek to be predominantly objective. The EPA is studying the applicability of the 'multi-media' 

concept to pollution control from three perspectives - industry, geographic, and pollutant-by-

pollutant (Bracken, 1981). Basically, all three approaches determine pollutant discharges, trace their 

pathways and fate in the environment, compute exposures to certain populations, and estimate the 

resulting risk. However, as indicated by the names, each one has a different domain. 

In the industry approach, an attempt is made to rank the pollution control options on the basis 

of the "cost per unit of health or environmental damage avoided" (Gruber, 1984). One purpose is 

to identify those control technologies which are least cost-effective in reducing the pollution-

induced risk so that they (the technologies) might be suspended from the pollution control pro-

gram. One potential advantage of this approach is that the findings could be used in formulating 

regulations without requiring any major changes in the legislative framework. The high ranking 

technologies could be recommended for use under the existing regulatory provision of technology-

based standards. 

The EPA's geographic approach concentrales on determining a cost-effective pollution control 

strategy for each important geographic region (Currie, 1984). The approach is based on the premise 

that since "each area of the country has unique industrial and environmental characteristics, the 

most effective way to treat them is likely to be on a case-by-case basis." This approach aims at 

identifying the regions with more pressing environmental problems and allocating resources for 

controlling or solving these problems, developing the strategy in co-ordination with the local, state, 

and federal governments, and providing decision makers with a number of control strategies and 

scenarios. Thus, this approach has a potential for co-ordinating regional planning and pollution 

control activities and is more comprehensive than the industry approach. 
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The geographic approach is applied to three regions, the Philadelphia and Baltimore metropolitan 

areas, and Santa Clara Valley, California. In addition to addressing the environmental problems 

of these regions, the objective of these studies is also to obtain a better understanding of the IPC 

approach (U. S. EPA, undated; U. S. EPA, 19841). As pointed out by Currie (1984) the disad-

vantages of this approach include the expenses involved in case-by-case studies of the regions, and 

doubts about the validity of the approach in view of the uncertain and crude data used in devel-

oping the control strategies. Whereas the latter issue has been addressed by applying sensitivity 

analysis, in view of the major expenses involved, the approach has been advocated only for regions 

which have the most pressing environmental problems. 

The pollutant-by-pollutant approach attempts to evaluate the impacts of a particular pollutant on 

environmental receptors. The approach considers inter-media transfers of the pollutant under con-

sideration. Depending on the severity of the impacts, this approach could be used in making deci-

sions such as whether a chemical or some specific pollutant producing activity should be banned, 

curtailed, or replaced. However, the approach is not intended by itself to evolve a cost-effective 

control strategy. 

The following text summarizes the various studies discussed in this section and also restates the 

purpose of this study. 

Russell, Kneese, and others recognize the linkages between the residuals of an economic activity 

and various environmental media. These studies suggest taking advantage of these linkages for effi-

cient resource allocation within the existing environmental protection framework. However, the 

existing medium-by-medium based standards (which represent the current environmental pro-

tection goals) restrict the domain of resource allocation options. 

The Battelle Columbus Lab. study presents a methodology for selecting a cost-effective control 

strategy for pollution producing activity. The selection is based on the 'strategy-effective-index' 
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which indicates the potential of the control strategy to reduce risk. Some flaws in computing the 

SEis are pointed out by Lowe et al. 

Lowe et al. suggest some modifications to the Battelle Columbus Lab. methodology. Their meth-

odology is mainly based on expert judgment with little or no scope for explicit objective analysis. 

In contrast to Lowe et al's. approach, the EPA approach seeks to be predominantly objective. This 

approach also differs from Kneese and Bowers' approach in the sense that, instead of using 

medium-based standards, the pollution-induced risk is used as the indicator of the environmental 

quality. The relaxation of medium based standards expands the domain of control strategies, 

thereby increasing the possibility of selecting a more cost-effective control strategy. 

The present study is close to the EPA approach. As in the EPA approach, the effectiveness of a 

control strategy is measured in terms of its risk reduction capacity. However, instead of determining 

an IPC based solution to an environmental problem, this study addresses the more fundamental 

question of whether or not there exists enough information to use IPC with a reasonable degree 

of confidence. The purpose here is not to determine which of the two (the traditional or IPC ap-

proach) should be used for pollution controP , but to identify those areas (if any) which need to 

be strengthened to make the IPC approach technically feasible. More specifically, the purpose of 

this study is to 

• assemble an IPC model or methodology from the currently available models or techniques, 

• identify and document weaknesses that become apparent when one tries to implement the IPC 

methodology, and 

• assess the significance of these weaknesses on the basis of ( 1) ,how seriously they affect the 

implementation of IPC, and (2) the likelihood of their being overcome. 

3 This work does not study the institutional feasibility of the I PC approach. In the absence of such study, 
it is unrealistic to determine which of the two approaches is better. 
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1.4 Outline of the Methodology 

In order to examine the technical feasibility of IPC, the study focuses on (1) developing a meth-

odology for selecting a pollution control strategy under IPC framework, and (2) examining the re-

liability of the methodology in selecting the most cost-effective control strategy. A typical IPC 

methodology involves the following four steps: 

1. Identification of all waste streams or pollution sources for the geographic region or an industry 

under study; estimation of pollution loads, the costs of various pollution control options, and 

modifications in the pollution loads resulting from the application of controls. 

2. Use of pollution transport models to compute the concentrations of pollutants in the air and 

water to which the human population is likely to be exposed. 

3. Determination of the risk to receptors resulting from their exposure to ambient pollutant 

concentrations. (A risk index is used to combine different types of risks induced under a control 

strategy. This is necessary to compare the effectiveness of different strategies). 

4. Selection of least expensive control options which will achieve the same risk reduction as is 

possible under the traditional approach.4 

In this study, three submodels are developed to supply information to carry out the first three steps. 

The results of these submodels are used as inputs to the main model which integrates this inf or-

mation to determine the most cost-effective control strategy. The structure of the model and its 

computer implementation are discussed in detail in the next chapter. 

4 It is assumed that a risk less than or equal to that of the traditional pollution control is 'acceptable'. 
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As mentioned earlier, concern about the reliability of the IPC model or methodology arises because 

of the uncertainty in input data and the inadequacy of the component models in representing vari-

ous environmental phenomena. The latter results in uncertainty in the component model outputs. 

Uncertainty bands are introduced for various input parameters of the IPC model, giving rise to 

uncertainty in the risk index associated with each control strategy. In comparing the cost-

effectiveness of control strategies, the IPC model must consider uncertainty in their risk indices. 

1.5 Scope of tlie Study 

A new coal-fired electric power plant is selected as a case-study for this investigation. The reasons 

for this choice are that (1) coal-fired power generation represents a typical high pollution-generating 

industry in which pollutants flow across media as a result of controls employed, and 2) in light of 

concern about the long term availability of gas and oil, coal-fired power plants are projected to 

provide a major share of the national electricity generating capacity in the future. 

Though this investigation primarily focuses on the flue gas waste stream of coal-fired power plant, 

the model is developed in such a way that it might be applicable to any plant which is somewhat 

similar to a power plant, and also to other waste streams of a coal-fired power plant. 

In principle, the IPC model should consider the inter-media transfer of pollutants when the 

pollutants are moving in the environment. Multi-media pollution transport models, having the ca-

pability of considering these transfers, should be used. These multi-media models are generally 

complex. Thus, the pollution transport models used in this study are single-medium models. 

However, these models have capability of explicitly considering the inter-media transfers. 
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The scope of this investigation is restricted to one type of impacts -- the human health impacts of 

pollutants. This has been done merely to narrow the field of investigation for the purpose of this 

study, and is not intended to suggest that other impacts are less important. 

The health impacts themselves comprise several different effects which may be perceived differently 

by individuals from the viewpoint of both treatment costs and personal discomfort. Therefore, a 

single measure of the risk, which represents both the probability of incidence of diseases and their 

"disutility"' to humans, is required. In order to obtain a single value risk index, a weighting scheme 

(used in the EPA's Integrated Environmental Management Program) reflecting "'disutility" associ-

ated with various pollution induced health impacts is used. This study does not go into detail as to 

how these weights should be determined. 

The most cost-effective control strategy can be obtained either under the control cost or human 

health risk constraint. The human health risk resulting from the traditional controls is used as the 

constraint in this study. 

The above simplifications do not affect the objective of this study, as the purpose here is to dem-

onstrate what is involved in the implementation of the IPC approach through a simplified example, 

rather than to implement the approach itself. 

1.6 Summary 

This section summarizes the salient points of this chapter. 

• In principle, IPC is superior to the traditional pollution control approach because ( 1) by 

adopting a comprehensive view of the system, it closely reflects the overall pollution-induced 

risk, and (2) the control strategies selected under the IPC framework should be more cost-
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effective. However, before attempting to apply IPC, its technical and institutional feasibility 

should be examined. 1bis study focuses on examining the technical feasibility of IPC. 

• IPC may be considered technically feasible ( 1) if a methodology to select pollution control 

options in an IPC framework exists, and (2) if, in view of the potential uncertainty in data and 

the inadequacy of various techniques comprising the IPC methodology, the latter is reliable. 

• As opposed to other studies dealing with different perspectives of IPC, ranging from the opti-

mum resource allocation to using IPC under the existing institutional framework, the focus 

of this study is to determine if existing techniques and data permit the application of IPC with 

reasonable confidence. 

• The IPC model used in this study comprises three submodels dealing with ( 1) identification 

of pollution controls, estimation of their pollution modification potential and cost; (2) deter-

mination of the distribution of pollutants in the environment; and (3) assessment of the 

pollution-induced human health risk. 

• Due to incomplete understanding of the phenomena that these submodels are supposed to 

represent, the submodels provide only approximate information for the IPC model. To ac-

count for the inadequacy of these submodels, particularly pollution transport and risk assess-

ment models, uncertainty intervals are associated with the outputs of these models. 1bis 

procedure results in an uncertainty band for the risk index associated with each control option. 

The selection of the most cost-effective control strategy under IPC must consider uncertainty 

in risk indices. 

• In order to examine the technical feasibility of IPC, a coal-fired power plant is considered as 

the case-study. Only one of the coal-fired power plant waste streams, flue gases, is considered 

in this study. 
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• Instead of multi-media pollution transport models, single-medium pollution transport models 

are used to determine the distribution of the pollutant in the environment. These single me-

dium models do have the capability of considering inter-media pollutant transfers. 

• To narrow the field of investigation, only the human health risk due to pollutants is considered 

in this study. 

• For practical reasons, some simplifications are made in this study. These simplifications, 

however, do not affect the objective of this study i.e., demonstrating what is involved in the 

implementation of IPC. 

The organization of the rest of the dissertation is as follows. The second chapter gives a description 

of the IPC model used for the case-study. The detailed discussion on the three submodels consti-

tuting the IPC model is given in three separate Appendixes A, B, and C. The third chapter presents 

the application of the IPC model to the case-study. The fourth chapter presents a discussion on the 

model results and the conclusions of the study. 
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2.0 INTEGRATED POLLUTION CONTROL 

MODEL 

2.1 Introduction 

This study seeks to test the feasibility of developing an integrated pollution control (IPC) model 

with currently available technical knowledge and data, using a coal-fired power plant as a case-

study. An IPC model which can be used to identify the most cost-effective control strategies for a 

coal-fired power plant is presented here. This model is capable of considering uncertainty in the 

input parameters. The implications of the various assumptions made in the construction of this 

model are presented in Chapter 4. This chapter is divided into three sections. The first section in-

troduces the contents of the next two sections. Section 2 gives the model structure and Section 3 

explains the computer code of the model. 

As indicated in the outline of the methodology in Chapter 1, the IPC model derives its input in-

formation from the submodels dealing with ( 1) pollution controls, their costs, and their pollution 

modification potential; (2) the transportation of pollutants in the environment; and (3) the 
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pollution-induced human health risk. These three submodels are referred to as pollution control 

cost, pollution transport, and human health risk submodels in this study. Background information 

on these submodels is given in Appendixes A, B, and C, respectively. 

Appendix A gives an overview of the operation of a coal-fired power plant, the resulting waste 

streams, and of some selected pollution control options applicable to the flue gases of the plant. 

The appendix also gives the cost and the pollution modification potential of these controls. The 

pollution modification potential of a control is expressed as an array of elements which are used to 

adjust the uncontrolled emission/discharge rates of various pollutant groups. 

Appendix B describes pollution transport models in general. These models express quantitative re-

lationships between pollutant emissions and ambient pollutant concentrations in the environment. 

The pollution transport models used in this study are the Industrial Source Complex (ISC) model, 

the Seasonal Soil (SESOIL) model, the Analytical Transient 1, 2, 3 - Dimensional (AT123D) 

model, and the Exposure Analysis Modeling System (EXAMS). These models are used to deter-

mine the pollutant distribution in air, unsaturated soil, ground water, and surface water systems, 

and are accessible on the EPA's General Exposure Modeling system (GEMS). The choice of these 

models was based on their availability at a single source and their use in EPA's present decision 

making and policy evaluation. 

Appendix C gives background information about human health risk assessment. It discusses various 

difficulties associated with risk assessment and responses to these difficulties in developing a risk 

assessment methodology for this study. The human health risk assessment submode! provides the 

slopes and threshold values of dose-response curves which express relationships between pollutant 

doses and the probability of human health impact incidences. Different types of health effects can 

result from a pollutant exposure. These health effects are combined into a single value risk index 

by using a weight set to determine the weighted average of the health effect risks. The weights 

represent relative H disutility"' associated with health impacts, and their derivation is discussed in de-

tail in Appendix C. 
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Due to the complexity of, and the lack of understanding about, many natural processes which the 

above mentioned models attempt to represent, these models cannot necessarily be relied upon to 

provide accurate information. This can potentially affect the selection of the most cost-effective 

pollution control strategy for a coal-fired power plant. Uncertainty intervals are introduced for the 

submode! outputs to account for this inadequacy. 

The computer-code of the IPC model integrates the information provided by the submodels to 

determine ( 1) the human health risk index associated with each control; (2) the most cost-effective 

pollution control strategy5 for the flue gases of a coal-fired power plant under some 'risk constraint'; 

and (3) the 'composite risk index'6 for each control strategy. A decision-maker can select a pollution 

control strategy on the basis of the 'composite risk index' and cost information about the pollution 

controls. 

In a coal-fired power plant, the pollution controls are applied in successive stages to the flue gas 

stream. The computer implementation of the model uses a tree structure to represent pollution 

control options applicable at the various stages of pollution control. The use of tree structure fa-

cilitates adding or dropping of the control options at each control stage. The following sections 

present the structure of the IPC model and its computer implementation. 

s The effectiveness of the controls is measured in terms of their human health risk reduction potential. 

6 A 'composite risk index' reflects both mean risk index and uncertainty associated with the risk index. 
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2.2 /PC Model Structure and its Computer 

/1nple1nentation 

The following factors were considered in constructing the IPC model: 

1. The model should be divided into various components, each capable of performing a specific 

function. Each model component, its function, and the linkages existing among all the com-

ponents should be identifiable. Structuring the model in this way permits modification of any 

of its parts without disturbing the other component parts. 

2. The construction of the model should be independent of data availability and data format so 

that the main aim of the model is not overlooked. However, modifier units or interfaces should 

be provided to make the model compatible with the available data formats. 

The use of submodels to represent pollution generation/controls, pollution transportation, and the 

pollution-induced risk fits neatly into the above model structuring guidelines. Each of the sub-

models performs a specific function and produces an output. The outputs of the three submodels 

are used by what is referred to, in this study, as the main IPC model. 

The rest of this section is divided into five parts. The first three parts describe the function of the 

three submodels. The fourth and fifth parts discuss uncertainty in the submode! outputs and a 

method for the selection of the most cost-effective control strategy, respectively. These five sub~ 

sections form the structure of the main IPC model. 
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2.2.1 Pollution Control and Cost Submodel 

This submode! represents the cost of various pollution controls and their potential for modifying 

pollutant discharges of a coal fired power plant. As discussed in Appendix A, controls may be 

applied to the flue gas waste stream of a coal-fired power plant in successive stages. A choice of 

controls having different pollution modification potentials and costs may exist at each stage giving 

rise to a number of pollution control strategies. 

In order to determine the most cost-effective control strategy, a record of these control options at 

various stages, along with their control costs and pollution modification potential, is required to 

be maintained. The computer implementation of the information about these control options is 

illustrated by an example in the following text. 

Assume that pollution controls are applied to a waste stream at three stages and that there are two, 

three, and two control options available at the first, second, and third stage, respectively. These 

controls are represented by a tree structure. Each control option is represented by a node of the tree 

and each stage is represented by a level of the tree. The various possible control strategies for the 

above example can be represented by the tree structure shown in Figure 2.2.1. The total number 

of control strategies depicted in this figure is 2 x 3 x 2 = 12. For example, the control sequence 

Al, B3, Cl is one of the twelve strategies. This tree representation is transformed to a structure, 

depicted in Figure 2.2.2, to facilitate its computer implementation. The transformed tree structure 

is implemented in the IPC model. 

Each node of the transformed tree implemented in the model is associated with the cost of a control 

option and an array of elements representing a pollution emission/discharge modification vector. 

This study uses a three element pollution modification vector. The three elements indicate a pol-

lution control's potential to modify SOi, flyash discharged into the air, and flyash discharged on the 

land along with the sulfur dioxide sludge. 
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Figure 2.2.1. General Tree Implementation of Pollution Controls. Al, A2 
Represent the Control Options at Stage l; Bl, B2, B3, B4 Represent 
the Control Options at Stage 2; and Cl, C2 Represent Control Options 
at Stage 3. 
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figure 2.2.2. Transformed Tree Representation of the General Tree Depicted 
in Figure 2.2.1. 
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From the risk computational viewpoint, pollution modification vectors associated with the terminal 

nodes of a tree are important. The pollution modification vectors associated with intermediate 

controls may be used to delete those control options at each control stage which are not cost-

effective. To make this decision, there should be a method of determining which controls can be 

dropped. The following text illustrates a method which attempts to show how such a decision can 

be made. 

The most cost-effective control strategy can be determined under either a cost or a risk constraint. 

Under the risk constraint, the minimum cost control strategy satisfying the risk constraint is opti-

mum and under the cost constraint, the minimum risk control strategy is optimum. The risk con-

straint may be the so-called 'acceptable risk'. If it is assumed here that the risk under the traditional 

regulatory controls is the 'acceptable risk', the pollution modification vectors associated with the 

control options at any stage can be compared to the traditional control vector to decide which 

controls should be dropped. For example, if in Figure 2.2.1 the cost of the control Bl (Bl is as-

sumed to be the traditional control) is less than that of the control B2 and the pollution modifica-

tion vectors associated with the controls Bl and B2 are (bll,bl2,b13) and (b21,b22 ,b23), 

respectively, such that bl l < = b21, bl2 < = b22, b13 < = b23, then control B2 should be dropped. 

This method can be only used under a special case, i.e., if the subsequent control option for both 

(the control under consideration and the reference control) are of the same type. In case of the 

option in which 'composite risk index' is calculated for the control alternatives, none of the control 

options may be deleted at any stage. 

The deletion of controls at various stages becomes necessary for large dimensional problems. Since 

the focus here is to demonstrate the methodology rather than to find a solution to the problem, a 

limited number of controls are selected to begin with. Therefore, the dropping of controls at dif-

ferent stages is not required. 

Figure 2.2. l also shows regularity in the pattern of controls at each level. Such regularity may not 

be observed in real situations. It is not necessary that each 'parent' node at some specific level has 
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the same number of 'children'. Since regularity in the pattern of the tree facilitates its computer 

implementation, dummy nodes are introduced to create this regularity. These dummy nodes are 

associated with very high costs and low pollution reduction potential so that they are eliminated 

from the cost-effective control strategy search. 

The pollution modification vectors associated with the terminal controls are used to modify the 

uncontrolled pollutant emission/discharge data. These modified pollutant discharge rates, along 

with the results of pollution transport models, are used to determine the concentration of pollutants 

in the environment. 

2.2.2 Pollution Transport Submode) 

This submode! comprises various pollution transport models used to determine the pollutant dis-

tribution in various environmental media. In Appendix B, it is shown that the pollution transport 

models under some simplifying assumptions can be represented by the following equation: 

elm = Efn,i · Dia (2.1) 

c;m is the concentration of a pollutant i in environmental medium m, D;a is the pollutant mass dis-

charge rate under the control strategy a, and El,,.,1 is a function of various environmental parameters 

and the location of the receptor with reference to the pollution source. 

The advantages of the above representation of pollution transport models are as follows. The factor 

E in Equation (2.1) can have any structure as long as it is independent of pollutant discharge rates. 

Hence one can have flexibility of using any pollution transport model which is appropriate for a 

given situation. This particular representation of the submode! highlights the relationship that exists 
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between the three submodels, as it relates the pollution discharge rates to the ambient pollutant 

concentrations to which an environmental receptor may be exposed. 

Pollution transport models discussed in Appendix B are used to determine Eim,t for each environ-

mental medium - air, soil, groundwater, water. These, along with the emission/discharge rates of 

pollutants, are used to determine the pollutant concentration in the environment. 

2.2.3 Human Health Risk Assessment Submodel 

The risk to human health due to pollutants is determined by measuring the probability of the in-

cidence of adverse health impacts on an exposed population and assessing the significance or 'dis-

utility' of these impacts to humans. These two aspects of risk measurement are referred to as 'risk 

estimation' and 'risk evaluation' and are discussed in detail in Appendix C. The discussion in the 

appendix leads to a methodology of risk assessment which is used in this study. This methodology 

of risk assessment is similar to those used by various regulatory authorities dealing with human 

health risk assessment. However, some modifications are made to make the methodology relevant 

to this study. 

A human being exposed to environmental pollutants is potentially exposed to various types of ad-

verse health effects. Traditionally a dose-response curve, which expresses a relationship between a 

toxic substance dose and the resulting probability of an adverse health effect incidence, is used to 

estimate the health risk due to a pollutant. These dose response curves are assumed to be linear 

with no threshold7 for carcinogens and linear with threshold for non-carcinogens. The available 

dose response data may be derived from studies of either humans or animals. Animal dose response 

curves are adjusted for humans by dividing the slopes and multiplying the threshold values by an 

7 The threshold value of a dose response curve is that pollutant dose value below which an adverse health 
effect is not observed. 

INTEGRATED POLLUTION CONTROL MODEL 26 



adjustment factor, Pw (w is the weight of the test animal in kgs). For carcinogens the risk due 

to a pollutant can be written as; 

where: 

P(;m = probability of the incidence of health effect h due to pollutant i present in medium m. 

dfm = dose of pollutant i to a receptor at location j. 

slt,im = slope of the dose-response curve. 

(2.2) 

The same equation can be used for a non-carcinogen, provided the ambient pollutant concentration 

is greater than the threshold value of the dose response curve. To combine various health impacts 

into a single value index for risk, different sets of weights (discussed in the appendix) are used. These 

weights indicate the "disutility" associated with each health effect. The risk index for each control 

is determined by the following equation: 

(2.3) 

where: 

R{ = risk index for the receptor at location j using weighting strategy k. 

W,.,k = weight associated with health effect h under the weighting strategy k. 

2.3 Uncertainty in the Model 

This section presents the uncertainty bounds used for the component model outputs to account for 

their inadequacy in representing various complex phenomena. Therefore, uncertainty bands are 

introduced for the results of these models. For an air pollution model based on the Gaussian plume 
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equation, validation studies have suggested that the actual air pollutant concentrations may be 

within the range of 0.5 to 2 of the model predicted concentration (Sullevan, 1986). It was difficult 

to determine such a range for the SESOIL and AT123D models. Although some studies have 

evaluated the SESOIL and AT123D model capabilities in representing various physico-chemical 

processes relevant to the pollutant distribution (Kincaid, 19841), the author was unable to find any 

validation studies of these models (Nold, 1986; Murarka, 1986). The EXAMS, used for determin-

ing pollutant distribution in surface water bodies, has been developed for the evaluation of new 

chemicals. For the purpose of this study, the same uncertainty interval as used for the ISC model 

is also introduced for the SESOIL, AT123D, and EXAMS model results. Since these models rep-

resent more complex systems than what is represented by the ISC model, the uncertainty range used 

in these models may be an underestimation of the actual uncertainty. The latter could effect the 

reliability of these model results. 

Uncertainty in the risk assessment model considered in this study is introduced to account for 

intra-species differences. The uncertainty range of 0.316 to 3.16 of the available slope value is used 

in the risk model. This uncertainty range is based on the following interpretation. Typically, a safety 

factor of 10 is used to account for the uncertainty due to intra-species differences. The purpose of 

using this safety factor is to protect the most sensitive population subgroups. The implicit as-

sumption is that even if the health effect observation is available for the extremely insensitive pop-

ulation subgroup, the use of factor 10 in determining the safe level should protect the most sensitive 

subgroup. If it is assumed that the available slope values of dose response curves are close to the 

actual geometric mean values of slopes for the entire population, then the uncertainty range of 0.316 

to 3.16 of the available slope values should represent all the population subgroups. 
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2.4 Selection of the Cost-Effective Control Strategy 

The uncertainty in pollution transport and human health risk model outputs give rise to uncertainty 

in the risk index of a pollution control strategy. This uncertainty makes it difficult to compare the 

risk indices of various control strategies with the risk index of the traditional control strategy. This 

study presents two methods of comparing risk indices associated with uncertainty. These two 

methods are given below: 

1. The uncertainty of a risk index is viewed as (or may be transformed to) the probability dis-

tribution function of the risk index. The 'risk constraint' is the risk index associated with the 

traditional control strategy. A pollution control strategy is assumed to satisfy the 'risk con-

straint' if the probability of its risk index value lying in the risk index probability distribution 

of the traditional control is below some tolerance limit. In this study, the tolerance limit is set 

as 0.1.8 (see Figure 2.4.1). In other words, a control strategy is considered to satisfy the 'risk 

constraint' if the probability of its risk index value being above the lower edge of the risk index 

p.di associated with the traditional control is less than or equal to 0.1. To determine the most 

cost-effective control strategy, the search for the least cost strategy is made from control strat-

egies which satisfy the 'risk constraint'. 

2. The information about the mean risk index values and their uncertainty intervals (or p.d.f) is 

represented by a 'composite risk index'. The composite risk index is defined as (U-L) x Mean 

Risk Index. U and L are areas under a risk index p.d.f curve of a control strategy to the right 

and left of the reference curve (risk index p. d. f curve associated with the traditional control), 

respectively. Figure 2.4.2 depicts the various ways in which the two curves, control and refer-

ence, can interact. For the curves which are entirely to the left and right of the reference curve, 

8 Any value between 0 and 1 may be used for tolerance limit. The value 0.1 is arbitrarily selected for the 
purpose of demonstration. 

INTEGRATED POLLUTION CONTROL MODEL 29 



CONTROL CUl<VE. RE.f!:.RE.NCC. CUr<'le. 

Rl~K. lNOf:X -

6HAD~D ARi:+\- L..= O·i. 

6J..IA-OE<D A;::"EA- ) 0·1. 

!flSK CON6TI?AINT S..\.TISFIEO 

RISK CCN0Ti<'MHT f'iOT SATISl'"IEO 

Figure 2.4.1. Risk Index Probability Distribution Curves Associated With 
a Control Curve (a Pollution Control Strategy) and a Reference Curve 
(the Traditional Pollution Control). 
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U=O, L=l approximately (case I), and U=l(app.), L=O (case Ill), respectively. For the 

curves intersecting with the reference curve, the values of U and L will depend on the manner 

in which the curves intersect (cases II, IV, V, VI). The control options for which the value 

of U is greater than L are less effective in reducing risk than the traditional control. The neg-

ative 'composite risk index' value indicates that the control strategy under c01:1.sideration is 

·more effective in risk reduction than the traditional control. A curve showing the relationship 

between the cost of controls and their 'composite risk indices' can help a decision-maker to 

make trade-offs between cost and effectiveness in choosing the pollution control strategy. For 

example, a decision-maker may choose a control strategy for which the 'composite risk index' 

is slightly greater than the traditional approach, but is considerably less expensive than the 

traditional approach. 

2.5 Tlie /PC Computer-Code 

The flow chart for the IPC computer code is given in Figure 2.5.1. This figure shows the linkages 

between various submodels. The outputs of the pollution transport and human health risk sub-

models are stored as data files. For example, one of the data files contains the value of environ-

mental parameters (Es) obtained by using various pollution transport models for the pollutants 

considered in this study. Similarly, data files are maintained to store the slope and threshold data 

of dose response curves, and various weight sets representing "disutility" associated with the risk 

impacts. The maximum possible emission/discharge data of the plant under study are also stored 

in a data file. 

Binary tree implementation is used to store costs and pollution modification vectors associated with 

the pollution controls applicable at various stages. The pollution modification vectors associated 

with the terminal pollution controls are taken one at a time and used to modify the 
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emission/discharge base data (maximum possible discharges) to give the pollutant discharges actu-

ally talcing place under the control strategy. 

The ambient environmental pollutant concentrations are obtained by multiplying appropriate en-

vironmental parameters with the modified pollutant discharge rates. To account for the inaccuracy 

of pollution transport models, uncertainty intervals are introduced for E, by using a number of it-

erations to pick up random values from the range O.SE to 2E. Uncertainty in E gives rise to un-

certainty in ambient pollutant concentrations. 

The human health risk data (slopes and threshold values of dose-response curves) for the pollutants 

under consideration are extracted from the health data file. Uncertainty intervals are introduced for 

the risk data also. If the random value of the pollutant concentration is greater than the threshold 

value of a dose response curve, the pollutant concentration is multiplied by a randomly picked slope 

value to obtain the probability of a health effect risk incidence. The procedure is repeated for all 

the values picked up from the pollutant concentration range to obtain the range of values for the 

health effect risk. 

Since different types of health impacts are possible from a pollutant exposure, a weight set repres-

enting the "disutility" associated with the im,acts is used to determine the weighted average of the 

various health risk. The risk values so-obtained for all the pollutants are adde~ to obtain a risk index 

for a control strategy. Uncertainty in environmental parameters E and in risk data result in a range 

of values for the risk index. Risk indices for all the pollution control strategies can be calculated 

by the IPC computer-code. 

The uncertainty associated with the risk indices introduces complexity in determining the most 

cost-effective control strategy. The two options to deal with the situation are already discussed in 

the previous section. Both options are implemented in the computer-code. 
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In the option one, the computer-code identifies the 'risk constraint' satisfying control strategies and 

from these, the code searches for the least cost strategy. The procedure is discussed below: 

The address of the first terminal control node is saved as PNODE, and the cost associated with the 

node is stored in variable PSUM. The address of, and the cost associated with the next terminal 

control node are saved as NNODE and NSUM, respectively. Four situations that could arise and 

the follow up actions used for these are as follows (Figure 2.5.2): 

1. NNODE and PNODE belong to the same tree level, and NSUM > PSUM. NNODE is 

dropped and the next stored terminal control node is saved as NNODE. 

2. NNODE and PNODE belong to the same tree level and NSUM=PSUM. NNODE is 

dropped, but its identification tag is retained. The next stored terminal control node is saved 

as NNODE. 

3. Level of NNODE is lower than that of PNODE. The pointer to NNODE is moved to the next 

higher level node, and the cost associated with the latter is added to NSUM. The process is 

continued till the level of NNODE is equal to the level of PNODE. Step (1) or (2) follows. 

4. NNODE and PNODE belong to the same tree level, but NSUM < PSUM. NNODE and 

NSUM are saved as PNODE and PSUM, respectively. Identification tag associated with 

NNODE is set to zero. The next stored terminal control node and the cost associated with it 

are referred to as NNODE and NSUM, respectively. Step (3) follows. 

This process is continued till all the terminal control nodes are processed and the top of the tree is 

reached. 

In the second option, the 'composite risk index' associated with each control strategy is calculated. 

The 'composite risk index' is calculated as (U-L) x mean risk index. A number of situations may 

arise under this option (Figure 2.4.2), and these are discussed below: 
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1. Entire risk index probability distribution curve, C, for the control strategy under consideration 

is to the left of the risk index distribution curve, R, associated with the reference (traditional) 

control. U is set to zero and L is set equal to the area under curve C. 

2. The upper edge of curve C overlaps the lower edge of curve R. U is set to 0 and L is the area 

of curve C to the left of curve R. 

3. The lower edge of curve C overlaps the upper edge of curve R. L is set to zero and U is set 

equal to the area of curve C to the right of curve R. 

4. Entire curve C is to the right of Curve R. L is set to zero and U is the area of curve C 

5. Curve C is intercepted by curve R. L is set equal to the area of C to the left of R and U is set 

equal to the area of C to the right of R. 

6. Curve R is intercepted by curve C. L is set equal to the area of R to the right of C and U is 

set equal to the area of R to the left of C. 

In cases (1) and (2), the control strategy is more effective in the risk reduction than the reference 

control. In cases (3) and (4) the control is less effective than the reference control. In cases (5) and 

( 6), the effectiveness of the control strategy as compared to the reference control will depend on the 

values of U and L. 
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2.6 Summary 

The main points discussed in this chapter are given below: 

• The IPC model consists of three submodels dealing with pollution controls and their cost, 

pollution transport in the environmental media, and human health risk. Appendixes A, B, and 

C give background information about these models. 

• The cost and pollution modification potential information of various pollution control options 

applicable to a coal-fired power plant flue gas stream is represented by a tree structure. The tree 

structure represents the hierarchical order of the controls applicable to the flue gas stream. 

• Equation (2.1) represents pollution transport submode! and is used to determine ambient en-

vironmental pollutant concentrations. Pollution transport models available on the EPA's 

General Exposure Modeling System are used to determine the values of E in equation (2.1 ). 

• Human health risk submode! uses dose response curves adjusted for humans to determine 

various health impacts resulting from pollutant exposure to humans. 

• Uncertainty intervals are introduced for the submode! (pollution transport and human health 

risk) outputs to account for the lack of data, and the inadequate understanding of environ-

mental phenomena. 

• A computer-code is developed to integrate the three submodels. It is capable of considering 

uncertainty in submode! outputs. 

• The IPC computer-code provides two output options. (1) It selects the most cost-effective 

control strategy. (2) It provides 'composite risk indices' associated with pollution control al-
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tematives. A decision maker can use these indices and the pollution control cost information 

to select a control strategy. 

This chapter presented the general structure of the IPC model which can be used for a coal-fired 

power plant or any other pollution-generating system similar to a coal-fired power plant. This 

model is applied to the case-study involving a hypothetical 500 MW coal-fired power plant. The 

application of the model to the case-study is presented in the next chapter. 
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3.0 APPLICATION OF THE IPC MODEL TO 

THE CASE-STUDY 

3.1 Introduction 

Glen Lyn in Giles County, Virginia, is chosen as the site for a hypothetical new 500 MW coal-fired 

power plant. This site happens to be the location of a coal-fired power plant run by the 

Appalachian Power Company (APCO). However, instead of the existing plant, a hypothetical 

power plant is considered as the case-study for the following reasons: 

• The existing units at the Glen Lyn plant having been installed in 1950s are not covered by the 

1980 New Source Performance Standards (NSPS). In addition to examining the feasibility of 

IPC, the interest of this study is also to compare existing environmental regulations applicable 

to coal-fired power plants with IPC. 

• The existing plant burns low sulfur coal. The impact of the current regulations is experienced 

mainly by high sulfur coal burning plants. 
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• The output capacity of the existing two units at the site is 340MW. The data on control 

options are mainly available for 500 MW power plants. 

In selecting the case-study site, the aim has been to consider a realistic physical setting for the hy-

pothetical case-study power plant. The existence of the coal-fired power plant at Glen Lyn ensures 

the feasibility of erection and operation of a coal-fired power plant in the physical setting repres-

ented by the site. Another reason for choosing the Glen Lyn site is its proximity to Virginia 

Polytechnic Institute and State University campus, giving ready access to the people who are po-

tentially familiar with the various characteristics of the area. 

As mentioned in the beginning of this chapter, the case-study involves a hypothetical new 500 MW 

coal-fired power plant. Appendix A briefly reviews the operation of a coal-fired power plant and 

the processes involved in pollution generation. It also presents a description of the selected control 

options and the methodology for computing the control costs and residuals. 

Only a few control options, applicable to just one waste stream, flue gases, are discussed in the 

appendix. The analysis has been limited to one waste stream for the practical reasons given in Ap-

pendix A. However, several factors contribute to the choice of flue gases as the single waste stream 

to be investigated. (1) Flue gases are controlled under current regulations. (2) The controls appli-

cable to flue gases generate solid and liquid wastes. Therefore, this waste stream provides a good 

example for considering trade-offs among pollutants discharged into different media, and for 

studying how these trade-offs might be used for reducing the control cost. (3) The pollutants present 

in this waste stream are potentially harmful to human health. 

The adverse health impacts of pollutants originally present in flue gases and ultimately discharged 

into various environmental media after the application of controls are studied for the population 

of Narrows, Virginia. 
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Figure 3.1.1 shows the location of the hypothetical 500 MW coal-fired power plant at Glen Lyn. 

Sites A and B represent the potential solid waste disposal sites. Site A is chosen as the coal-fired 

power plant waste disposal site. Figure 3.1.2 represents the structure of the IPC model as applied 

to the case study. 

Part I of Figure 3.1.2 shows the pollution control options used for controlling the flue gas stream 

of the hypothetical plant. Tue pollution modification factors and costs associated with these control 

strategies are presented in section 2 of this chapter. Under some of these control strategies (B, C, 

and D), solid waste is generated w~ch must be disposed on land. 

Part II of Figure 3.1.2 represents pollution transport models which must be used to determine the 

distribution of the pollut~ts discharged from the hypothetical power plant into the environment 

under various pollution control options. The application of the various pollution transport models 

to the case-study is presented in section 3 of this chapter. Section 3 provides values for the envi-

ronmental parameters of these models. These values are used by the IPC main model to determine 

the pollutant distribution in the environment under each pollution control strategy. 

Part III of Figure 3.1.2 represents the risk assessment part of the model. Section 3 ~f this chapter 

provides the slope and threshold values o( various health impacts of pollutants. The IPC main 

model uses this information to determine the probability of health impact incidences at Narrows 

under each control strategy. Tue model computes the risk index, which is the weighted average of 

various health risks. Tue IPC model introduces uncertainty intervals for both pollution transport 

model outputs and human health risk slopes to reflect in part the inadequacy of these models. 

Therefore, the risk indices of the control strategies are also associated with uncertainty intervals. 

On the basis of the risk indices and costs of the control strategies, the IPC model ( 1) determines the 

most cost-effective control strategy, and (2) determines the 'composite risk index' associated with 

each strategy. 'Composite risk indices' may be used to select a control strategy for the power plant. 
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The outputs of the IPC model are presented in section 4 ofthis chapter. This section also discusses 

the reliability of the control strategy selected by the IPC model. 

The general features of the sections and subsections of this chapter are as follows. Each section 

provides the major function statement and a guide map to the rest of the section. Each of these 

sections generally include the description of the case-study relevant to the application of the sub-

mode!, input data along with their sources and assumptions, the submodel output, the assumptions 

and capabilities of the submodels, and assumptions made in the application of these models to the 

case-study. 

3.2 Pollution Control Costs and Residuals Calculations: 

The main purpose of this section is to produce the cost and pollution modification estimates for 

the pollution controls considered in the case-study. This information serves as the input for the IPC 

model. The section presents the power plant operatiort data for the hypothetical power plant, a 

description of the various control options under consideration (including the existing regulatory 

controls), and the information necessary for estimating the control costs and pollution modification 

factors. 

The coal analysis and power plant operation data for the case-study are those of the plant no. l in 

Holstein, 1981. The data are presented in Table 3.2.l. The table also gives the residuals calculations 

when no pollution controls are applied. The typical concentrations of trace elements present in the 

flyash of a coal-fired power plant are given in Table 3.2.2. Above some specific levels, these trace 

elements are potentially hazardous to human health. The data given in Table 3.2.2 are not from 

the same source as the coal-fired power plant data presented in Table 3.2.1. However, they represent 
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·Table 3.2.1: Power Plant Performance Data arid Residuals Calculations (no control case).1 

Coal Analysis: 

Ash = 16% by weight 
Sulfur= 4% by weight 
Heat content = 10100.0 Btu/lb 

Performance at Full Load: 

Unit net output = 500 MW 
Boiler efficiency = 87. 7 % 
Steam cycle heat rate = 7914 Btu/K\V 
Gross heat rate = 100 x 7914/87.7 = 9024 Btu/K\V 
Heat rate including the allowance for auxilliaries 

= 9024 + 829 = 9853 Btu/KW 
Rated heat input to boiler = 4927 millions Btu/hr 
Rated coal bum rate = 244 tons/hr 
Load factor based on the average load of 90%, and 77% 

operating time = .90 x 77.8 = 70% 
Flyash produced = 80% 
Bottom ash produced = 20% 

Annual Average Performance at 70% Load Factor: 

Average coal bum rate = 244 x 0.7 = 171 tons/hr 
Coal consumption at 70% load factor = 1500 x 103 tons/yr 

= 4.1 x 103 tons/day 
Average rate of bottom ash production = 4.1 x 103 x 0.16 x 0.2 

= 131.2 tons/day 
Average rate of flyash production = 4.1 x 103 x 0.16 x 0.8 

= 524.8 tons/day -
Average flyash produced = 43733.33 (lb/hr)/4927 (million Btu/hr) 

= 8.87 lb/million Btu 
(the flyash produced is greater than the regulatory limits) 
Amount of sulfur dioxide produced2 

= 62.5 x 0.04 (%Sulfur in coal) x (Average coal bum 
rate in tons/hr) = 427.5 lb mol/hr = 27385.65 lb/hr 

Amount of sulfur dioxide produced = 5.55 lb/million Btu 
( S02 ~missions are greater than the regulatory limits) 

Pollutant Emissions - no control case 

S02 emissions = 3453.6 g/sec 
Flyash emissions = 5515.26 g/sec 

l Source: Holstein (1981) 

z See Appendix' A 4+.6 



Table 3.2.2: Concentration of Trace Elements in Flyash1 

Trace Element Concentration {ppm) 

Arsenic 100 

Cadmium 2·52 

Chromium 21 

Lead 25 

Mercury 500 

Nickel 50 (assumed) 

Selenium 200 

1 Source: Kincaid (l 984) 

2 The value of 5 is considered in calculations. 
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realistic trace element concentrations present in flyash (Kincaid, 1984). It is assumed that the flyash 

generated by the hypothetical plant will have the composition presented in Table 3.2.2. 

For the comparison of the cost-effectiveness of the IPC selected control strategy with the existing 

regulatory controls, the latter are considered as one of the control options in this study. Table 3.2.3 

gives a description of all the options. These control alternatives use electrostatic precipitators and 

limestone flue gas desulfurization (FGD) systems for flyash and 802 removal, respectively. The 

difference in the options used for the flyash control lies in their effective flyash collection efficiencies. 

The difference is also reflected in their cost. A discussion on the methods used for generating these 

control options and on the estimation of their cost and the resulting residuals is presented in Ap-

pendix A. The S02 controls involved in this study are limestone flue gas desulfurization systems 

with and without forced oxidation. Although the S02 collection efficiencies in the two cases are 

assumed to be the same, the FGD sludge characteristics demonstrate a marked difference in the 

pollution leaching potential of the waste on land disposal. 

The existing regulatory controls are discussed in detail because of their status as a reference for de-

termining the cost-effectiveness of other pollution controls. 

Environmental regulatory controls apply.to sulfur dioxide, nitrogen oxides, flyash, and lead present 

in the flue gas waste stream of a coal fired power plant. Existing New Source Performance Stand-

ards (NSPS) apply to the flue gas emissions of a fossil-fueled power plant "units for which con-

struction is commenced after Sept. 18, 1978"' (U.S. EPA, 1979). These standards apply to power 

plant units of 73 thermal MW or greater capacity (250 million Btu/hr of heat input). Under these 

standards, flyash, sulfur dioxide,and nitrogen oxides must be controlled in the hypothetical case-

study. Also, under the Clean Air Act, the National Ambient Air Quality Standards for S02 

particulate (flyash), and lead must not be violated. In fact, in the region under consideration, the 

Prevention of Significant Deterioration (PSD) regulations will be triggered if a new coal-fired power 

plant is installed. Application of the PSD restrictions and ambient air quality standards would in-

volve the consideration of all air pollution sources in the region. As it is not feasible to consider 
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Table 3.2.3: Pollution Control Options For The Hypothetical New Coal-Fired Power Plant. 

Control Option 

A 

B 

c 

D 

E 

F 

Description 

No controls 

Existing regulatory controls: The NSPS standards for sulfur dioxide and flyash 
are considered. 

The NSPS Standards: 
•Flyash or particulate emissions < 0.03 lb/million Btu. (Typically an 
electrostatic precipitator with 99.9% collection efficiency is used for the flyash 
control.) 

•Sulfur dioxide emissions < 1.2 lb/million Btu or 90% reduction in the emis-
sions -- limiting case of the two. 
(Limestone sulfur dioxide scrubbing -- forced oxidation -- followed by the dry 
disposal of the sludge is considered.) 

•90% reduction in the flyash emissions achieved by passing a portion of the 
flue gases through an electrostatic precipitator of 99.9% collection efficiency. 

•90% reduction in the SO&hd.2&hu. emissions using limestone scrubbing 
system (no forced oxidation) and a dry FGD sludge disposal technique. 

•Same control for the flyash emissions as specified in the option C. 
•90% reduction in the SO&hd.2&hu. emissions using limestone scrubbing 
system (with forced oxidation) and a dry fGD slude disposal technique. 

•Same control for the flyash emissions as specified in the option C. 
•No control for sulfur dioxide emissions. 

•99.9% reduction in the flyash emissions. 
•No control for sulfur dioxide emissions. 
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all the sources of the region in this study, the PSO regulations and the ambient air pollution 

standards are not considered to be the constraints. 

In order to meet the requirements of the NSPS, flyash and S02 in flue gases are typically controlled 

by using electrostatic precipitators and flue gas desulfurization systems (FGD) respectively. The 

FGD systems generate large volumes of sludge. Under present regulations (Knight, 1983), the FGD 

sludge, being a large volume utility waste, is exempted from the hazardous waste regulations under 

the Resource Conservation Recovery Act (RCRA) Subtitle C. However, the FGD wastes are 

subject to the provisions applying to non-hazardous wastes under Subtitle D of RCRA. This 

Subtitle prohibits the open dumping of solid wastes. The salient points of the EPA criteria perti-

nent to the disposal of the FGD wastes are summarized below (Knight, 1983): 

• A disposal facility should not restrict the flow of the 100 year flood plain or disrupt habitats 

of endangered species. 

• A disposal facility must not contaminate the underground drinking water resource. In other 

words, the drinking water standards for substances in ground water outside the facility 

boundary must not be violated. 

• The point and non-point source discharges from a disposal facility must comply with the re-

quirements of the National Pollution Discharge Elimination System (NPDES) and the state 

water quality management plans under the sections 402 and 208 of the Clean Water Act. Dis-

posal in certain waterways requires permits from the Army Corps of Engineers. 

Under some control options considered in this study, that portion of flyash which is removed from 

the flue gas stream is mixed with the FGD sludge before the sludge is disposed on land. Therefore, 

the flyash constituents can leach into the potential drinking water resources lying under and around 

the waste disposal site. Hence, the trace elements present in the flyash are potentially both air and 

water pollutants. Table 3.2.4 presents emission/discharge base data for these potential air and 
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·Table 3.2.4: Maximum Pollutant Emission/Discharge Data used in the IPC ::\lode 

Pollutant Codel Medium Code 2 Emission/discharge rates 3 

1 (S02) t 345-tO (g/scc) 

2 (As) 1 0.55 

3 (Cd) 1 0.027 

4 (Cr Ill) 1 0.0554 

5 (Cr VI) 1 0.055 

6 (Pb) 1 0.137 

7 (Ilg) 1 2.75 

8 (Ni) 0.275 

9 (Sc) 1 1.1 

2 (As) 2 142.94E4 (g/mo) 

3 (Cd) 2 7.13E4 

4(Cr111) 2 15.0E4 

5 (Cr VI) 2 15.0E4 

6 (Pb) 2 36.0E4 

7 (Hg) 2. 716.0E4 

8 (Ni) 2· 72.0E4 

9 (Se) 2 286.0£4 

I The code corresponds to the pollutant in parenthesis 

2 Mediu·m codes l and 2 represent air and water media, respectively. 

3 Emission/discharge rates are calculated from the emission_s given in Table 3.2.1 and the trace element 
concentrations given in Table 3.2.2. 

' Chromium in ihe flyash is assumed to be existing in equal amounts as Cr (111) and Cr (VI). 51 



water pollutants. The data represent the maximum of the controlled and uncontrolled 

emission/discharge rates of the pollutants that potentially enter into the air or water medium. The 

data are expressed in the units appropriate for the application of the pollution transport models. 

For each control option, the computer program modifies these emission/discharge rates in accord-

ance with the pollution modification potential of the control. The codes for each pollutant and the 

medium into which it is likely to be discharged are given in the table to facilitate the use of this 

information in the computer-code of the IPC model. 

The methodology for estimating the cost and pollution modification potential of the control 

options is discussed in Appendix A. The FGD costs include the sludge transportation and disposal 

costs. The distance of the disposal site from the plant and the sludge volume determine the sludge 

transportation costs. 

The FGD sludge volume calculations presented in Appendix A, indicate 180 and 250 acre-feet per 

year of the sludge volumegenerated in S02 scrubbing, with and without forced oxidation, respec-

tively. It is assumed that the sludge produced in one year is spread one foot high at the disposal site. 

The area of 250 acres required for the naturally oxidized sludge is considered for the disposal of the 
I ' 

FGD sludge generated for 30 years of the plant operation. 

The two potential sites for disposing of the FGD sludge wastes are depicted in Figure 3.1.1. These 

sites were chosen on the basis of their accessibility, comparatively flat terrain, and proximity to the 

plant. An effort was made to locate these sites far from the population pockets. However, as the 

criteria of accessibility and flat terrain also happen to be the priorities for human settlements, these 

sites are close to the Narrows and Rich Creek towns. 

Although site B appears to be an environmentally sound site for the sludge disposal, site A has been 

chosen instead as a hypothetical example. In the latter case the pollutants from the waste can po-

tentially leach into the ground water and enter the surface water body through seepage and surface 

APPLICATION OF THE IPC MODEL TO THE CASE-STUDY 52 



runoff. 1bis water, on reaching the New River, is assumed to coritaminate the drinking water sup-. 

ply to the town of Narrows. As such, site A provides a good example for demonstrating the health 

impacts of pollution trade-offs resulting from air pollution controls. The transportation costs as 

indicated in Tables Al I and Al2 of Appendix A are with reference to the site A. 

Figures 3.2.1 and 3.2.2 shows the general and transformed tree representations of the control 

options used in this study, respectively. The nodes attached to the dotted tree branches represent 

dummy controls. The necessity of dummy controls has arisen from the regular pattern used for the 

computer implementation (i.e., at each tree level, all parent nodes have the same number of chil· 

dren). As described in the previous chapter, each node has four cells containing the cost and pol-

lution modification factors of the control represented by the node. The dummy nodes, which do 

not represent actual controls, are associated with very high costs and maximum pollution potential 

so that these controls are automatically eliminated in the search for most cost-effective control 

strategy. The information to be associated with these nodes is presented in Table 3.2.5. The 

underlying calculations for these data are given in Appendix A. 

The modification factors corresponding to each control presented in the table are used to adjust the 

emission/discharge rates given in Table 3.2.4. The resulting values are the pollutant emission rates 

corresponding to the specific pollution controls. The three modification factors associated with each 

pollution control are used to modify S02 emissions, the emissions of the flyash trace constituents 

into the air, and the flyash trace constituents present in the FGD sludge, respectively. 

3.3 Pollution Transport Models 

According to the discussions presented in the previous chapter, and in Appendix B, a pollution 

transport model for an environmental medium can be represented by 

APPLICATION OF THE IPC MODEL TO THE CASE-STUDY 53 



I I I 
I I I 

I \ I 
I 

\ I I I 

\ I I I 
I I I 

\ I I I 
\ I I I 
I \ I I 

I I I I 

6 6 60 

-A D f 

figure 3.2.1. General Tree Representation of the Control Options Used in the Case-Study. 
Dummy Controls arc Introduced for the Regularity of the Tree Structure. 
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Figure 3.2.2. Transformed Representation of the General Tree Structure Depicted in Figure 3.2.1. 
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·Table 3.2.5: Costs and Pollution Modification Factors Associated with Pollution Controls Repres-
ented by Various Nodes of the Tree 

Control Strategy 
Represented by Pollution 

Node# a Terminal Node Modification Factors Cost ($) 

I l I 0 0 
2 1 1 0 0 
3 A (no control) 1 l QI 0 
4 DUMMY l l l 200,000,0002 

(2.0ES) 
5 1 0.001 0.999 18,245,926 

(0.1824E8) 
6 B (traditional 0.1 0.001 0.999 101,819.457 

control) ( l.0182E8) 
7 DU:YIMY 200,000,000 

(2.0E8) 
8 0.1 0.9 14,621,820 

(0.1462E8) 
9 c 0.1 0.1 0.9 98,372,745 

(0.9837E8) 
lO Dl 0.1 0.1 0.9 101,819,457 

( l.0182E8) 
11 0.1 0 14,621.820 

(0.1462E8) 
12 E 1.0 0.1 0 0 
13 DUMMY l 1 l 200,000,000 

(2.0E8) 
14 1 0.001 0 18,2-~5.926 

(0.1824E8) 
15 DUMMY 1.0 1.0 1.0 200,000,000 
16 F 1.0 0.001 ()4 0 

1 · No flyash is collected 

l Value arbitrarily chosen 

3 Oxidized Sludge 

' Flyash collected is not disposed of on the land 56 



C;a = E~,l • Dia (3.1) 

where *a" represents the control option, ci0 represents the concentration of the pollutant i at the 

receptor j and under the control option a; Ei,,,,1 depends on ( 1) various environmental parameters 

that influence pollutant fate and transportation, (2) relative distances between pollutant source and 

receptors, and (3) pollutant characteristics; and D,0 represents the emission or discharge rate of 

pollutant i. This section focuses on determining Ei,,,,, values for each environmental medium in-

valved in or dealing with the power plant waste. 

E!t,i• &,1, &.o Ela,1, and &RJ are the representations of Ei,,,,1 corresponding to pollutant transportation 

in air, water, unsaturated soil, ground water, and surface-runoff, respectively. Once the values of 

£!,.,;are determined, equation (3.1) can be used for calculating pollutant concentrations in the air 

and water. 

Various site-specific features such as climate, surface and subsurface characteristics, hydrology of 

the area, etc. have an important bearing on the application of pollution transport models. The 

site-specific features relevant to individual models are discussed in the sub-sections. presenting their 
" 

application to the case-study. 

The following text describes the application of various pollution transport models to the case-study. 

The transportation models used in this study are based on many simplifying assumptions. The main 

underlying assumptions are discussed in Appendix B. The method used to coordinate these models 

under the waste disposal scenario considered in this case-study is described at the end of this section. 
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Table 3.3.1: Input For Industrial Source Complex Modcl1 

Variable description 

Stack gas exit temp. (°K) 

Stack gas exit vclocity(m/sec) 

Inner stack diameter (m) 

Stack height (m) 

Value 

388.5 

19.81 - 39.622 

4.6 

183.34 

Appalachian Power Company • 450 MW Coal-Fired Power Plant Data. 

l Value used in· the model is 19.81 
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3.3.1 Application of the Industrial Source Complex (ISC) Model - Air 

The ISC model is used to determine the particulate and S01 distribution in the region around the 

hypothetical power plant. The ISC model is based on Gaussian plume equation discussed in Ap-

pendix B. The input data along with their sources are given in Table 3.3.1. The model uses 

meteorological data monitored at the station closest to the case-study site. The data are derived 

from the annual STability ARray (STAR) database. 

In order to apply the model, with the power plant at the center, the region around the plant is di-

vided into sixteen sectors. These sectors are intercepted by the six concentric rings at the distances 

of 500, 1500, 3500, 5500, 7500, and 9500 meters from the source. In the segments so-formed, one 

receptor point in the center of each segment is specified for the computation of pollutant concen-

trations. Pollutant concentrations for the two segments of Narrows are presented in Table 3.3.2. 

Table 3.3.2 presents the values of Ef...1 (in µg-m3/g-sec- 1). These values are used as input to the IPC 

model. Multiplying these values by pollutant emission rates gives annual average pollutant con-

centrations in the ambient air. 

3.3.2 Application of the Seasonal Soil (SESOIL) Model - Unsaturated 

Zone. 

The SESOIL model is used to determine the distribution and transportation of pollutants present 

in the sludge through the unsaturated soil zone underlying the disposal site A. The output of this 

model includes pollution load in ground water and surface runoff. The following text discusses the 

site-specific characteristics, disposal practices, and assumptions which influence the model applica-

tion. This subsection also presents the inputs and outputs of the model. 
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Table 3.3.2: Output of Industrial Source Complex Model -- ~ for Sulfur Dioxide and Flyash 

£i.,...so2 £!...nyash 
Receptor Location (µg-rn·3/g-sec·1) (µg-m·3/g-sec·1) 

Narrows l 13.07E-41 l l.86E-41 

Narrows 2 7.693E-4 7.07E-4 

Value us::d in. the I PC model. 60 



Site A is located to the right of Wolf Creek and is about 3 miles up from the Narrows town The 

site is located in the drainage area of the creek and its slope varies from 10 to 20 percent. The soil 

of the region belongs to the Frederick series (Soil Conservation Office, Giles Co.,1985). It is 60 

inches deep and has permeability of 1.29 inches/hr (Cauley, 1985). The underlying rock is Copper 

Ridge Dolomite consisting mainly of carbonate rocks. The top soil most likely is the result of the 

weathering of this rock. The carbonate rocks have low adsorption capacity for pollutants. 

The previous section indicates that the land area required for the sludge disposal is about 250 acres. 

According to this estimate, the sludge produced in one year when evenly spread on the site will have 

a thickness of 1 foot. Thus, the thickness of the raw sludge produced in 30 years will be 30 feet. 

However, actual sludge thickness after 30 years will be much less than 30 feet because of com-

paction under its own weight and evaporation, etc. An assumption is made by the author that the 

sludge will compact by a factor of 0.5.9 Under the assumption that the pollution attenuating proc-

esses such as adsorption are inactive10 , the value of the compaction factor will not influence the 

model results.11 

As mentioned in the previous chapter, the pollutants which are of interest in this study are As, Cd, 

Cr(Ill), Cr(VI), Hg, Pb, Ni and Se; these are typically present in a coal-fired power plant flyash. 
' . 

In the case-study, these pollutants pass on to the FGD sludge as the flyash and sludge are mixed 

together for disposal. 

It is unlikely that the above pollutants exist in elemental forms in the sludge. An assumption is 

made that, in the sludge, these pollutants are in their most soluble form. This assumption no doubt 

is crude, as in reality a number of compounds of an element may exist in the sludge. However, it 

is made to avoid the complexity of dealing with the co-existence of a number of compounds of the 

9 The assumption is based on the approximate calculations made to determine the volume of dry sludge. 

10 As justified below, in this case-study, no pollution attenuating process is considered. 

11 Under the assumption that no pollution attenuation takes place in the subsoil environment. the height of 
the sludge layer will only marginally affect the time required to reach the steady state. 
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same element. Moreover, no simple method is known for partitioning an element into various 

compounds in the physical setting provided by a typical sludge site. lbis assumption may result in 

higher water pollutant concentrations given by the model than are actually present in the environ-

ment. 

The most soluble compounds of the pollutants are determined from their log activity diagrams (Rai, 

1984). The chemical properties of these compounds are used as inputs in the model. 

The distribution of pollutants in the unsaturated subsoil environment is governed by many 

physico-chemical processes associated with the hydrologic cycle and the pollutant fate cycle. The 

hydrologic cycle in the SESOIL model incorporates rainfall, infiltration, soil moisture, surface 

runoff, exftltration, evapo-transpiration, groundwater runoff, etc. The pollutant fate cycle of the 

model considers such factors as advection, diffusion, volatilization, adsorption and desorption, 

chemical degradation, biological transformation, hydrolysis, cation exchange, and complexation 

chemistry. 

Most of these physico-chemical processes! particularly in the pollutant fate cycle, have not been 

considered in the application of the case-study. whereas some. of these processes are not important 

for the pollutants under consideration, the non-inclusion of other processes has been due either to 

the unavailability of the required data, or to the complexity involved in the preparation of the data. 

For example, processes such as chemical decay and volatilization have limited influence on the 

distribution of the concerned pollutants. However, adsorption and desorption, cation exchange, and 

complexation chemistry are important attenuating processes for the trace elements typically present 

in flyash. In addition to the lack of readily available data for incorporating these processes in the 

case-study, other difficulties also arise in their application. A discussion on these difficulties is pre-

sented in the next chapter. 
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The non-incorporation of the some of the above mentioned physico-chemical processes does not 

introduce any serious problems in this study. The underlying strata of the site A consist of 

carbonate rocks, and these rocks do not have any significant pollution attenuation potential. 

In applying the SESOIL model to an unsaturated soil zone, the latter can be divided into a number 

of levels of homogeneous characteristics. The SESOIL model version implemented on the GEMS 

provides options of three levels. In this study, the two level option is used. The two levels represent 

the sludge layer and soil layer extending from the surface to the water table. Since the thickness of 

the top sludge layer continuously changes, the depth of this layer is assumed to be one-half of the 

thickness of the compacted sludge disposed for the life-time operation of the plant. As assumed 

earlier, the compressed sludge will be half the thickness of the raw sludge. 

The input to the SESOIL model for its application to the case study is given in Tables 3.3.3 

through 3.3.5. The data sources are indicated in the tables. The values of some of the items are 

assumed. However, these assumed values are thought to be within realistic ranges. 

The SESOIL model provides a number of.outputs. The outputs which are of interest in this study 

are (1) the pollutant loading on the underlying saturated soil zone or aquifer, and (2) the annual 

hydrologic cycle components. These outputs are presented in Tables 3.3.6 and 3.3.7. Table 3.3.6 

presents Es,1 values at various time steps. These values when multiplied by pollutant load (in 

ug/cm2-mo) on the site and the disposal site area give the pollutant load on the aquifer (in kg/h). 

Table 3.3.7 presents the annual hydrologic components for naturally oxidized and forced oxidized 

sludge. As can be seen from the table, the model does not show surface runoff for the unoxidized 

sludge. However, the model does produce surface runoff in the case of oxidized sludge. Table 3.3.8 

gives the derivation of &R.I using the information in Tables 3.3.6 and 3.3.7. Both&,; and &R.i are 

used in the IPC computer code to determine the pollutant concentrations in the surface water body. 
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Tal1lc 3.3.3: Input Climatic Data for The SESOIL l\lodcl (Pulaski-Blacksburg)1 

Oct. Nov. Dec. Jw1. Feb. Afar. Apr. May June July Aug. Sept. 

Latitude (Deg) 37.3 (approximate) 

Temperature, °C 12.3 6.90 2.27 0.44 l.61 6.83 11.5 16.2 19.9 21.9 21.5 18.3 

Cloud cover 2 

0.51 0.66 0.73 0.73 0.68 0.64 0.66 0.55 0.52 0.5 0.51 0.58 

Rel. Ilumi<lity 0.53 0.56 0.62 0.63 0.59 0.53 0.47 0.55 0.54 0.6 0.58 0.55 

Albedo (-)2 0.18 0.22 0.25 0.29 0.29 0.29 0.18 0.18 0.18 0.18 0.18 0.18 

Evaporation 0.21 0.0 0.0 : 0.0 0.0 0.0 0.36 0.49 0.43 0.48 0.42 0.33 

(cm/day) 

Precipitation 7.49 6.02 7.26 6.45 6.91 9.06 7.44 8.61 9.52 8.96 9.47 6.32 

(cm) 

!\lean time rain l.08 0.91 l.00 0.83 1.16 1.16 1.33 0.66 0.59 0.91 0.91 0.83 

(<lays) 

i\1. Storm No (-)3 9 9 9 9 9 9 9 9 9 9 9 9 

M. Season (Jays) 13.0 11.0 12.0 JO.O 14.0 14.0 16.0 8.0 7.0 11.0 11.0 JO.O 

Na1ional Oceanographic and Almospheric Adminislralion (1982) - Mean of the two years of published dala. 

2 Source: Bonazounlas (1984) 

BascJ on approximate calculations 
O'I 
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Table 3.3.4: Input Data for the Application of the SESOIL Model to Waste Disposal Site A 

Variable Description 

SOIL CHARACTERISTICS 

RS 
Kl 
c 
N oc 
cc 
CEC 
KIV 

K2U 

IOU 

Soil density ( g/cm3 ) 

Soil intrinsic permeability ( cm2 ) 
Soil disconnectedness index (-) 1 

Effective soil poosily (- )1 
Organic content of tlze soil (% cc)l 
Clay content of tlze soil(% cc) 
Soil cation exchange capacity (me/ lOOg) 
Intrinsic permeability of upper 
soil layer ( cm2 )3 . 
Intrinsic permeability of middle 
soil layer -
Intrinsic permeability of lower 
soil layer 

I Source: Eagleson (1978) 

Naturally Forced 
Oxidized Sludge Oxidized Sludge 

Value 

1.37 
l.022E-9 
6.0 (silty loam) 
0.35 
2.01 

18.02 

0.0 
1.022£-9 

9.372E-9 

9.372£-9 

Value 

1.5 
1.022£-10 

12.0 (clay) 
0.45 
2.0 

18.01 

0.0 
1.022£-10 

9.372£-9 

9.372£-9 

2 Sources: Cauley (1985); Soil Consevation Oflice, Giles County, VA (1985) 

l Calculated from the data given in Knight (1983) 
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Table 3.S.4: (Continued) 
Naturally Forced 

Oxidized Sludge Oxidized Sludge 

Variable Description Value Value 

LEVEL 2 

AR Surface area of tlze compartment ( cm2 ) l.02EIO. 1.02£10. 

z Depth of ground water table (m)4 13.0 13.0 -
DY Depth of upper soil zone (cm) 300.0 300.0 

pll p/I of tire upper soil zone (-) 5.22 5.22 

APll Ratio : pl/ lower to upper soil zone (-) 0.952 0.9S2 

Al{DE. Ratio : Biodegradation rate lower 1.02 I.oz 
to upper soil zone 

AOC Ratio : Organic carbon lower to upper 1.02 I.oz 
soil zone 

ACC Ratio : Clay content lower to Ltpper 3.sz 3.Y 
soil zone 

HtN Freundlick equation exponent I.oz I.oz 

ACEC Ratio : CEC lower to upper 1.02 I.oz 
soil zone 

4 Depth of Lhc groundwater Lable is assumed to be IOm (Basis: Bo11azou111as, 1984). The remaining lhrce meters account for the sludge thickness 
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Table 3.3.4: (Colllinued) 
Naturally 

Oxidized Sludge 

Variable Description Value 

LOAD 

CUM Pollutant cone. i11 soil moisture 0 
upper zone (Mg/cm3 ) 

CLM Pollutant cone. in soil moisture · 0 
lower zone (Mg/cm3 ) 

POLINU Pollutant load per unit area 
emering upper zone ( µ g/cni1 /mo)s 

JOO 

POLI NL Pollutant load per unit area 
entering lower zone (Mg/cm1 /ino) 

0 

ISRM M ontlily index for pollution 6 0.4 
appearance in surface nmoff (-) 

ASL Monthly ratio : cone. of po!lutallls 0 
in rainwater to the maximum 
solubility in water 

s J>ollulant load values arc assumed. The results arc later adjusted in the IPC computer-code. 

6 Source: Donazounlas (1984) 

Forced 
Oxidized Sludge 

Value 

0 

0 

JOO 

0 

0.4 

0 



Table 3.3.5: Input Data for the Application of the SESOIL l\fodcl to the Waste Disposal Site A -
ChcmicaP 

ChemicaP. Solubility Molecular 
Pollutant Compound (mgiml) lYeigltt (g/mole) 

As IhAs04 3.02E6 160.95 

Cd CdS04 0.75E6 208.47 

Cr (Ill) Cr(OHh 1.0[6 86.01 

Cr (IV) KzCr04 62.9[4 294.18 

Pb PbN03 37.65E4 331.21 

Hg HgClz 6.9E4 271.5 

Ni NiS04 29.3[4 154.75 

Se Seo- 2 3.84E5 110.96 

Source: Weast (1985) 
. 

2 The most soiublc compound of the trace clement. 
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Tahlc 3.3.6: The SESOJL l\lo1ld Oulput in Terms of£,,; V:ilucs (kg/hr)/(~tg/cm2-mo) 

Unoxidized Sludge 

Year (AS) (Cd) (Cr Ill) (Cr VJ) (Pb) (Ilg) 

5 0.1210 0.0377 0.0470 0.0330 0.0103 0.0130 

10 0.15<>0 0.0486 0.0600 0.0420 0.0133 0.()160 

15 0.1590 0.0496 0.0620 0.0430 0.0136 0.0170 

20 0.1600 0.0498 0.0620 0.0430 0.0136 0.0170 

25 0.1600 0.0499 0.0620 0.0430 0.0136 0.0170 

30 0.1600 ().()498 0.0620 0.0430 0.0136 0.0170 

Oxidized Sludge 

rear (AS) (Cd) (Cr Ill) (Cr VJ) (Pb) (Ilg) 

5 0 0 0 0 0 0 

IO () 0 0 0 () () 

15 0 0 0 () 0 () 

20 ().()315 0.0116 0.0137 0.0100 0.0049 0.0055 

') -... ) 0.0361 0.0132 0.0157 (),()I } () 0.0055 0.0063 

30 O.IU99 0.0146 0.0174 0.0130 0.0056 0.0070 

(Ni) (Se) 

0.0210 0.0240 

0.0273 0.0310 

0.0279 0.0320 

0.0280 0.0324 

0.0280 0.0325 

0.0280 0.0324 

(Ni) (Se) 

0 () 

0 () 

() () 

0.0075 0.0083 

0.0086 0.0095 

0.0097 0.0108 



·Table 3.3.7: The SESOIL Model Output - Annual Summary of Hydrologic Components 

(Unoxidized (Oxidized 
Sludge) Sludge) 

Description Value Value 

i\ verage soil moisture ( % ) 12.8 33.7 

Total precipitation (cm) 93.5 93.5 

Total infiltration (cm) 93.5 46.2 

Total cvapotranspiration (cm) 33.5 33.5 

Total surface runoff (cm) 0.0 47.3 

Total goundwater runoff (cm) 59.9 12.7 

Total yield (cm) 59.9 60.0 
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Table 3.3.8: _lltc Calculations For Deriving Surface Runoff Environmental Parameter --
EsR(kg-1zr-1)/(µg/cm2-mo) 

Let the amount of pollutant i disposed at the site = L(µg/cm2- mo) 

The amount of pollutant i entering the ground water per year from 1 sq. cm. area (kg/yr) 

I kg. cm2-mo 2 = Es i( hr ) x l(µg I cm -mo) x 24(hr/day) x 365(day/yr) . µg-

Let the pollutant concentration in the groundwater runoff = c (µg/cm3) 

The amount of pollutant i entering the ground water per year from 1 sq. cm. area (kg/yr) 

= c(µg/cm3) x groundwater runoff (cm3 /yr) x 10-\kg/µg) 

From Table 3.3.7, the ground water runoff= 12.7 (cm/yr) 

orcx 12.7x 10- 9 = £~.1 xlx24x365 

or c = ( 24 x 36~ )Et x l 
12.7 x 10 9 • 

The amount of pollutant in the surface runoff from 1 sq. ~.area (kg/yr) 
3 3 * -9 = c(µg/cm ) x surface runoff (cm /yr) x 0.4 x 10 (kg/µg) 

From Table 3.3.7, the surface runoff = 47.3 (cm/yr) 

The amount of pollutant in the surface runoff from 1 sq cu area = C x 47.3 x 0.4 x 10- 9 (kg/yr) 

= ( 47·3 x o.4 )E/ · x L = 1.489£j . x l · !2.7 S,1 SR,1 

where: EfR.; = 1.489£~ .• (max) 
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3.3.3 Application of Analytical Transient 1, 2, 3 Dimensional Model -

Ground Water 

The AT123D model is used for estimating the ground water transport of pollutants entering the 

aquifer system from the unsaturated soil zone. The aquifer underlying the FGD waste disposal site 

receives the waste pollutants along with the infiltrated precipitation. The focus of this section is to 

determine the resulting pollutant concentration in the ground water that discharges into Wolf 

Creek. The following text gives the site specific description relevant to the application of the 

AT123D model as well as the inputs and outputs of the model. 

Copper Ridge Dolomite forms the underground strata of the region around Narrows. The aquifer 

is about 1250 feet deep and consists of carbonate rocks. In this study, it is assumed that the ground 

water in the rock formation flows through wide channels formed by the dissolution of calcium and 

magnesium carbonates. These channel flows result in high ground water flows and low adsorption 

of potential ground water pollutants. The low adsorption capacity of the rocks in Valley and Ridge 

province, in which Giles county is located, and high ground water flows in the Narrows region are 

indicated by Silka (1984) and the Ne:w River Valley Planning District Commission (1973), respec-

tively. The gradient of the aquifer at the disposal site is assumed to be toward the creek. 

The pollutant source for AT123D model is a virtual source located at the level of water table and 

vertically below the waste disposal site. The source dimensions in the XY plane are assumed to be 

the same as that of the waste site. The assumption is consistent with the application of the SESO IL 

model which considers only the vertical movement of pollutants and infiltrated rain water through 

the unsaturated soil zone. The pollutant load entering the aquifer depends on the SESOIL model 

output. 

The input data required for the AT123D model are given in Table 3.3.9. The model provides a 

number of options regarding source dimensions, pollutant discharge types, and pollutant charac-
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Table 3.3.9: Input Data for the Application of AT123D Model to Disposal Site A 

Variable 

NX 
NY 
NZ 
NROOT 
NBGTI 
NEDTI 
NPRINT 

INST AN 
NSOUS 
INTER 
I CASE 
IWID 
IDEP 
DEPTH 
WIDTH 
RLl 
RL2 
RBI 
RB2 
RHl 
RH2 
POR 
HCOND 
HG RAD 
AELONG 
ATRANV 
AVERTI 
AKD 
AKE 
AMT AU 
RAMDA 
RHOB 
RHOW 
ACCU 
DT 

TD ISP 
Q 
XDIM(l) 
XDIM(2) 
YDIM(l) 
YDIM(2) 
YDIM(3) 
ZDIM(l) 
ZDIM(2) 

Description 

No. of points in X - direction 
No. of points in Y - direction 
No. of points in Z - direction 
No. of eigenvalues required for series evaluation 
No. of beginning time step 
No. of ending time step 
No. of time intervals for printed 

out solution 
Source type indicator (instantaneous or continuous) 
Source type indicator (constant or varying) 
Indicator for intermediate solution printouts 
Indicator for waste type 
Indicator for infinite or finite medium width 
Indicator for infinite or finite medium depth 
Aquifer depth -- infinite depth assumed (m) 
Aquifer width -- infinite width assumed (m) 
Beginning coordinate of the source in x-direction (m) 
Ending coordinate of the source in x-direction (m) 
Beginning coordinate of the source in y-direction (m) 
Ending coordinate of the source in y-direction (m) 
Beginning coordinate of the source in z-direction (m) 
Ending coordinate of the source in z-direction (m) 
Porosity 
Hydraulic conductivity (m/hr) 
Hydraulic graduent (-) 
Longitudinal Dispersivity (m) 
Lateral Dispersivity (m) 
Vertical Dispersivity (m) 
Distribution coefficient, kd (m3 /kg) 
Heat Exchange Coefficient (KCal/hr- m2°c) 
Molecular diffusion coefficient ( m2 /hr) 
Decay constant (per hr) 
Bulk density of the soil (kg/m3) 
Density of water (kg/m 3) 
Accuracy tolerance for steady state solution 
Time Interval for the desired 

solution (hr) 
Total simulation time (hr) 
Waste release rate (kg/hr) 

Co-ordinates of the receptor points in the x, y, 
and %. directions. 

1 Value assumed (Basis:Silka, 1984) 

2 Source: The AT123D Model Manual. 

3 Source: Anderson (1979) 

4 Source: Freeze (1985) 

Value 

2 
3 
2 

400 
6 
31 s 
1 
0 
1 
2 
0 
0 
0 
0 
0 

1005.84 
-502.92 
+ 502.92 

0 
0 

0.12 

1.27 ( 100 ft/day)1 

O.Ol2 
6l3 

18.33 

18.33 

0 
0 
0 
0 

13704 
1000 
0.005 
8760 

262800 
l 

1104.5 
1638.5 
-700.0 

0.0 
700.00 

5.0 
10.0 
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teristics. In this case-study, the continuous pollution source of chemical waste is considered. The 

distribution coefficient of pollutants in the aquifer is assumed to be zero, which is consistent with 

the assumption that the adsorption capacity of the aquifer is negligible. Two locations in the Wolf 

Creek section, as shown in Figure 3.3.1 are considered for obtaining the output of the AT 1230 

model. 

In order to facilitate the application of the surface water pollution model, it is assumed that the 

Wolf Creek reach receives uniform pollution load along with the ground water discharge from the 

contaminated aquifer. Therefore, the value of Eb,1 is based on the mean value of the ground water 

pollutant concentrations obtained at the two points of the Wolf Creek section. 

In the earlier AT123D model runs, the steady state solution was obtained fairly quickly. The later 

runs showed oscillations in the results. The magnitude of these oscillations exceeds the accuracy 

tolerance of the model and shows, therefore, that the steady state is not reached. In the absence 

of any better option, the mean value of the oscillating values is used as EbJ· The mean Eb.1 values 

at points 1 and 2 of the reach are 0.217 and 0.045, respectively. Since the reach is considered to be 

completely mixed and uniform pollution load is assumed to be entering the reach, the value of 

Eb.1 is considered to be equal to 0.131 (the average of 0.217 and .045) 

3.3.4 Application of the Exposure Analysis Modeling System (EXAl\'IS) -

Water 

The distribution of pollutants in the aquatic system which is the potential recipient of pollution 

from the waste disposal site A is determined by using the EXAMS model. The pollutants enter this 

system along with the surface runoff from the disposal site and with the ground water discharge. 

The following text gives the relevant site~specific information and the application of the EXAMS 

model to the case-study. 
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The upper and lower boundaries of the aquatic (surface water) system are approximately defined 

by the upstream edge of the disposal site and the community drinking water withdrawal points, 

respectively. In order to apply the EXAMS, this river system is divided into four reaches - three 

belonging to Wolf Creek and one belonging to the New River. Each reach is vertically divided into 

two compartments - littoral and benthic. The upstream reach of the creek is likely to receive pol-

lution from site A through surface runoff and/or seepage. The lengths of the second and third re-

aches have been decided on the basis of the hydrologic basin geometry, as the latter results in 

different non-point source flows to these sections of the creek. The New River segment of the sys-

tern is assumed to be the drinking water source to the town of Narrows. Eight compartments (two 

in each reach) of the aquatic system, and their advective connectivities are shown in Figure 3.3.2. 

EXAMS has the capability of representing a number of physico-chemical processes which can in-

fluence the pollutant distribution in a surface water body. These processes include sediment 

sorption, ionization, biosorption, photolysis, advection, and dispersion. The computation of 

pollutant concentration in each compartment of the aquatic system is based on complete mixing 

theory (i.e, the pollutants in each compartment are uniformly distributed). 

In the application of the model to the case-study, most of the above mentioned processes are neg-, 
lected. Some of these processes such as photolysis and ionization are not important for most of the 

pollutants under consideration, whereas sediment sorption could be an important attenuating fac-

tor. 

The input information on EXAMS can be divided into several categories such as environment, 

chemical, and pollutant loading. Input data on environment constitute information on the aquifer 

system geometry, flows, climate, and other environmental parameters that can potentially influence 

the pollutant distribution in the aquatic system. Data on chemicals include solubility, molecular 

weight, sediment adsorption co-efficient, photo-adsorption co-efficient, etc. Only two of .these 

chemical attributes of pollutants, solubility and molecular weight, are considered in the case-study. 
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Figure 3.3.2. Advective Connectivities of the Aquatic System Compartments 
:'\car the Narrows Waste Disposal Site. 
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Table 3.3.10: Description of Advcctivc Connectivity of the Aquatic System Compartments 

Compartment # 
Compartment type 

JFRAD 

ITO AD 

ADVPR 

I 
(L) 

3 

2 
(B) 

2 

4 

1 

3 
(L) 

3 

5 

4 
(B) 

4 

6 

5 
(L) 

5 

7 

1 

6 
(B) 

6 

8 

7 
(L) 

7 

0 

8 
(B) 

8 

0 

(JFRAD and ITUAD represent the compartment numbers from and to which the a<lvection takes 
place, respectively. ADVPR represents the proportion of the flow from one compartment to an-
other.) 

78 



Table 3.3.ll(a). Non-Point Source Flows to the Aquatic System Compartments -- Surface Runoff 

Stream Flows and Surface Runoffs: 

Drainage area of Wolfs Creek = 223 mi2 or 578 km' 

Average discharge = 467 mm/yr or 8.553 m 3 /sec2 

Drainage area from the upstream edge of the waste site A to the creek mouth = 23.97 km21 

Average discharge from the drainage area = area x discharge = 0.35 m 3/sec 

A vcrage stream flow entering the upper reach or compartment of the system 
= 8.553 - 0.35 = 8.203 m 3 /sec 
= 29530.8 m 3/hr 

Surface runoff entering the compartment l L 
= 7.72km2 x0.0148 = O.ll4m3/sec = 4ll.27m3 /hr 

Surface runoff entering the compartment 3L 
= ll.64km2 x0.0148 = 0.172m3 /sec = 620.6m3 /hr 

Surface runoff entering the compartment 5L 
= 3.95 km2 x 0.0148 = 0.058 m 3/sec = 210.37 m3 /hr 

Average stream flow entering the New River reach at Narrows 
= 119 m 3 /sec = 428400 m 3 /hr2 

Surface runoff for New River reach is neglected, as it is very small compared to the stream flow. 

Surface runoff carrying pollutants from the disposal site into the compartment IL= site area x .048 
= l.01 (km2 )x.0148 = 54m3 /hr 

Value calculated from the U.S. Geological Survey Topographic Map of :'\Tarrows (Figure 3.2.3). 

2 Source: U.S. (ieological Survey, 1981. 
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Table 3.3.l t(b). Non-Point Source Flows to the Aquatic System Compartment -- Seepage 

Seepage Seepage1 

Compartment Fall Area (m1 ) Flows (m3 /hr) 

lL 411.8 5.22 

2B 20.57 0.26 

3L 525.46 6.67 

4B 26.27 0.33 

SL 358.18 4.54 

6B 17.9 0.22 

1 Seepage carrying pollutant~ from the disposal site into compartments IL and 2B is approximately equal 
to the s~epagc 5.5 rn~1hr. Flow is calculated. by using Darcy's equation Q =KIA where K = hydraulic 
conductivity (1.27 m /hr), I = slope or gradi:mt (.0 I), and A = seepage face area. · 
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Table 3.3.12: How Parameters and Geometry of the Aquatic System 

Compartment 1 2 3 4 
Type L D L D 

Length (m)1 205.74 205.74 262.73 262.73 

Av. Width (m) 1 4.0 4.0 4.0 4.0 

Depth (m)2• 
2.0 0.1 2.0 0.1 

Surface area (m2 ) 818.96 818.96 1050.9 1050.9 

Cross section 
area (m2 ) 8.0 0.4 . 8.0 0.4 

Volume (m 3 ) 1638.0 81.9 2102.0 105. l 

Stream flow (m3/hr) 29531.0 0:0 0.0 0.0 

Seepage (m3 /hr) 5.22 0.26 6.67 0.33 

Surface runoff (m 3 /hr) 411.27 0.0 620.59 0.0 

1 Source: U.S. Geological Survey - Topographic_ Map 

2 Approximately calculated from the river/creek discharge and width 

5 6 7 8 
L D L D 

179.04 179.04 137.16 137.16 

4.0 4.0 15.0 15.0 

2.0 0.1 3.04 0.3 

716.15 716.15 2057.4 2057.4 

8.0 0.4 45.6 4.5 

1432.0 71.6 6253.0 617.1 

0.0 0.0 428400.0 0 

4.54 0.22 0.0 0.0 

210.37 0.0 0.0 0.0 



The continuous, non-point source pollutant loading is considered in this study. The input data for 

EXAMS are presented in Tables 3.2.10 through 3.2.12. 

The output of the model is represented in terms of&,,; . Values of this parameter in the compart-

ments IL, 3L, SL, and 7L are 0.03149, 0.03046, 0.03000, and 0.00207, respectively. These values, 

when multiplied by the pollutant loading, give the concentration of the pollutant in the aquatic 

system compartments. Since the New River reach of the system is assumed to be the source of 

drinking water, the pollutant concentration in this reach is of significance.&,,, for the New River 

reach that is used for computations is 0.00207. 

One of the assumptions underlying the EXAMS model is that the pollutant loading via non-point 

sources such as rainfall, ground water seepage, and surface-runoff are constrained to the lesser of 

50% of the aqueous solubility or l.OE-5 M of the compound. The EXAMS computer code sets 

restrictions on the pollutant loads carried by surface runoff and groundwater seepage into the sur-

face water body. If the above assumption is violated, the computer code itself sets the pollutant load 

limits. Since the SESOIL model is not based on the same assumption, the pollutant loads carried 

by surface runoff and groundwater seepage in the case-study can exceed these limits. 

3.3.5 Coordination of the Pollution Transport Models 

The previous sections discussed application of each of the pollution transport models to the case-

study. The output of these pollution transport models was expressed in terms of environmental 

parameters E/,,,1 • In order to determine pollutant concentrations in each medium, these parameters 

are multiplied by pollutant discharge levels. Pollutant concentrations in the air are calculated by 

using the following formula: 

c'Ai = ~,i(µg/m3)/(g/sec) x D Al (g/sec) 
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The calculations for determining pollutant concentrations in the water are given below. Pollutants 

from the FGD waste disposal site enter Wolf creek through surface runoff and groundwater seepage. 

The pollutant concentration in the surface water system comprising three sections of Wolf creek 

and one section of New River is obtained by combining the outputs of the SESOIL model, 

AT123D model, and EXAMS. In the IPC model, the equation used for calculating pollutant con-

centrations in the surface water system under consideration is obtained as follows: 

dWl = Elw/mg/l)/(kg/hr) x Dw,i(kg/hr) 

where, 

D0 _i(kg/hr) = Es,i(kg/hr)/(µg/cm2-mo) x Ds,;(µg/cm2-mo) 

Ds,;• DsR.i• DG,;• and Dw,1 represent pollutant discharge rate on soil, in surface-runoff, m 

groundwater, and in water ,respectively. 

Pollutant concentrations in air and water so calculated are used to determine the risk of various 

adverse health effects to the exposed human population. Human health risk assessment is discussed 

in the next section. 
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3.4 Human Health Risk Assessment Model 

As discussed in Chapter 2 and Appendix C, human health risk assessment involves risk estimation 

and risk evaluation. This section presents the data which, along with the outputs of the pollution 

transport models, are used for risk estimation. Risk estimation involves the use of dose response 

curves which express relationships between pollutant doses and adverse health effects. 

The available dose response data is derived from studies done on humans or animals. The animal 

dose response data must be adjusted for humans. Tables 3.4. l and 3.4.2 are used to derive the 

conversion factors to convert animal dose response data to humans. These conversion factors are 

presented in Table 3.4.3, and are used to multiply the threshold values and divide the slopes of 

animal dose response curves to adjust the latter for humans. 

The dose-response data used in this study were obtained from the Regulatory Integration Division 

(Office of Policy, Planning, and Evaluation, EPA). As advised by Perlin (1985), these data should 

be treated as interim values and, therefore, are useful only to demonstrate the methodology rather 

than to derive definite conclusions about the most cost-effective control strategy. Except for sulfur 

dioxide, the dose-response data were available for all the pollutants considered in this study. These 

data are generally in the form of thresh~ld values and slopes of the curves. The data for lead, 

however, relate mean blood lead levels to various health effects and these data are given in Table 

3.4.4. The derivation of threshold values and slopes for various dose response curves for lead is 

given in Table 3.4.5. 

Since dose response data for sulfur dioxide are not available from the Regulatory Integration Divi-

sion, these had to be obtained from other sources. Linn(l983), U.S.EPA(l982), and North(l976) 

were reviewed to prepare dose response data for sulfur dioxide. U.S.EPA(l982) provides an update 

of technical information on sulfur dioxide health and environmental impacts for the revision of the 

existing sulfur dioxide standards. According to this report, many studies provide both qualitative 
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Table 3.4.1: Typical Parameter Values For Animal Species Used For Computing Dose Conversion 
Factors1 

Food Water Air 
Body wt Consumed Consumed Breathed 

Test Species w (kg) ~70/w (g/d) (It/day) (It/min) 

Mouse 0.02 15.15 3 0.005 0.023 

Chicken 0.40 5.58 50 

Rat 0.40 5.58 20 0.1 0.0735 

Guinea pig 0.75 4.53 30 

Rabbit 2.0 3.27 60 

Dog 10.0 l.91 250 5.2 

Man 70.0 l.O 1500 200 10.4 

1 Source: U. S. EPA, Undated 
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Table 3.4.2 : Toxic Suhst:mce Dose Conrcrsion 

Toxic Substance in Foo<l: 

I ( /k <l ) mg toxic compound g food consumed 
< osc mg ·g· ay = x x 

g fooJ day animal bo<ly weight, kg 

Dose Convc1sio11: 
mg toxic compound mg toxic compound g food consumed by animal/day 70 --------- = x x x ---

g human food g animal food g food consumed by human/Jay animal body weight, w ~70/w 

Toxic Substance in Water: 

mg toxic compound . -it. water consumed x . 
dt1.re(mg/kg-day) = It. water x day animal body weight, kg 

Dose Conversion: 
mg toxic compound 

It. drinking watcr 
_ mg toxic compound It. water consumcd by animal/day 70 I 
- 1 x x . I b .I 'gl x --t. waler It. water consumed by human/day anuna ouy wc1° it V70/w 

Toxic Substance in Air: 

mg toxic compound J!:_~i!J~!eathed x 60 x 24 mm x . . 
dose(mg/kg-Jay) = It. air x min day ammal body weight, kg 

Dose Conversion: 
mg toxic compound = mg toxic compound . _It. air bn:at!1cd by animal/min 70 

1 . I l I I . x x .. lb I 'I x --t air brcat 1cd )y iuman t. atr It. air breatlic<l by human/min anuna my we1g it ~70/w 



Table 3.4.3: Conversion Factors for Extrapolating Animal Dose Response Curve Slopes and Inter-
cepts to Humans 

Specie 

Mouse 

Chicken 

Rat 

Guinea Pig 

Rabbit 

Dog 

Man 

Animal 
Afedium 

0.5112 

0.22 

1.07 

1.0 

Air 
1Wedium 

0.5779 

1.568 

1.0 

Water 
Food 

0.4623 

1.04 

0.41 

0.412 

0.428 

0.61 

1.0 
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Tabl.e 3.4.4: Relation Between Mean Blood Lead Levels (Ilg/di) and the Adverse Health Impact Risks a 

Mean Renal· Renal- Weighted Ncuro· Neuro· 
Blood Effects Effects Average Effects Effects 
level Adults Children Renal· Adults Children 
(Mg/di) (.60)1 (.40) risks (.60) (.40) 

s 0 l.S677E-6 0.6270E-6 l.6541E-4 0 

ID 2.2294E-6 l.3981E·3 O.S606E-3 l.097SE-2 8.8184E-4 

IS l.S882E-4 l.7000E-2 0.6894E-2 4.S3S7E-2 l.7110E-2 

20 l.72S4E-3 S.8273E-2 2.4344E-2 9.1546E-2 6.9490E-2 

2S 7.8S7SE-3 l.1872E·I O.S219E-I l.4201E-1 l.4347E-I 

30 2.2166E·2 l.8792E·I 0.8846E-1 l.9SSIE-I l.4347E-I 

JS 4.8271E-2 2.628SE·l 0.3410E-I -2.SS12E·I 2.6167E·I 

40 8.171SE·2 3.29SSE-1 l.8084E-I 3.1182E·I 2.9441E-I 

45 l.3041E·I 4.0381E·I 2.3977E-I 3.9761E·I 3.ISSOE-1 

so 1.7632E·I 4.6157E-l 2.9042E·I 4.3SS2E-1 3.3183E-I 

1 Source: Perlin, 1986. 

2The figures in parentheses are the weights assumed for detennining the average risk values. 

Weighted Fetal· Reproductive· Weighted 
Average Effects Effects Average 
Neuro· Female Males Reproductive 
risks (.50) (.50) Effects Cancer 

0.9924E-4 2.208IE-S l.3808E-7 I.I I09E·S l.96SOE-S 

0.6937E-2 2.2427E·3 2.0266E-4 l.2226E-3 3.9JOOE·S 

3.40S8E-2 9.SS42E-3 3.6S63E-3 6.60S2E-3 S.89SOE-S 

8.2723E-2 l.68S7E-2 l.7114E-2 l.698SE·2 7.8600E-S 

1.42S9E-I 2.IS27E-2 4.4720E-2 3.3123E-2 9.82SOE-S 

2.0197E-l 2.41S7E-2 8.6413E-2 S.S28SE-2 l.1790E-4 

2.S774E-I 2.S771E·2 J.4262E-I 0.8419E·I l.37SSE-4 

3.048SE-I 2.6768E-2 2.0118E-I 1.1397E·I l.S720E-4 

3.5408E-I 2.7692E~2 2.7404E-I l.S086E·I l.768SE-4 

3.9404E-I 2.8368E-2 3.3SOOE-I l.8168E·I l.96SOE-4 



Table 3.4.S: Derivation of Dose-Response Relationships for Lc:id Using Data Given in Table 3.3.4 

Linear regression equations for the data given in Table 3.3.4: 

Renal-Effects -14.316E-2 + 0.83E - 2 x X = Y 
Neurologic Effects -8.834E-2 + l.03E-2 x X = Y 
Reproductive-Effects -6.841E-2 + 0.46E-2 x X = Y 
.Cancer 0.393E-5 x X = Y 
where X is mean blood level, and Y is health risk. 

Slope and Threshold values of the dose-response curves when Pb is inhaled with air: 

Air intake rate = 10.4 (lt/min) = 14.95 (m3 /day) 
Pb intake per day, PbU (µg/day) = 14.97 (m3/day) x Cone of Pb in air (µg/rn3) 
Mean blood lead level PbB ( µ g/dl) = 0.433 PbU (µg/day) (Assumption: PbU < µg/day)1 

Mean blood lead level due to inhaled lead ( µ g/dl) = 0.433 x 14.97 (m3/day) x cone. of Pb 
in air (µg/m3 ) 

Threshold (Renal-Effects) = 14.316/(0.83 x 0.433 x 14.97) = 2.66 (µg/m3) 

Slope (Renal-Effects) = 0.83E-2 x 0.433 x 14.97 = 5.38E-2/(µg/m3 ) 

Threshold (Neuro-Effects) = 8.834/(1.03 x 0.433 x 14.97) = 1.32 (µg/m3 ) 

Slope (Neuro-Effects = l.03E-2 x .433 x 14.97 = 6.672E-2(µg/rn3 ) 

Threshold (Repro-Effects) = 6.841/(0.46 x 0.433 x 14.97) = 2.294 (µg/m3 ) 

Slope (Repro-Effects) = 0.46E-2 x 0.433 x 14.97 = 2.9817E-2/( µ gjm3 ) 

Threshold (cancer) = O ( µ g/m3) 
Slope (cancer) = 0.393E-5 x 0.433 x 14.97 = 2.547E-5/( µ g/m3 ) 

Slope and Threshold values of the dose • response curves where Pb is ingested with water: 

Water intake rate = 2 lt/day 
Pb intake per day, PbU (µg/day) = 2 (It/day) x cone. of Pb in water (µg/m3) 
Mean blood lead level PbB ( µ g/dl)' = 0.433 PbU (µg/day) 
Mean blood lead level due to ingested lead ( µ g/dl) = 0.433 x 2(lt/day) x cone. of Pb in water 

(µg/l) . 

Threshold (Renal-Effects) = 14.316/(0.88 x 0.433 x 2) = 19.91 (µg/l) 
Slope (Neuro-Effects) = l.03E-2 x 0.433 x 2 = 8.919E-3/( µ g/l) 

Threshold (Repro-Effects) = 6.841/(0.46 x 0.433 x 2) = 17.17 (µg/l) 
Slopes (Rcpro-Effects) = 0.46E-2 x 0.433 x 2 • 3.983E-3/( µ g/l 

Threshold (cancer) = 0 ( µ g/l) 
Slope (cancer) = 0.393E-5 x 0.433 x 2 = 3.4E-6 

I Source: Perlin (1986) 
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and quantitative support for short term sulfur dioxide standards. Though an adverse impact of long 

term low exposure levels of sulfur dioxide is not ruled out, the above study has not found any 

quantitative support for it. 

Linn ( 1983) presents clinical respiratory response data for sulfur dioxide exposures of 0, 0.2, 0.4, 

and 0.6 ppm to 23 asthmatic volunteers. From these exposure levels and the number of cases 

showing discomfort as indicated by a "discomfort meter", a dose response curve slope of 3.263E-4 

( 1/ µg/m3) or 2.07( 1/ppm) and a threshold of 444 (µg/m3) or 24 (ppm) are obtained. As can be seen, 

the threshold value is considerably higher than the existing annual sulfur dioxide standards, but is 

close to the 24 hour average standards. This is expected as Linn's data are based on short time 

exposures. 

This study is interested in determining the impact of long term pollutant exposures. Though short 

term exposures are important from the viewpoint of their impacts (as in the case of S02 ), a number 

of factors do not permit considering such exposures in the IPC model. The time domain of the 

study is too large to make the study of short term exposures practical. The risk model does not have 

provision for the short term repetitive exposures and impacts of pollutants such as sulfur dioxide. 

Two of the underlying assumptions for the risk assesssment submode! are that the pollutant expo-
I 

sure to a human body is continuous and that the pollutant level in the body reaches a steady state. 

Also, the pollutant transport models used in this study are incapable of determining short term 

average ambient pollutant concentrations. For example, the ISC model implemented on GEMS 

and used for determining ambient air pollutant concentration gives only annual average concen-

trations. 

Since the IPC model cannot consider short term pollutant exposures and their impacts, and long 

term exposure data for sulfur dioxide are not available, it is assumed that the long term dose re-

sponse curve for S02 has a slope equal to 3.263E-4 (l/µg/m3) - the slope obtained from Linn's 

observations - and a threshold of 80 ( µg/m3) - the existing annual sulfur dioxide standard. 

North(l976) gives a best judgement threshold value of the S02 response curve as 25 µg/m3• In light 
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of the existing perception of the long term S02 exposures (U.S.EPA, 1982), this threshold value 

seems to be outdated. 

According to the discussion given in Appendix C, the dose response curve should represent a ran-

dom population from each population subgroup. The dose response data from Linn ( 1983) are 

based on asthmatic subjects. However, in the absence of any better data, Linn's data are used in 

this study. 

Tables 3.4.6 and 3.4. 7 represent threshold and slope values of the dose response curves of the 

pollutants considered in this study. These tables present the original as well as the extrapolated 

data. The latter are used in risk estimation. 

As is discussed in Appendix C, different types of effects can result from exposure to an environ-

mental pollutant. The same health effect classification as employed in the U.S. EPA (1981) is used 

in this study. The seven health effects considered in this study are - cancer, teratogenicity, 

neurotoxicity, renal toxicity, hepatotoxicity, reproductive toxicity, and "other" which generally in-

cludes respiratory and cardiovascular type diseases. Table 3.4.8 shows the mapping of various toxic 

effects to different disease categories (mapping is similar to the one used in U.S. EPA, 1981) so th~t 

the weights based on the National Center for Health Statistics (NCHS) data base can be used to 

combine these health effect into a single-value risk index by determining the weighted average of 

various disease risks. The weights used in this study are the economic impact weights derived on 

the basis of the Weinstein's methodology (see Appendix C), and used in U.S. EPA (1981). 
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Table J.4.6: Dose Response Curve Intercepts CUg/mJJ and Slopes (l/ug/m3J -- Water Hedium 

£Qlli t "!1Ll1.'l!iil! m 

l.O 
N 

Code 

2 

3 

4 

s 

6 

8 

9 

Code 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Threshold Slope 

0 0 

0 4.SE-4 

0 0 

0 0 

0 0 

0 3.4E-6 

0 0 

0 0 

0 0 

2 
Threshold Slope Threshold 

0 0 0 

1. 33E2 7. 14E-O 
(House) 1. 33£2 

( o. 76) ( 12. 35E-9) 

8. 74E2 l. 7JE-6 
(Rodents-rats) 0 

(13. 7£2) ( l. lOE-6) 

3.5E4 8.9E-7 0 

l. 7E2 1. 43£-7 
(Hamster-mouse) 0 

(98.24) (2.47E-7) 

0 0 9.9 

1. !El 7.lJE-6 
(Mouse) l. lEl 

( 6. 35) (12.33£-6) 

1. 05£2 7.93E-6 
(Mouse) 1. 05El 

( 60. 67) (13. 7£-6) 

3.5£2 2.65E-5 
(Rat) 0 

(5.48E2) (1.69£-5) 

Health Effects 

4 
Slope Threshold Slope 

0 0 0 

2.86E-4 0 0 

0 l. 75El 1. 43E-4 

0 3.5£4 3.42£-5 

0 0 0 

8.92E-3 19.91 7. 18E-3 

3. 13E-4 0 0 ' 

1. OE-6 1. 05E-2 1. OE-6 

0 0 0 

5 6 7 
Threshold Slope Threshold Slope Threshold Slope 

0 0 0 0 0 0 

1. 33£2 3.34E-8 
1. 33E2 5.33£-4 (House) l. 3JE2 l. 55E-J 

(77.0) (5. 78E-8) 

4.9E3 l.02E-7 
l. 7SE1 l. OE-6 (House) 0 0 

(2.83EJ) ( l. 76E-7) 

3.5E4 3.42£-5 0 0 0 0 

1. 7E2 6.04E-8 
0 0 (Hamster-mouse) 0 0 

( 98. 2) (10.45E-8) 

0 0 17.17 3.98E-3 0 0 

0 0 0 0 0 0 

1. 05£2 1. OE-6* l. 05E2 1. E-6 1.05£1 1. OE-6* 

3.5E2 3. 372E-7 3.5E2 1. 58E-5 
0 0 (Rat) (R~t) 

(5.48£2) (2.372£-7) (5.4C£2) (l.007£-5) 



Table 3.4.7: Dose Response curve Intercepts lug/m3J and Slopes (l/µg/m3JJ -- Air Hedium 

Pollutant Hcdium 
!&!,;.c 

\0 w 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Corlr. 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
I!trr.lihold SlQ!l'l 

0 0 

0 4.3E-4 

0 1. BE-3 

0 0 

0 1. 2£-2 

0 2.547£-2 

0 0 

0 6.4E·4 

0 0 

2 3 
Ibi::r.sh2ld Slone Tht'llihoh! 

0 0 0 

0 0 1.33El 

2. lEl 7.21E-S 
(Rodents-rats) 0 

(4. 6) (32. 77£-5) 

3.5E3 8.87E·6 0 

l. 7El 1. 44E·6 
(Hamster-mouse) 0. 

(8.6) (2.81E·6) 

0 0 1. 32 

1. 3 5.72£-5 
(Mouse) 1. 3 

(O. 66) (ll.19E·5) 

3.5 2.65£-3 
(Rat) 0 

(O. 77) (12.04£-3) 

1. 05El 7.93£-3 
(Mouse) 1. 05El 

( 2. 31) (36£-5) 

Health Effects 
__ 4 5 

:Boni: Thi;:i:s!1o]d Slonn Thr<>sbold 

0 0 0 0 

8.41E-4 0 0 0 

0 2.4E·l 5.9E·3 4.2E·l 

0 3.5E3 3.43E-4 3.5E3 

0 0 I 0 1. 7El 

6.672£-2 2.66 5.38£-2 0 

2.5E-3 0 0 0 

0 0 0 0 

lE-6* 1. 05£1 1. OE-6* l.05El 

6 7 
Sloni: Thi;:~sh12l<I Slon'l TI1r~r.hol~~r-~ 

0 0 0 60 3. 263E-4 

0 0 0 1. 33£ 1 4. 63E-J 

1. 19E2 8.98E-6 
l.OE-6* (Mouse) 2.0 1. Of.·6 

(60.8) (17.56E-7) 

3.43£-4 0 0 0 0 

l. 7El 6.03E-7 
7.46E·4 (Hamster-mouse) 1. 7E l 3. 321::-2 

(8.69) (11. 79£-7) 

0 2.29 2.96E-2 0 0 

0 0 0 0 0 

3.5 3.72£-5 3.5 3.4JE-2 
0 (Rat) (Hat) 

o. 77 16.9E-5 ( 0. 77) ( 15. 6E-2) 

1. OE-6* 0 0 0 0 



Table 3.4.8: Mapping of Toxic Effects to Disease Categories (NCI-IS) 

Health 
Effect Toxic Disease 
Code Effect Category 

1 Cancer Neoplasms 

2 Teratogenicity Congenital Anomalies 

3 Neurotoxicity Diseases of Nervous 
System 

4 Renal toxicity Diseases of 
Genitourinary System 

5 Hepatoxicity Diseases of 
Digestive System 

6 Reproductive Complications of 
toxicity pregnancy and 

childbirth 

7 Other organ Diseases of respiratory 
toxicity system 
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3.5 Output of the /PC Model 

The previous section discussed the application of the three submodels to the case-study. The out-

puts of these submodels are used as the input for the IPC model. The IPC model uses the outputs 

of the three submodels to determine risk indices associated with each pollution control strategy 

considered for the case-study. Because of the uncertainty associated with the outputs of the pol-

lution transport and human health risk submodels, risk indices calculated for the control options 

are also associated with uncertainty intervals. Based on the values of risk indices and costs associ-

ated with various pollution control alternatives, the IPC model selects the most cost-effective con-

trol strategy. The model also calculates the 'composite risk indices' for all the control alternatives. 

A decision-maker may use information on 'composite risk indices' and pollution control costs to 

select a pollution control strategy .. The method used by the IPC model to determine the most 

cost-effective control strategy and compute a 'composite risk index' for a control alternative is given 

in Chapter 2. This section presents the results of the application of the IPC model to the case-study, 

and discusses the reliability of these results. 

?Jie outputs of the IPC model indicate that the pollution cQntrol strategy F is the most cost-

effective control alternative. Figure 3.5.1 represents the logarithms of mean risk indices and their 

uncertainty intervals (including standard deviations) for five controls along with their costs. From 

this figure, it is obvious that F is the most cost-effective control strategy among the pollution con-

trol alternatives considered in the case-study. The first output option of the IPC model, which de-

termines the least cost strategy from the strategies satisfying risk constraints, also identifies the 

strategy F as the most cost-effective. 

Under the second output option of the IPC model, the 'composite risk indices' of all the control 

strategies are calculated. Figure 3.5.2 shows the relationship between the cost and 'composite risk 

indices' of control alternatives. The lower the value of the 'composite risk index' associated with the 
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control strategy, the better is the strategy in terms of its effectiveness. From this figure also, the 

choice of the control strategy F is obvious. 

The control strategy F employs an electrostatic precipitator with the particulate collection efficiency 

of 99.9% to remove flyash from the flue gas stream of the hypothetical power plant. It is assumed 

that flyash so collected is utilized in some manner and is not disposed of on the land or in an 

aquatic system. No control is employed for the removal of sulfur dioxide. 

Using a control for the removal of sulfur dioxide does not increase the effectiveness of a control 

strategy, as in this case-study the uncontrolled ambient sulfur dioxide levels are lower than the sulfur 

dioxide health risk threshold level of 80 µg/m3 (annual average). It is possible that the short term 

ambient sulfur dioxide levels might be higher than the short term threshold levels. Since the IPC 

model is not capable of considering these short term peaks, their impact on the model results can 

not be determined. 

The results of the IPC model suggest that the model can identify the most cost-effective control 

strategy which may be cheaper than the traditional control strategy (tpe strategy Fis cheaper than 

the traditional control strategy B by over one hundred million dollars -- Table 3.4.1). However, the 

control strategy F cannot be claimed as the most cost-effective control for the flue gas stream of a 

coal-fired power plant for the following reasons: 

• The control options considered in this study do not cover all the available options for both 

flyash and sulfur dioxide removal. 

• The assumptions made in the application of the pollution transport models such as no 

sediment sorption takes place in the aquatic system can give rise to the over estimated values 

of pollutant concentrations in the New River segment near Narrows. This is unfavorable for 

the solid waste generating control options. 
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• The underlying assumption of the AT1230 model (i.e., that the groundwater system is 

isotropic and homogenous) is not valid for the case-study. The bed rock of the waste disposal 

site is assumed to be made of a fractured rock and, therefore, may not possess above properties. 

• The IPC model is incapable of considering short tenn peaks of ambient sulfur dioxide levels. 

The consideration of such peaks may result in the selection of a different control strategy. 

• Human health risk data used in the model are supposed to be used only as interim data for 

demonstrating the IPC methodology. Hence, these data cannot be treated as reliable. 

• The methodology used for evaluation of various health effects is likely be controversial. 

• Human health risk alone is not sufficient to determine the effectiveness of pollution controls. 

Risks to other environmental receptors should also be considered in the cost-effective pollution 

control strategy selection process. 

The above limitations, which reduce the reliability of the IPC model outputs, are specific to the 

case-study. From this study, some observations can be made about the reliability of the IPC model 

in general. The next chapter presents thes.e observations and the conclusion of the study. 
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4.0 DISCUSSION AND CONCLUSIONS 

4.1 Introduction 

In this study, the technical feasibility of IPC is examined with reference to a case-study involving 

a hypothetical new 500MW coal-fired power plant. More specifically, the two questions addressed 

in this study are: ( l) Can one assemble or develop an IPC methodology which can be used to 

determine the most cost-effective pollution control strategy? (2) Is this methodology reliable? The 

following discussion is an attempt to answer these questions. 

In this study, it was demonstrated that an IPC model can be assembled from existing techniques. 

The model constitutes of three submodels which deal with pollution controls (particularly their cost 

and pollution modification potential), pollution transport in environmental media, and human 

health risk assessment. A number of assumptions are incorporated in these models and these affect 

the validity of the latter. To account for some of the limitations introduced by these assumptions, 

uncertainty intervals are introduced for the submode! outputs. A computer-code which integrates 

these submode! outputs is developed. The computer-code is capable of introducing a given uncer-

tainty interval for a submode! output, and provides two output options: ( 1) It identifies the least 
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cost pollution control strategy which meets the risk constraint. (2) It computes a 'composite risk 

index' for each control strategy. The 'composite risk index' is a measure of the mean risk index and 

the uncertainty interval associated with it. 

The concern about the reliability of the IPC model stems from (1) the assumptions inherent in the 

submodels which may not be valid for a given situation, (2) assumptions made in the application 

of the IPC model to the case-study because of the unavailability of the data, and (3) the difficulty 

arising in interfacing or coupling the submodels discussed in detail in the next section. The next 

section discusses the short-comings and strengths of the IPC model, leading to the presentation of 

the conclusions of the study in the last section. 

4.2 Limitations and Strengths of the /PC Model 

4.2.l Limitations 

The following text first discusses the limitations of each of the submodels separately. Finally, diffi-

culties encountered in integrating the submodels are presented. These limitations affect the reli-

ability of the IPC model as a whole. 

Pollution Control and Cost Submodel: Most of the information about the pollution control systems 

- their cost and effectiveness in reducing pollution - for coal-fired power plants has been collected 

in response to the requirements of the traditional 'single-medium' approach. For example, cost-

estimates are· available for controls such as electrostatic precipitators and flue gas desulfurization 

systems which comply with New Source Performance Standards. The pollution control technolo-

gies which aim at controlling more than one pollutant and reducing pollutant transfers to other 
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media have also been developed to meet existing pollution control standards (Muzio, 1984; Blythe, 

1985). The development of pollution controls in response to existing standards is understandable. 

However, this process sets back the emergence of such technologies which might be more cost-

effective under the IPC approach. 

Another factor which limits the consideration of pollution control options in the IPC model is in-

consistency in the pollution control information derived from different sources. Difference in the 

design basis, the influence of the local factors on the cost and design of controls, different mainte-

nance practices, and different cost estimation methodologies contribute to the inconsistency, and 

make the comparison of pollution control technologies difficult (DeWolf, 1984; Allen, 1983). 

The pollution control options used in the case-study are generated by proxy, i.e., different control 

options considered in the study are generated by treating different fractions of the flue gas volume 

by the same control type. These options are considered only to demonstrate the operation of the 

model. No attempt is made to draw any conclusion about the most cost-effective control strategy 

for the flue gas stream. 

Pollution Transport Submodel: Major assumptions underlying the pollution transport models used 

in the case-study are given in Appendix B: All pollution transport models are based on the prin-

ciple of mass conservation. The ISC and AT123D models are based on analytical solutions of the 

differential equations representing simplified air and ground water systems. The simplification of 

these systems is necessary to obtain mathematically tractable solutions. Some of these simplifi-

cations may not be valid under all situations. For example, the assumption that the bulk motion 

of air pollutants is predominantly due to advection is generally acknowledged to be a valid as-

sumption in any Gaussian equation based air pollution model. However, assumptions such as 

uniform wind velocity and constant mixing length height are less acceptable 12• Also a Gaussian 

equation based model can be modified to account for pollutant decay in the atmosphere, but the 

12 These assumptions will only affect the short-term pollution prediction capability and are not. therefore, 
important in this study. 
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model cannot represent the chemical reactions of pollutants in the atmosphere - such as conversion 

of sulfur dioxide to sulfates. 

The AT123D model assumes the ground water system to be homogeneous and isotropic. This as-

sumption is valid to some extent for a granular medium such as sand stone, but may not be valid 

for a fractured medium such as carbonate rocks (Freeze, 1979). In the case-study of the hypothetical 

power plant, the bed rock at Narrows waste disposal site is an example of the latter. The AT123D 

model is capable of considering pollutant decay and the adsorption of pollutants13 on soil particles. 

However, the data necessary for considering adsorption and decay are needed. In the application 

of the model to the case-study, 'distribution' or adsorption coefficients are assumed to be zero. For 

the waste disposal site under consideration, this assumption is more likely to be valid as carbonate 

rocks have low pollutant adsorption capacity. Water flow through channels in these rocks mini-

mizes the pollutant solid contact time and surface, and thereby reduces the adsorption potential of 

these rocks. 

However, because of the low pollutant adsorption capacity of carbonate rocks, it is less likely that 

the sites with carbonate bed rocks will be selected for the waste disposal. Pollutant distribution 

coefficients for such sites which are suitable for waste disposal cannot be assumed to be zero. 

Therefore, the values of these coefficients are needed. Also, pollutant adsorption in an aquifer re· 

sults in retarded pollutant plume motion. The latter gives rise to delay in attaining the steady state 

and hence varying ambient pollutant concentrations. The risk assessment submode! of the IPC 

model cannot consider varying pollutant exposures. 

The SESOIL model and EXAMS are based on the compartment modeling concept, and as such 

have some advantages over the ISC and AT123D models. In the case of the former models, the 

environmental medium can be divided into a number of compartments. The medium properties 

are assumed to be constant within each compartment, but can vary from one compartment to an-

13 Adsorption is based on linear adsorption isotherms. 
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other. The pollutant mass conservation equations are written for each compartment, and these 

equations can incorporate any number of physical and/or chemical processes. Thus, these models 

can account for variability in the characteristics of the medium, and can also incorporate the proc-

esses which may influence the pollutant distribution in the medium. Whereas these models seem 

to have an edge over the ISC and AT123D models, their performance will depend on the avail-

ability of accurate data. 

For both the SESOIL model and EXAMS, data should be available for all the compartments. Since 

these data are site specific, measurement of the parameter values in each compartment is required. 

These measurements, particularly for the subsoil systems, are both difficult and expensive to make. 

Generic parameter values can be used in some cases for different geological formations. However, 

these values do not reflect variations in the geology of a particular site. 

Most of the processes that the SESO IL model and EXAMS can account for are not considered in 

the application of these models to the case-study. Though some of the processes are not important 

in the case-study, others are dropped because of the lack of readily accessible data. Most of the data 

have been compiled for organic chemicals, particularly pesticides (Lyman, 1982). This case-study 

involves trace metals which are generally found in coal ash. Some information about 

adsorption/desorption and thermodynamic equilibrium constants for these metals has been com-

piled (Rai, 1984). However, these data are not readily useable in the models used in this study. 

Different assumptions used by the various pollution transport models in representing the same 

process can lead to some discrepancies. For example, the assumptions governing the solubility of 

a chemical in ground or surface waters in the EXAMS and SESOIL model are different. As a re-

sult, the pollutant concentrations in surface-runoff and ground water seepage as determined by the 

SESOIL model exceed the limits set by the EXAMS. In the application of these models to the 

case-study, the restriction imposed by the EXAMS is violated, which could introduce some error. 
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Human Health Risk Submodel: The human health risk computation in the IPC model is based on 

a number of assumptions. Most of these assumptions are discussed in Appendix C. Some deal with 

the extrapolation of risk data from animals to humans, extrapolation of the data from one human 

subgroup to another, linearity of dose-response curves, and uniform pollutant exposures to human 

receptors. Due to the lack of information about some of the processes involved, uncertainty inter-

vals are introduced for the slopes. Uncertainty intervals introduced for the dose-response curve 

slopes only reflect intra-species differences. Other limitations of the risk submode! remain unac-

counted for. These limitations are listed below: 

• The model cannot consider synergistic effects of pollutants. Even though models have been 

suggested for representing multi-pollutant exposures, these cannot be used due to the lack of 

data (Stara, 1984). 

• Health impacts such as mutagenesis, which can affect future generations, remain unaccounted 

for as no adequate data are available for such effects. 

• The risk calculated in the model is based on the incidence of health impacts rather than their 

severity. The latter would be more desirable, but would require refinement of the human health 

risk data. Also, to consider the severity of impacts, each health impact would have to be cate-

gorized into a number of severity groups, which would increase the dimensions of the model. 

• The risk submode! assumes that the pollutant exposures are uniform over time. Hence, health 

effects such as teratogenicity which depend on exposures during specific time periods are not 

represented adequately in the model. 

• The model calculates risk indices by adding the risks due to exposures to individual pollutants. 

The 'additivity' of risk is questioned by some experts on the grounds that it considers only one 

case which assumes that population groups affected by each pollutant exposure form mutually 
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exclusive groups. Others consider the 'additivity' of multiple pollutant exposure risks accepta-

ble as it facilitates the comparison and ranking of such risks (Stara, 1984). 

• The model is incapable of considering the repetitive occurrences of the same health impacts to 

an exposed individual. 

• The derivation of weights representing the 'disutility' of various health impacts is controversial, 

since it involves value judgment. The controversy relates to issues such as ( 1) who should 

evaluate health impacts, (2) how impacts on future generation may be evaluated, and (3) how 

future and present impacts may be compared. 

In both pollution transport and risk submodels, uncertainty intervals are introduced for the model 

outputs. These uncertainty intervals should account for the lack of accurate data or understanding 

of the processes. Typically, stochastic models (which consider variations in their input parameters 

and arrive at some probability distribution of the outputs) are used in situations dealing with un-

certainty in input data. These models require extensive input data which are not generally available. 

Also, the probability distribution of the output parameters does not include the uncertainty result-

ing from the inadequate understanding of the environmental processes or simplifications made in 

the model for mathematical tractability. Hence, the introduction of uncertainty intervals for the 

model outputs , which would account for both uncertainty in input data and the model simplifi-

cations, seems to be reasonable. 

Ideally, the uncertainty interval should be based on the model validation data specific to the site 

under consideration. The validation of models for each site under investigation in some cases is 

expensive and in other cases is impractical. For example, because of the time involved in the sub-

soil pollutant transportation, it is impractical to validate subsoil pollution transport models. With 

no better option available, validation data for the pollution transport models for any site which is 

some what similar to the site under consideration may be considered for analysis. 
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The uncertainty interval introduced for the ISC model output is based on validation data for the 

Gaussian equation-based air pollution transport models (the ISC model is based on the Gaussian 

equation). Since validation data for other pollution transport models are not available, the uncer-

tainty intervals are assumed to be the same as for the ISC model. Also the uncertainty intervals 

introduced for the risk submodel output do not reflect many inadequacies of this model. This af-

fects the reliability of the IPC model. Also, in introducing uncertainty intervals for the model out-

puts, it is assumed that the model output values are close to the true mean values. This assumption 

may not be valid. 

In addition to these limitations of the submodels, the major technical difficulty that the IPC model 

faces is its inability to deal with time-dimension. This difficulty arises because the pollution trans-

port models, depending on the environmental medium that they represent, involve different time 

scales. For example, in the subsoil environment, the achievement of steady state conditions for 

pollutant distribution may take anywhere between 3 to more than 30 years (it takes longer to reach 

the steady state if the processes which retard the pollutant movement are considered in the model). 

On the contrary, the steady state is achieved in a few hours or a few days in the air and water sys-

tems. The following text gives some illustrations depicting the complexity introduced by the time 

scale differences of the pollution transport models: 

• The risk submode! is based on the assumption of continuous and uniform pollutant exposure. 

Hence, the risk submode! cannot deal with variations in the pollutant exposure doses resulting 

from the unsteady state conditions of the subsoil environment. 

• In the IPC model, the representation used for the pollution transport models is not valid under 

unsteady state conditions. 

• As a compromise between the different time scales involved in the different pollution transport 

models, an averaging time of one year is used in the case-study for the air pollution model. 
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This makes short term peaks of air pollutant concentrations invisible. These short term peaks 

are important in determining the acute health impacts of such pollutants as sulfur dioxide. 

4.2.2 Strengths 

In contrast to the limitations discussed in the previous sub-section, the IPC model has some 

strengths, which are listed below: 

• The model structure permits the modification of any of its components without causing any 

major disturbance to other components. Thus the reliability of the model can be increased by 

using more refined submodels. For example, more accurate pollution transport models and 

human health data can improve the model reliability. 

• Uncertainty in the outputs of the submodels can be incorporated in the main IPC model. Even 

if the most refined submodels were used as the components of the IPC model, it is unlikely that 

the uncertainty associated with the submode! outputs would be reduced to zero. Hence, a 

model capable of including this uncertainty in the selection of the most cost-effective control 

strategy is useful. 

• The model provides two output options. In the first option, the control strategy is chosen on 

the basis of some decision rule. In other words, the model-selected control strategy is the 

least-cost control option for which the probability of the risk index belonging to the reference 

(traditional) control risk index probability distribution is less than or equal to some specified 

value, e.g., 10 percent. 

In the second option, a decision-maker can be provided with 'composite risk indices' and costs 

associated with all pollution control options considered in the study. The advantage of this 

option is that the controls which show a marginal increase in the 'composite risk index' but a 
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considerable decrease in the control cc>st, as compared to the reference control, are not elimi-

nated from the selection process. 

4.3 Concluding Discussion 

In order to derive a conclusion about the applicability of IPC (based on its technical feasibility), this 

section assesses IPC from two perspectives·· (1) the extent to which the limitations underlying the 

IPC approach affect its potential use in pollution control, and (2) how serious these limitations are 

in comparison to those of the traditional approach. 

4.3.1 Extent of the Limitations: 

The limitations of the IPC model, which affect its reliability, are presented in the previous section. 

Some of these limitations are specific to the case-study. This section discusses the extent to which 

the limitations are likely to affect the applicability of the IPC model in general. 

The IPC model limitations may be divided into three types depending on whether they arise due 

to 

• limited data availability, 

• inadequacy of modeling techniques, and/or 

• value based issues. 
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Table 4.3.1. Limitations of the JPC l\lodd (continued) 

LI J\.1ITATI0 N EXAMPLE 

SUBi\tODEL INTERl'ACING 

Incompatibility of pol-
lution transport and risk 
assessment submm.kls .. 

GENERAL 

Non-inclusion in this 
study of pollution-
induccd risk to environ-
ment (other than human 
hcallh risk) limits the 
us-::fulucss of I PC in 
pollution control. 

The consideration of 
pollution attenuation 
factors in subsoil pol-
lution transport models 
may result in longer than 
30 year time for 
pollutants to reach the 
sh:ady state conJitions. 
lkfore the steady state 
is reached, humans may 
suffer varying pollutant 
exposures. The risk as-
sessment model is based 
on :rn assumption that 
pollutant exposures arc 
uniform. 

Environmental Jamagc, 
such as damage to ma-
terials and vcgctalion hy 
acid rain, is also a con-
cern of public policy. 

NATURE or TIIE 
J>ROBJ,EM 

Modeling technique 

All three 

COMMENTS 

The. incompatibility can 
be resolved only if the 
risk assessment model 
can consider varying 
pollutant exposures over 
time. Development of 
such risk assessment 
models \vould require 
better undcrstamling of 
biological responses to 
pollutants. 

Dcvdoping environ-
mental risk data is dilli-
cult and expensive. I ;or 
simplification, this study 
considcrcJ onlv human 
health risk. l\J:lny of the 
risk assess1m:nt prob-
lems invol\'ed in this 
study would be e\'l'll 
more difficult to resol\'e 
if environmental risk 
were involved too 

.• 
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Table 4.3.J. limitations of the IPC Model (continued) 

Lll\llTATION 

The risk assessment 
methodology used in the 
I PC moJcl has several 
limitations. 

No "ohjective" method 
exists for the weighting 
of dilforent health im-
pacts. Explicit weights 
arc required lo develop 
a health risk index. 

EXAMPLE 

Synergism, mutagcncsis, 
teratogcnicity, and re-
petitive occurrence of a 
disease cannot be con-
sidered in the risk as-
sessment submode!. 

The health impact eval-
uation method used for 
the case-study is based 
only on economic fac-
tors, and fails to take 
into account pain and 
suffering, etc. 

NATURE OF TIIE 
PROBLEM 

Modeling technique 

Value based issues 

COMMENTS 

Models attempting to 
incorporate synergism, 
etc. are still at an early 
sta!!e of development. 
Extensive resources arc 
required for the devel-
opment of such models. 

'I 'here i5 no reason to 
believe that a consensus 
will ever be reached on 
the value based issues. 
Despite their limitations, 
administrative processes 
(e.g., by I'.Pt\)· may be 
use<l to address the lat-
ter . 
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Table 4.3.1. Umit:1tions or the IPC i\foild ( ('ontinuctl) 

LIMITATION 

Difficulty in developing 
data for pollution trans-
port models. 

The pollution transport 
moJd outputs arc asso-
ciatctl ,,·ith uncertainty. 
The degree of uncer-
tainty is not generally 
known. 

EXAMPLE 

The measurement of 
dispcrsivities, which arc 
used as an input for 
groundwater pollution 
tra11sport modds, is dif-
ficult. 

An uncettainty interval 
for the output of the JSC 
modd is based on vali-
dation data for Gaussian· 
t·quation based air pol-
lution models. I Jow-
cver, validation data arc 
not available for all re-
quired models. 

RISK ASSESSl\JENT SUBi\tODEL 

Unavailability of human 
health risk data. 

lluman health risk data 
(other than threshold 
data) for 11011-

carcinogL·ns used in this 
study arc tcntatin~. 

NATURE or THE 
PROBLEM 

Data availability 

Data availability 

Data availability 

COMMENTS 

The input parameters 
for subsurface pollution 
transport models such 
as dispersivitics, 
groundwater velocity, 
and porosity of an 
aquifer system require 
field measurements, 
which !Ire gencralJy very 
expensive. 

Cost of developing vali-
dation data for pollution 
transport models may 
be reduced by consider-
ing some selcted models 
and representative sites. 

Dose-response data for 
many non-carcinogens 
have not been devclopc<l 
as the traditional a_p-
proad1 docs not require 
them. The development 
of these data may he 
both expensive and dif-
ficult. 
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T:tl1lc .j,3.1. I.imitations of the IPC J\fodcl 

l .l\JITATION EXAMPLE 

POLLUTION CONTROL AND COST SUBMODEL 

Development of pol-
lution controls is driven 
hy existing or antic-
ipakJ pollution control 
rl'gulations. · This lirnit s 
the availabilily of pol-
lution co1i1rol options 
for tl1e I PC analysis. 

I nconsiskncy in pol-
lution control data. 

Data arc available for 
H.ID systems with S02 
collection efficiency of 
90 percent (approxi-
mately), but arc not 
gcnL:rally available for 
systL:ms with different 
collection clficicncies. 

Pollution controls aw 
dc~igncd in response to 
the spccifie needs of a 
power plant. The lath.:r 
vary from one plant to 
anotl1er. I knee the 
available data arc incon-
sistent. 

POLLUTION TRANSPORT SlJB:\tODEJ, 

Assumptions underlying 
pollution tra11spo11 
models arc not valid for 
all situations. 

The ATl2JD modd is 
haseJ on the assumption 
that grou1Hh\·atcr sys-
kms arc isotropic aml 
ho111ogc11ous. hir a 
fractured aq11ili:r sysk111, 
this assumption is uot 
valid. 

NATURE OF TIIE 
J>ROBI ,El\'1 

Data availability 

Data a\'ailahility 

i\l<Hlding technique 

COMMENTS 

Jn the long run, a 
broader range of options 
might be expcctcd to re-
sult from the implemen-
tation of ll'C. I knee, 
the non-availability of 
control oplions is not 
likclv to be a serious 
prol~lcm. 

It is possiblc to develop 
consi!'lcnt data base for 
pollution controls. I ;or 
example, many Electric 
Pcrn:cr Research Insti-
tute documents provide 
information based on 
uniform design basis. 

Groundwater models 
which simulate the flow 
of grnund\\'atcr can. be 
used for fractured 
aquifer systems. I lo\\'-
ever, these models must 
be calibrated for each 
site undcr considcration, 
whic_h could be very ex-
pensive . 

.. 



In principle, the first and second types of limitations could be overcome if necessary resources were 

applied. Some of these limitations could be more easily resolved than others. The third type of 

limitations cannot be resolved '"'objectively'"'. Table 4.3.1 gives a list of these limitations and ex-

amples thereof. The table also includes the author's sense of the impact of these limitations on the 

technical feasibility of implementing IPC. 

A decision to implement an IPC approach to pollution control may itself alleviate the data avail-

ability problem to some extent, as it may prompt the development of new data to meet the new 

requirements. The development of data on a broader range of pollution control options and 

dose-response data for non-carcinogens could be two examples of this process. The data required 

for considering pollutant attenuation processes in the environment, particularly in the subsoil en-

vironment, are already developed for many organic chemicals. The development of the data for 

inorganic trace metals, which are important for this case-study, is either underway or can be ac-

complished (Rai, 1984). However, the development of accurate data to match sophisticated models 

14 could be prohibitively expensive. The measurement of dispersivities for groundwater models is 

one such example (Anderson, 1979). In the risk assessment area too, developing dose-response data 

for non-carcinogens could be very expensive. 

The inadequacy of modeling techniques represents the second type of IPC model limitations. 

However, the pollution control and the risk assessment models suffer from this type of limitation 

to a different extent. In both cases, the inadequacy of modeling technique arises because of the 

following factors: ( 1) Pollutant transportation and fate in the environment and biological responses 

to pollutants are not understood well enough that these can be adequately represented by models. 

(2) Simplified representations of some phenomena are used in models for mathematical tractability. 

Both of these factors cause discrepancies between observed and model predicted values. These dis-

crepancies are expected, because a model is supposed to be a simplified representation of a complex 

system. However, the confidence with which a model may be used in a particular situation depends 

14 Sophisticated models may be used to increase the reliability of IPC. 
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on the level of discrepancy between the observed and predicted values. Hence, in order to deter-

mine the adequacy of models, validation data for these models must be either available or devel-

oped. 

In reality, validation data are not available for all the models used in IPC. 1bis is due to the tech-

nical difficulty of developing these data (e.g., inability to control all the variables involved) and/or 

the expenses of doing so. Developing and compiling validation data for pollution transport models, 

particularly for subsurface models, for each possible mix of pollutants and physical setting would 

be both diffcult and expensive. The problem might be alleviated to some extent by validating a few 

selected models for some representative sites. Compared to pollution transport models, the vali-

dation of risk assessment model is even more difficult, as it requires controlling the population dy-

namics of the region under consideration. 

In the absense of validation data for models, judgments may have to be made as to how well these 

models are likely to represent real systems. The level of sophistication of the pollution transport 

models may be increased so that they take into account more environmental phenomena, but a 

balance must be achieved between improved reliability and cost. 

The inadequacy of the risk assessment submode!, arising from a lack of understanding of the phe-

nomena involved in it, is more serious than that of pollution transport models. For example, the 

submode! cannot represent synergism, teratogenicity, mutagenesis, etc., which are important from 

the viewpoint of public health protection. A number of models based on phannacokinetic data, 

or models capable of considering synergistic effects or multiple pollutant exposures, are suggested 

in the literature. However, these models are still at an early stage of development. An extensive 

data base, as well as a better understanding of biological responses to chemicals, would be required 

before a general consensus on using these models might be reached. An adequate risk model should 

be able to consider synergistic effects, short time exposure effects, previous pollutant exposures, 

repetitive impacts, population age-structure and dynamics of the region, and variability in the 
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pollutant exposure levels. It is apparent that intensive efforts would be required to improve the risk 

submode! in terms of both data development and methodology refinement. 

The third type of limitation relates to an especially difficult area in risk assessment -- 'risk evalu-

ation', which by its nature involves value judgment. The 'risk evaluation' problem assumes an even 

greater magnitude if environmental risks (other than human health risks) are also considered in IPC. 

There is no reason to suppose that a consensus regarding the appropriate methodology and values 

to be used in 'risk evaluation' will ever be reached. However, if IPC is to be implemented, some-

body must decide what values to use. Unfortunately, politicians (to whom one might tum in this 

situation) typically seek to avoid making explicit judgments of this kind. With no better option 

available, the value based issues involved in risk evaluation may be resolved, implicitly or explicitly, 

by administrative processes. 

To suin up, in principle it is possible to compile consistent information about a broader range of 

pollution control options if adequate resources are utilized. Both pollution transport and risk es-

timation models are inadequate in representing environmental phenomena and biological responses, 

but to a varying extent. The limitations of pollution transport models appear to be considerably less 

serious than those of risk assessment models. Whereas the reliability of both types of models can 

be increased by further work, the risk assessment area requires particularly extensive development . 

in terms of both modeling and data development. Unless the accuracy of risk assessment models 

can be improved to the point at which it matches the accuracy of pollution transport models, in-

creasing the reliability of the latter cannot increase the reliability of the IPC approach. The latter 

appears to be the limiting factor affecting the reliability of IPC as a whole. 
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4.3.2 Comparison of IPC and Traditional Control Limitations 

Since the IPC approach is studied because of the shortcomings of the traditional approach, it may 

be interesting to determine whether or not the limitations of IPC affect the traditional approach 

also. In Table 4.3.l, the IPC limitations are discussed under several headings -- pollution control 

and cost, pollution transportation, risk assessment, submode! interfacing, and general. This section 

briefly considers whether or not the limitations discussed under each of the above headings are likely 

to be involved in the traditional approach. 

At present, pollution control and cost data are more readily available for traditional controls than 

for the broader range of controls that might be used in IPC. However, it is likely that pollution 

control and cost data for the latter will evolve if IPC is implemented. 

Both approaches normally employ pollution transport models, although their role is more critical 

in the implementation of IPC. In the traditional approach, pollution transport models are used to 

predict what controls will achieve well defined ends (ambient standards). Although it might be an 

inefficient (and therefore costly) way of proceeding, it is possible in principle to implement the 

traditional approach without using pollution transport models at all (e.g., by trial and error process 

of adjusting emissions to achieve the ambient standards). On the other hand, in the IPC approach, 

these models are indispensable and any inaccuracies in the models are bound to affect the applica-

bility of the approach. 

The traditional approach employs ambient and/or emission standards for environmental pollutants, 

which seek to ensure no (or negligible) risk to human health. Since threshold doses are believe~ to 

exist for non-carcinogens, only the threshold pollutant exposure levels are required in order to de-

velop standards for these. Thus, in the case of non-carcinogens, the traditional approach does not 

require knowledge about the shape or slope of the dose-response curves. On the other hand, since 

carcinogens are not believed to have a threshold dose, knowledge about the shape and slope of 
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dose-response curves is required to establish standards for these pollutants. Hence, the traditional 

approach has to deal with the limitations of dose-response curves. 

Because the only explicit consideration of risk in the traditional approach relates to that of cancer 

(which is treated as a single disease), it appears that no weighting of different health effects is nec-

essary. However, despite the lumping together of all cancerous diseases into a single category in this 

study, in fact cancer comprises a broad set of diseases. Ideally the risks associated with different 

types of cancer would be treated separately, but this would require weighting to be attached to the 

latter. Moreover, regulating one carcinogen as opposed to another, or setting a numerical level for 

"acceptable risk" (e.g., excess mortality rate of one in a million, as currently employed) itself in-

volves critical value judgments. Hence, value judgments are necessary in the traditional approach 

as well as in IPC, even if they are made only implicitly. 

In the IPC approach, a problem arises in coupling pollution transport models with the risk assess-

ment model because the output of the former can vary with time whereas the risk assessment model 

cannot consider varying pollutant exposures. Since the traditional control requires the assessment 

of cancer risks, and both IPC and the traditional approach rely on the same modeling techniques, 

the traditional approach also faces the interfacing problem. 

By addressing the pollution problem on a medium-by-medium and a pollutant-by-pollutant basis, 

the traditional approach subdivides the pollution problem into a number of compartments.It thus 

considers fewer dimensions at any given instant than IPC. For example, the traditional control 

considers the effects of only one or a few pollutants at a time. Consequently, the traditional ap-

proach may be easier to implement than IPC. 

To sum up, it appears that the traditional pollution control approach faces many of the same kinds 

of limitations which are faced by IPC, although the impacts of these limitations on the two ap-

proaches may be different. However, since the traditional approach breaks a large dimensional 

system into small dimensional subsystems, the traditional control may be more easily implemented. 
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However, a conclusion about the latter can be reached only after the institutional feasibility of IPC 

is examined. 

4.4 Conclusion 

In conclusion, application of the IPC approach to the case-study has permitted the identification 

of strengths and weaknesses of current techniques and information dealing with environmental 

systems. At the present time, development of the IPC approach is not at a point where it could 

be implemented with confidence. As far as its future prospects are concerned the study has shown 

that the pollution transportation and risk assessment models need significant development, with 

particularly extensive efforts required in the risk assessment area in terms of both data development 

and modeling. Furthermore, even if it becomes technically feasible, the approach must still be 

studied. It may also be desirable to estimate data development costs for IPC. 

Despite its limitations, and irrespective of whether or not IPC is implementable, the author con-

tends that IPC can be used as a valuable tool for analyzing environmental systems in that it reveals 

issues that might be lost if the system is analysed only compartment by compartment (as in the 

traditional approach). For example, the IPC analysis of the case-study has shown that the consid-

eration of varying pollutant exposures in risk assessment models is important as is consideration 

of synergism and mutagenicity in these models. Such issues as these, consideration of which is 

made necessary by the existence of linkages among the components of the system might be lost if 

the system is analyzed component by component. :bibliography. 
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Appendix A. Coal-Fired Power Plant: Pollution 

Sources and Control 

The operation of a coal-fired power plant and the resulting waste discharge streams are briefly dis-

cussed in this appendix. Only one of the potential waste discharge streams, flue gases, is considered 

in this study. Information is presented on pollution control options applicable to this waste stream, 

such as control costs and the resulting modifications to the pollutants discharged into the air, water, 

and on to the land. 

A.1 Pollution Sources 

The four stages involved in the production of electric power are the operation of boiler, condenser, 

turbine, and generator. In a coal-fired power plant, energy released from the burning of coal in the 

furnace is used to convert water in the boiler to superheated steam. The high pressure steam moves 

the turbine which results in electricity generation. The steam which leaves the turbine is condensed 

to water in the condenser unit where the excess heat energy is rejected to cooling water. The con-
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densed water is recirculated into the boiler; The cooling water is either discharged into a nearby 

water body or recirculated through the condenser unit after cooling in a cooling tower or pond. A 

schematic diagram of a coal-fired power plant is given in Figure Al. A summary of the pollution 

generating units is given below. 

Coal storage: Coal used in power plants is generally stored in reserve and active piles which hold 

the supply for about 60 to 100 and 3 to 4 days, respectively (Lewis, 1978; U.S.EPA, 1979). The 

heat content of the coal and the boiler efficiency determine the amount of coal stored in both active 

and reserve piles. Potentially, all three types of waste -- solid, liquid, and gaseous -- may be gener-

ated from the unsheltered coal piles. Fine coal dust from the piles may become air-borne and be 

carried by the wind. Runoff or drainage from the pile during rains can carry large amounts of cop-

per, zinc, and manganese. The drainage can be either acidic or alkaline depending on the sulfur 

content of the coal and neutralization of acids by alkaline matter present in the coal. The acid runoff 

may contain Al, Cu, Mn, Zn, Fe, Mg, and sulfates as these dissolve at low pH. The concentration 

of trace elements is dependent upon drainage quality, quantity, rain and humidity, and the type of 

coal. Some extraneous matter such as stones, pebbles, etc. is removed before the coal is conveyed 

to the furnace and must be hauled away along with the other solid waste. 

The amount of pollutants generated at the coal pile depends considerably on the coal storage 

practices. The air and water pollution problem will be almost negligible if the coal is stored under 

a roof. Open coal piles may be covered by a layer of asphalt or fine coal dust and lumps of coal, 

to protect it from wind and rainfall. 

Steam Generating System: The steam generating system essentially contains a multi-tube heat 

exchanger surrounded by a furnace. The water flowing through the tubes is converted into steam. 

In order to maintain an efficient heat transfer, the boiler feed-water might have to be pretreated by 

removing and/or adding chemicals. Other than the boiler feed-water pretreatment unit, the other 
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accessories that are used with the boilers are air heaters and economizers. These are used to extract 

the maximum amount of heat from the combustion gases before they are discharged. 

In the steam generating system, the combustion gases such as sulfur oxides, nitrogen oxides, etc., 

produced in the furnace are discharged into the air along with light air-borne ash particles or fly ash. 

The coal characteristics and combustion conditions determine the composition of both fly ash and 

combustion gases. The heavy ash particles settle down at the bottom of the furnace and can be 

removed by either a wet or dry disposal process. In the wet process, the ash is removed by high 

pressure water spray or hose. This process may be a closed or open system. In the former, the ash 

carrying water is collected in a basin or ash pond and the supernatant is recirculated. Some make 

up water is usually required in this case. In the open system, the supernatant is discharged into a 

Public Owned Treatment Works (POTW) or a surface water body. The settled ash in the ash pond 

is required to be disposed off. The overflow from the ash ponds contains high levels of dissolved 

solids, suspended solids, hardness, sulfates, sodium, manganese, chlorides and alkalinity. The other 

trace metals originally present in the coal may also be present. 

In the dry process, the ash is hauled away by trucks. Most modem plants use a dry ash transport 

system. In this case, only solid waste is generated. Trace metals are found in both flyash and bottom 

ash. 

The other liquid waste streams that originate from the steam generating system and other associated 

processes are boiler blowdown, water treatment wastes, metal cleaning wastes (boiler tube inside 

cleaning, boiler fire side cleaning, air pre-heater cleaning). 

The boiler blowdown is the portion of the boiler water which is withdrawn from boiler tubes to 

prevent the accumulation of calcium and·magnesium salts in them. The characteristics of the boiler 

blowdown depend on the chemicals used to treat the boiler feed water. For example, water treated 

with phosphates will contain hydroxide alkalinity and phosphates, whereas water treated with 

hydrazine will contain ammonia. The blowdown wastes have high pH and dissolved solid concen-
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tration. In general, the raw wastes may contain ( 1) chemical additives which might have been used 

to remove oxygen, (2) chemical additives which might have been used to prevent sea.I.es and inhibit 

corrosion, (3) the concentrations of dissolved solids and other constituents present in the boiler feed 

water. The major components of a boiler blowdown stream are dissolved solids, chemical oxygen 

demand, and total phosphates. 

All metallic heat transfer surfaces have a tendency to either corrode or collect deposits. Both cor-

rosion products and deposits reduce the efficiency of heat transfer in boilers and must, therefore, 

be removed periodically. Two methods used for cleaning metal surfaces are chemical and mechan-

ical cleaning. Chemical cleaning is used for cleaning those parts of the boiler tube which are not 

accessible for mechanical cleaning, such as the water side of the boiler tubes. Chemical cleaning 

employs three stages - a bromate soak, an acid cleaning, and passivation. The process generates 

approximately five boiler volumes of waste. Mechanical cleaning is used for fire side cleaning of 

both the boiler and preheater. The fire-side surface of the boiler tubes collects air borne dust, fuel 

ash, and corrosion products. The air pre-heaters used to heat the ambient air for combustion also 

collect soot and fly-ash. High pressure hoses are used to remove these materials from both the boiler 

and pre-heater surfaces. The wastes from this operation are more or less acidic depending on the 

sulfur content of the fuel. These wastes also contain suspended solids, manganesium salts, iron, 

copper, nickel, and chromium. High pressure water hoses are also used to clean flyash and soot 

from the stacks. 

Water Treatment Unit: The boiler feed water is supplemented with high quality water to make up 

for steam losses through leakages and the boiler blowdown. Water of high quality is required for 

modem high pressure boilers. The pretreatment of this water may involve dual media filtration, 

reverse osmosis filtration, the demineralization of municipal water, clarification, softening followed 

by demineralization, etc. Reverse osmosis is used by some plants to remove dissolved solids by 

forcing water through a semipermeable membrane under a pressure greater than the osmotic pres-

sure of the dissolved salts. The salts are concentrated on one side and purified water on other side 
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of the semipermeable membrane. The salt solution is discharged as a waste. In demineralization 

(ion-exchange), mineral salts are adsorbed on cationic and anionic resins which may be used in se-

ries or combined in a mixed bed. The ion-exchange resins become saturated after using them for 

some time and must be regenerated. The cationic regeneration waste has low pH, calcium, 

magnesium, potassium and sodium ions, whereas the anionic regeneration waste contains sulfates, 

chloride, nitrate, and phosphate ions. 

Steam Condenser Unit: In the condenser, the steam leaving the turbine is condensed into water. 

Two types of condensers generally used are single-pass and two-pass. In the former, water flows in 

the condenser tube in one direction, whereas in the latter water flows in two opposite directions and 

produces greater efficiency. Usually condensers are divided into a number of compartments so that 

some of the compartments can be serviced or cleaned while the unit is kept running under the re-

duced load. The condensers are mechanically cleaned. The design and type of condensers may effect 

the quantity of cooling water required. The consideration of the temperature. at which heat should 

be rejected also influences the condenser design. 

A condenser cooling system can be classified as once-through or recirculating. In once-through 

systems, a large amount of water is used as the water is passed through the condenser only once 

before it is discarded. In closed cooling water systems, the heated water from condensers is cooled 

in a cooling pond or tower and recirculated through the condenser along with some make-up water. 

Chemicals are added to recirculating cooling systems to·prevent biological growth in cooling towers, 

and to control scale accumulation and corrosion in condensers. For example, biocides such as 

chlorine, hypochlorites, and organic chromates are used to control the biological growth; and cor-

rosion inhibitors such as organic phosphates, sodium phosphates, chromates, and zinc salts are used 

to overcome the scaling problem. These chemicals are, therefore, found in cooling tower blowdown 

waters. The blowdown may also contain calcium, magnesium, and sodium cations in combination 

with carbonate, biocarbonate, sulfate and chloride anions. Biocides are also used to treat once 

through cooling system waters. 
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The various waste generating units of a power plant and the resulting waste streams are depicted 

in Figure A2. 

A.2 Pollution Abatement Technologies 

Even though a large number of pollution control technologies are available for power plants, only 

a limited number of options have been chosen for consideration, for the following reasons. As 

opposed to determining the optimum or the most cost-effective control strategy, the primary em-

phasis of this study is to investigate the feasibility of using an integrated pollution approach. 

The other reasons for limiting the study to one waste discharge stream and a limited number of 

control options are the limited availability of the control option data and the resources needed to 

acquire data. One of the difficulties encountered is in extending data on a control option used in a 

setting that is different from the setting of the case-study. Also most information is available on 

those control options which have been directly or indirectly favored by the regulations. All these 

factors have limited the choice of control options. 

Figure A3 general scheme of the control options considered in this study. Electrostatic precipitators 

and scrubbers are used as the controls for flyash and sulfur dioxide present in the flue gas stream. 

The different control options are generated by varying the pollutant collection efficiency of these 

controls by passing only a part of the flue gas stream through them. 

Various combinations of these control options can result in a number of pollution control strate-

gies. Options shown in Figure A3 for removing the flyash correspond to electrostatic precipitators 

with different particulate collection efficiencies. More discussion on the development of these 

options is given in the next section. The flue gases emerging from the precipitator are passed 
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through a scrubber to remove sulfur oxide gases. The two options considered at this stage are 

limestone scrubbing with and without forced oxidation. The sludge resulting from both the options 

is subject to thickening, followed by dewatering, and is finally disposed of at a suitable land site. 

The following section describes the controls depicted in Figure A3 and presents the method of 

computing their costs and pollution modification potentials. Typically the sources from which the 

cost information may be gathered include (1) engineering estimates based on published cost data 

for equipment, construction, and installation, (2) quotations for materials and supplies published 

in current trade journals, and (3) the cost information published by the Electric Power Research 

Institute (EPRI). The cost information used in this study is mainly derived from the third source. 

A.2.1 Particulate (Flyash) Removal 

In principle, the devices which may be used for flyash removal include cyclones, settling chambers, 

electrostatic precipitators, and baghouse filters. However, electrostatic precipitators (ESPs) have 

been popular with the power plant industry for a number of decades.15 Hence most of the data are 

available on electros~atic precipitators. It is for this reason that ESPs have been chosen for the flyash 

removal in this study. 

Electrostatic precipitators use an electrostatic field to remove liquid and solid particles from the 

carrier gas. Gas ions formed as a result of high voltage corona discharge in precipitators impart their 

charge to the particles present in the carrier gas by bombarding them. The charged particles migrate 

to a collecting electrode of opposite polarity where their charge is neutralized. Rappers are used to 

remove the dust from the collector surface. Particle re-entrainment in the main gas stream must be 

prevented for the efficient working of the precipitator. The re-entrainment of the particles depends 

JS Increasing energy costs have made fabric filters competitive with electrostatic precipitators. 
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on particulate characteristics, particularly their electrical resistivity. Since electrical resistivity varies 

with temperature and moisture, the latter also affects the collection efficiency of a precipitator. 

A number of theoretical equations such as the Deutsch-Anderson equation, White's equation, and 

the Mate-Ohnfeld modification to Deutsch-Anderson equation, give the efficiency of an 

electrostatic precipitator (Gallaer, 1983). The underlying assumptions of these equations are not 

necessarily valid. For example, these equations do not consider particulate re-entrainment, back 

corona, particulate interactions, and non-uniformity in the electrical field. However, all the 

equations suggest the dependency of a precipitator efficiency on its specific collection area (SCA). 

The SCA of a precipitator is defined as the total effective collecting plate area in square feet divided 

by the gas volume being treated in the precipitator in lOOO's of ACFM (Actual Cubic Feet per 

Minute). 

Most of the data are available on precipitators with an approximate particle collection efficiency 

of 99.9 percent. In order to observe the impact of trade-offs among pollutants discharged into dif-

ferent media on the pollution-induced risk to human health, controls with different flyash collection 

efficiencies and costs are required. The following method is used to generate a number of flyash 

control options. These options reflect differences in collection efficiencies as well as costs. 

A portion of the flue gases is passed through an electrostatic precipitator having a collection effi-

ciency of 99.9 percent. Since only a part of the gas is treated by the precipitator, the overall col-

lection efficiency for the flyash present in the flue gas stream is reduced. Depending on the portion 

of the gas treated, both the collection efficiency and cost varies. 

Capital Cost Estimates: Capital cost estimates of precipitators for fifteen power plants (Holstein, 

1981) have been used to determine the capital costs of flyash controls of different collection effi-

ciencies. The cost and other information relevant from the viewpoint of the particulate collection 

efficiency of the precipitators of these plants is presented in Table A 1. A regression analysis of the 
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Table Al: Data on-·The Cost of Electrostatic Precipitators and Other Related Parameters (Source: Holstein, 1981) 

PLANT NO. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Capital Cost of 29.0 50.l 52.3 27.7 23.7 76.4 52.8 57.7 64.7 29.l 33.5 51.1 54.6 63.0 28.9 
Electrostatic 
ppts. ($i\1illion) 
-1978 price level 

Plant net output 2x500 2x500 2x500 2x500 2x500 2x500 2x500 2x500 2x500 2x500 2x500 ix500 2x500 2x500 2x500 
(MW) two units 

Coal Type+ B SB SB B B B SB L L B L B B B D 

Coal Analysis ( % ) 
-Ash 16.0 6.4 6.87 14.97 8.17 22.9 9.04 9.0 18.12 15.12 5.51 16.04 27.03 19.5 16.50 
-Sulfur 4.0 0.48 0.32 3.38 3.4 0.64 0.60 0.99 0.44 6.9 0.24 0.85 1.26 0.52 3.39 
-Carbon 57.6 47.87 47.48 63.27 66.5 53.59 50.40 39.76 31.03 50.87 39.49 66.39 52.69 46.70 5.\.80 
-Moisture 12.00 30.4 30.5 8.0 8.20 9.5 25.47 31.00 37.7 15.68 38.66 6.6 8.5 19.0 12.58 

Specific Collection 400 600 600 380 325 750 675 700 750 400 340 700 750 750 415 
Area (SCA) of 
Electrostatic ppt. 
(Sq.ft/ 1000 ACFM) 

Gas Flow Rate 2.09E6 2.26E6 2.21E6 2.00E6 l.96E6 2.34E6 2.11E6 2.02E6 2.33E6 2.IOE6 2.37E6 l.97E6 l.97E6 2.32E6 2.04E6 
(ACFi\.1) 

Total Surface 0.83E6 l.35E6 l.32E6 0.76E6 .64E6 1.76E6 1.43E6 l.41E6 l.75E6 0.84E6 0.80E6 1.48E6 1.48E6 1.74E6 0.85E6 
Electrostatic 
ppt. collection 

•Plate (sq. ft.) 

-~ B - Bituminous, SB - Subbituminous, L - Lignite 



cost and the total precipitator collection surface indicates a linear relationship (correlation 

coefficient= 0.97) between the two variables. The relationship is given by 

cost (million $) =-3.43 + 0.04 Total Collection Area (in 1000 sq.ft.) (A 1) 

Since the SCA of a precipitator and the characteristics of flyash are critical in det~rmining the 

particulate.collection efficiency of an ESP, it may be assumed that the SCA of the ESP of a plant 

using coal similar in composition to coal used in our case study would achieve 99.9% particulate 

removal. However, if only a portion of the flue gas is passed through a precipitator of the same 

SCA, the required total collection surface is reduced. Once the total collecting surfaces of 

precipitators for achieving different efficiencies are computed, their capital costs can be determined 

from Equation (Al). The method for determining the capital costs and effective particulate col-

lection efficiencies is demonstrated below. 

Estimation of the Cost and Pollution Modification Potential of ESPs: Suppose that the hypothetical 

power plant of our case-study uses coal which is close in composition to the coal used in the plant 

no. 1 of Table Al. In order to remove 99.9 percent of the particulate matter, an electrostatic 

precipitator with an SCA of 400 is considered. Assuming that the volumetric rate of the flue gas 

is V cubic feet per minute and the proportion of the flue gas that passes through the precipitator 

is p, the flue gas volume that passes through the precipitator equals p V cubic feet per minute. The 

particulate collector surface area of the precipitator which would achieve 99.9 percent particulate 

removal from the portion of the gas stream passing through the precipitator is given by SCA x 

pV/1000 sq. feet or 400 x pV/1000 sq. feet. The capital cost for this precipitator can be obtained 

from the regression equation (Al), whereas the effective particulate collection efficiency (i.e., per-

centage of particulates removed from the flue gas stream as a whole) is given by .999"'p.16 Since the 

16 let 
p = the proportion of the flue gas passing through the precipitator, 
1-p = proportion of the gas that directly escapes into the air, 
c = pollutant concentration in the flue gas, 
V = flue gas volume. 
Total amount of the pollutant present in the flue gas = cV, 

Appendix A. Coal-Fired Power Plant: Pollution Sources and Control 137 



coal and plant operation data for the case-study are the same as that of plant no. 1 (Holstein, 1981), 

the SCA of 400 is assumed to achieve the collection efficiency of 99.9 percent. Table A2 presents 

the cost estimates and the values of p for the flyash controls. 

Sulfur Dioxide Removal -- Fluegas Desulfurization Systems 

Flue gas desulfurization systems are used to remove the sulfur oxide constituents of the fluegas. 

These systems are generally classified into two types -- throwaway and recovery. The throwaway 

processes, particularly lime and limestone scrubbing, are widely used. 

Two desulfurization alternatives, limestone scrubbing with and without forced oxidation, are con-

sidered in this study. In a limestone scrubber, the sulfur oxide gases present in the flue gas stream 

react with a limestone slurry to form calcium sulfite ( CaS03) • A small portion of calcium sulfite 

is oxidized to calcium sulfate ( CaS04) • The calcium sulfite and sulfate crystals precipitate in a re-

action vessel or holding tank as this provides more residence time for the reaction to complete. The 

scrubber bleed from the holdin:g tank is sent to a solid waste handling system. 

In a desulfurization system with forced oxidation, efiluent from the scrubber is treated with oxygen 

in an oxidation tank where oxygen is introduced at high pressure. Mechanical agitators are used for 

the mixing. The major impact of forced oxidation is improved sludge quality which makes sludge 

handling easier and transportation cheaper. Also from the pollution viewpoint, the leachate quan-

tity from the forced oxidation sludge is less than the quantity generated from naturally oxidized 

sludge (Knight, 1983). 

Amount of the pollutant present in the flue gas after the treatment 
= [(l·p)Vc + (l-.999)cpV) = Vc(l·p+p-.999p) = Vc(l-.999p) 

Pollutant concentration in the flue gas after a control is applied = c(l-.999p) 

··----~·-·--- ·-- ·-·--·-. ----- .. -- --·--- ·•·· - - - - -
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·. 
Table A2(a): Cost Estimation of the Flyash Control Options for the Case-Study 

Electrostatic prccipitator is used for flyash removal. 

Captial Cost: 

Volumetric flow rate of fluegas passing through the electrostatic precipitator = 0.5 x 
2,092,000 x p = 1,046,000 p ACFM (p is the fraction of the total flue gas volume 
passing through the electrostatis precipitator) 

Total collection surface area of the precipitator = 418,500 p sq. ft. 

Capital cost of the precipitator (in million dollars) = - 3.43 + 0.04 x 418.5 x p 

Average life of an electrostatic precipitator = 15 yrs.1 

Power plant life = 30 yrs. 

(One replacement of the precipitator is required over 30 yrs) 

Present value of the electrostatic precipitator at 10% discount rate: 

Capital cost = (-3.43 + 0.04 x 418.5 p) x ( 1 + 0.239) 

Operation & Maintenance Costs: 

Operation and maintenance costs of the electrostatic (p = l) = $186, 1501 

(For the lack of better data, 0 & M costs arc assumed to remain constant for all the options) 

Present value of 0 & M costs = 9.427 x 186,150 = $1,754,836 

Source: Appalachian Power Company - 450 MW Power Plant Data. 
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Table A2(b): Electrostatic Precipitator (Capital and 0 & l\•I) Costs for the Control Options Used 
in the Case-study · 

Control Capital O&M Total 
OptiOns p Cost($) Cost Cost 

A 0 0 0 0 

B 1.0 16,491,090 1,754,836 18,245,926 

c 0.9009 14,435,670 l,754,836 14,621,820 

D 0.9009 14,435,670 l,754,836 14,621,820 

E 0.9009 14,435,670 1,754,836 14,621,820 

F 1.0 16,491,090 1,754,836 18,245,926 
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Though a number of options are available for handling the FGD sludge generated by the two 

processes, the same options have been chosen for both the cases in this study. The steps considered 

for the sludge handling are thickening, vacuum filtration, transportation, and land disposal. 

In principle, a thickener acts as a settling tank. The feed solids are introduced in the center and are 

radially distributed in a circular tank. The solids which settle at the bottom are cleared by radial rake 

arms extending from a central shaft and collected as underflow in a sludge sump. A thickener feed 

may have solid concentrations ranging from 5 to 15 percent. In the empirical method of sizing, the 

size of a thickener unit is based on a solid and/or hydraulic loading. The following criteria are used 

for sizing of a thickener unit. For the forced oxidation sludge, the solid loading for a thickener is 

15 sq. feet/ ton of solids/ day. The solid loading for the naturally oxidized sludge is 30 to 60 sq. feet/ 

ton of solids/ day. The percentages of solids in the thickener underflow for the forced and naturally 

oxidized sludge are 40 to 45 and 30 to 35 respectively (Knight, 1983). 

Vacuum filters are used for the secondary dewatering of sludges. Among many available vacuum 

filter types, drum or belt vacuum filters are typically used for FGD sludge dewatering. The rotary 

drum vacuum filters are popular as these can use the least expensive filters. However, this filter cloth 

is more susceptible to wearing because of scrappers used to scrap the filter cake. Hence, drum filters 

require frequent replacement of the filter cloth. 

In the belt filter type, instead of using scrappers, the filter cake is removed by passing it over a 

smaller diameter roller. Due to the rapid change in direction, the filter cake is discharged. In this 

case the filter cloth life is comparatively long. However, the size of this filter needs to be 30 percent 

more than that of an equivalent drum filter. The following sizing criteria can be used for vacuum 

filters. The vacuum filtration rate for forced and naturally oxidized sludge is 98 to 175 and 70 

lbs/hr/sq. feet respectively. The cake dryness for the forced and naturally oxidized sludge is 70 to 

75 and 50 to 55 percent respectively. 
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The scrubber systems with and without forced oxidation have been chosen because these have dif-

ferent pollution potential, as well as costs. Figures A4 and AS represent the capital cost of 

thickeners and vacuum filters, respectively. Tables 3 through 13 demonstrate the method (based 

on Henzel, 1982) used for the cost and waste estimation for each step of the FGD sludge generation 

and handling. These tables also give the estimates for the case-study. 
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Table A3: Limestone Hue Gas Dcsulfurization (\Vithout forcL'll oxithttion) - Cost Estimatation1 

· Amount of Sulfur dioxide produced in the coal combustion process, X = 62.5 x (% S in coal) x 
(average coal burn rate, T/hr) lb-moles/hr 

Scrubber clliciency = 90% 

Capital cost of the scrubber system = $36,368,0001 

Average life of the scrubber system - 30 yrs (assumed)2 

Present value (P.V.) of the scrubber system capital cost = $36,368,000 

Operation and Maintenance Cost: 

Raw material-Limestone. 
Stochiomcteric ratio for limestone = 1.02 -- 1.25 (:\1can = 1.135) 
Limestone composition1 --Calcium Carbonate = 94% 

Magnesium Carbonate = 1.5% 
Inerts = 4.5% 

( % ) alkalinity provided by Calcium Carbonate = 0. 98 t 5 
( % ) alkalinity provided by Magnesium Carbonate = 0.0185 
( ~-;.,) oxidation = 0.20 

Amount of sulfur dioxide scrubbed = 0.90 x X lb-moles/hr 

Actual alkalinity required = 0.90 x 1.135 x X 

Calcium carbonate in the limestone required for neutralizing sulfur dioxide = 0. 90 x 1.135 
x 0. 9815 x 10().09 x X lbs/hr 

\.fagm:sium carbonate in the limestone required for neutralizing sulfur dioxide = 0.90 x 
1.135 x 0.0185 x 84.33 x X lbs/hr 

Total amount of the limestone required= (101.94 /0.965) x X lbsih.r = 473 x X tons/yr 

Cost of the limestone = C 1 $/ton 

P.V. cost of the limestone used for 30 yrs($)= 9.427 x 473 x Xx Cl = 4458.97 x Xx Cl 
Energy cost = 0.5 x 1,873,000 = $936,5003 

FGD operating labor and supervision costs = $460,0003 

TotJl operating cost = $1,396,000 + Limestone cost 

P.V. of the O&i\l costs for 30 yrs= 9.427 x (J,396,000) + 4458.47 x Xx Cl 

Total cost of the scrubber = 36,368,000 + 9.427 ( 1,396,000 + 473 x X x CI) $ 

Cost of limestone, CI = 15 $/ton 

X = (case-study) = 6:?.5 x 0.04 x 171 = 427.5 lb-molcs/hr 

The scrubber cost (case-study= 36.368,000 + 9.427 ( 1,3%,000 + 30,331,"1:?5) = 
$ 73, 121,:?43 

Knight, 1983. 
2 Estimated uscfi.11 lifo the FG I> systems vnry from 17 - 35 yenrs (Allen, 1983). 

Source: Bu moll ( l 983) 
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Table A4: Limestone Flue Gas Desulfurization (Without forced oxidation) - \Vaste Estimation 

(%) Limestone utilization = 0.81 

Excess calcium carbonate which leaves the system with the waste = (1 - 0.81) x 101.94 x X lbs/hr 
= 0.193 x X lb-moles/hr = 19.36 x X lb/hr 

CaS03.l/2H20 formed by the precipitation reaction = lb-moles of calcium carbonate available for 
reaction = ( 1.002 - 0.193) x X = 0.809 x X lb-moles/hr 

20% of CaS03• l/2H20 is oxidized. 

CaS04.l/2H20 formed py the precipitation reaction = 0.809 x 0.2 x X = 0.162 x X lb-moles/hr 

16 mole percent of CaS04.2H20 exists in the form of CaS04.CaS03• l/2H20 . 

CaS04.CaS03.l/2H20 formed = 0.162 x 0.16 x X (lb-moles/hr) x 265 (lbs/lb-mole) 

· = 6.868 x X lbs/hr 

CaS03.l/2H20 left in the sludge = 0.8 x 0.809 x X (lb-mole/hr) x 129 (lb/lb-mole) 

= 83.48 x X ibs/hr 

CaS04.2H20 left in the sludge = (1-0.16) x 0.162 x X (lb-mole/hr) x 172 (lb/lb-mole) 

= 23.40 x x lb/hr 

Total sludge solids = weight of unreacted CaC03 + weight of CaS03• l/2H20 + weight of 
CaS04.2H20 + weight of CaS04.CaS03• l/2H20 + inerts. 

Total sludge solids = ( 19.36 + 83.48· + 23.4 + 6.868 + 5.97) x X lbs/hr = 139 x X lbs/hr = 
609.16 x X tons/yr 

Solid content in the FGD slurry = 15% 

Amount of water present = (85/15) x 139 x X lbs/hr 

X (case-study) = 62.S x 0.04 x 171 = 427.S lb-moles/hr 

Total sludge solids = 609.16 x 427.5 = 260,415.9 tons/yr 
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Table AS: Limestone Flue Gas Dcsulfurization (With forced oxidation) - Cost Estimation 

Amount of sulfur dioxide produced in the coal combustion process, X = 62.5 x (%Sin coal) x 
(average coal bum rate, tons/hr) lb-mole/hr 

Scrubber efficiency = 90% 

Capital cost for the scrubber system: 
Main system = $36,368,000 
Auxiliaries for forced oxidation = $2,303,000 

Total capital cost = $38,671,000 

Average life of the scrubber system = 30 yrs 

P: V. of the scrubber system capital cost = $38,671,000 

Operation & Maintenance Cost: 
Since the sulfur dioxide removal efficiency of the system is the same as that of the naturally 
oxidizing scrubber system, the amount and cost of limestone required is the same as that of 
scrubber system without oxidation. 

P.V. cost of the limestone used for 30 yrs = 9.427 x 473 x X x Cl $ = 4458 x 97 x X x Cl $ · 

Energy cost = 0.5 x 2,133,000 = $1,066,500 

FGD operating labor and supervision cost = $658,000 

P.V. of the O&M costs for 30 yrs = 9.427 x (l,724,500 + 473 x Xx Cl)$ 

Total cost of the scrubber system = 38,671,000 + 9.427 x (1,724,500 + 473 x Xx Cl)$ 

X (cast-study) = 427.5 lb-mole/hr 

Limestone cost, Cl = 15 $/ton 

The scrubber cost (case-study) = 38,671,000 + 9.427 (1,724,500 + 473 x 427.5 x 15) $ = 
83,521,013 
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Table A6: Limestone Flue Gas Dcsulfurization (With forced oxidation) - Waste Estimation 

(%)Limestone utilization = 0.81 

(%)oxidation = 0.8 

Excess calcium carbonate which leaves the system with the waste = (I - 0.81) x 101.94 x X lbs/hr 
= 0.193 x X lb-moles/hr = 19.36 x X lbs/hr 

CaS03.l/2/120 formed by the precipitation reaction = (l.002- 0.193) x X = 0.809 x X lb-moles/hr 

80% of CaS03.l/2H20 is oxidized. 

CaS04.2H20 formed by the precipitation reaction = 0.809 x 0.8 x X = 0.647 x X lb-moles/hr 

16 mole percent of CaS04.2H20exists in the form of CaS04.CaS03• l/2H20 

CaS04.CaS03.l/2H20 formed = 0.647 x 0.16 x X (lb-moles/hr) x 265 (lbs/lb-mole) = 27.43 x X 
lbs/hr 

CaS03.l/2H20 left in the sludge = 0.2 x 0.809 x X (lb-moles/hr) x 129 (lbs/lb-mole) 

CaS04.2H20 left in the sludge = (1-0.16) x 0.647 x X (lb-moles/hr) x. 172 (lbs/lb-mole) = 93.47 
x X lbs/hr 

Total sludge solids = weight of unreacted CaC03 + weight of CaS04.CaS03• l/2H20 + inerts 

Total sludge solids = (19.36 + 20.87 + 93.47 + 27.43 + 5.97) x. X lbs/hr = 167 x X lb/hr = 
732 x X tons/yr 

X (case-study) = 427.5 lb-moles/hr 

Total sludge solids (case-study) = 732 x 427.5 = 312,930 tons/yr 
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Table A7: Thickening of the Naturally Oxidized FGD Sludge - Cost Estimation 1 

Capital Cost: 

Weight of the dry FGD sludge = 139 x X lbs/hr = 1.668 x X tons/day 

Solid loading for a Thickener when the sludge is not oxidized = 45 ft2/ton of solids/day 

Thickener area required = 45 x 1.668 x Xft2 = 75.06 x Xft2 

X (case-study) = 427.5 lb-moles/hr 

Thickener area required (case-study) = 32088.0 ft2 

Thickener capital cost for the case-study = $700,0002 

P.V. of the thickener capital cost = 700,000 (1 + 0.239) = $867,300 

Operation and Maintenance Costs: 

Electricity cost per year = 0.55 x capital cost 

Manpower cost per year = $46,003 

Maintenance cost per year = 0.01 x capital cost 

0 & M costs per year (case-study) = 0.56 x 700,000 + 46,003 

=$438,003 

P.V. of 0 & M costs for 30 years = 9.427 x 438,000 = $4,129,054 

% solids in the underflow = 32.5 

l Source: Knight (1983) 

z Source: Figure A4 
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Table A8: Thickening of the Oxidized FGD Sludge - Cost Estimation 1 

Capital Cost: 

Weight of the dry FGD sludge = 167 x X lbs/hr = 2.004 x. X tons/day 
Solid loading for the thickener when the sludge is oxidized = 15 fl 2/ton of solids/day 
Thickener area required = 15 x 2.0004 x Xfi2 = 30.06 x Xfi2 

X (case-study) = 427.5 lb-moles/hr 
Thickener area required (case-study) = 12850 ft&hu.2&hd. 
Thickener capital cost = 400,0002 

Average life of thickener = 15 yrs (assumed) 
One replacement of thickeners is required in 30 yrs. 
P.V. of the thickener capital cost (case-study) = 400,000 (l + 0.239) = 495,600 

Operation & Maintenance Cost: 

Electricity cost/yr = 0.55 x thickener capital cost 
Number of man-hrs required/day = 9 
Cost per man-hr = $18.00 
Man power cost/yr (case-study) = 9 x 18 x 365 x 0.778 = $46,003.00 
Maintenance cost/yr = 0.0 l x capital cost 
0 & M costs per year (case-study) = 0.55 x 400,000 + 46,003 + .01x400,000 = 270,003 
P.V. of 0 & M cost for 30 yrs = 9.427 x 270,003 = $2,545,318 
% solids in the underflow = 45 

l Source: Knight (1983) 

2 Source: Figure A4 
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Table A9: Vacuum Filtering of the Naturally Oxidized FGD Sludge - Cost Estimation 1 

Capital Cost: 

Weight of the dry FGD sludge = 139 x X lbs/hr 

Vacuum filtration rate = 70 lbs/hr/ ft2 

Required vacuum filtration area = (139/70) x Xft2 = 1.985 x Xft2 

X (case-study) = 427.5 lb-moles/hr 

Required vacuum filtration area = 1.985 x 427.5 = 848.58 sq. ft. 

Vacuum filter capital cost (case-study) = $160,0002 

Average life of vacuum filters = 15 yrs (assumed) 

P.V. of the vacuum filter capital cost (case-study) = 160,000[1+0.239) = $198,240 

Operation & Maintenance Cost: 

Air removal rate = 2 cubic ft/ft2 

Electricity Cost (case-study) = .02 x 2 x 848.58 x 1000 = $33,943 

Manpower cost = $61,337 

Maintenance cost (case-study) = .045 x 198,240 = $8,920.80 

Total O&M costs (case-study) = 104,200.80 

P.V. of O&M costs = 9.427 x 104,200.80 = $982,300 

P.V. of the total costs = $1,180,540 

o/o solids in the cake = 52.5 

t Source: Knight (1983) 

2 Source: Figure AS 
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Table AIO: Vacuum Filtering of the Oxidized FGD Sludge - Cost futimation 1 

Capital Cost: 
Weight of the dry FGD sludge = 167 x X lbs/hr 
Vacuum filtration rate = 136.5 lbs/hr/ fl2 

Required vacuum filtration area = (167/136.5) x X ft2 = 1.232 x Xft2 

X (case-study) = 427.5 lb-moles/hr 
Required vacuum filter area (case-study) = 1.232 x 427.5 = 527 /t2 

Vacuum filter capital cost (case-study) = $110,000 
Average life of vacuum fillers = 15 yrs (assumed) 
P.V. of the vacuum filter capital cost = 110,000 x [l + 0.239] = $136,290 

Operation & Maintenance Cost: 

Air removal rate = 2 cubic ft./sq. ft. 
Electricity cost = .02 x (air removal rate, cu. ft./sq. ft.) x (filter area, sq. ft.) x 1000 
Electricity Cost (case-study) = .02 x 2 x 527 x 1000 = $21,080 
Manpower cost = 12 (hrs/day) x 18($/hr) x 365 (days/hr) x 0.778 (%operation time) = 

$61,337 
Maintenance cost (case-study) = .045 x capital cost = $4950 
Total O&M costs (case-study) = $87,367 
P.V. of O&M costs = 9.427 x 87,367 = $823,608 

P.V. of the total costs = $959,898 
% solids in the cake = 72.5 

1· Source: Knight (1983) 
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Table Al 1: Transportation of the Naturally Oxidized Sludge - Cost F.stimation 1 

Annual FGD Sludge Production = 139 x X (lb/hr) x 4.38 (tons-hr/lb-yr) x ( 1 + % water/% solid) 
= 139 x 4.38 x (1 + 47.5/52.5) x X tons/yr 
= 1159.6 x X tons/yr 

Adjusted average production of the FGD sludge 
= (1159.6 x X)/(0.75 x 2080) tons/hr 
The cycle time per vehicle = ( d/25 + y) hrs 
Payload capacity of the truck = 30tons 
Number of trucks required to transport the waste 

Average production, tons/hr + 2501 d .J 
;ro re unuancy 

30 tons/ cycle time, hr 

X = 427.5 lb-moles/hr 
d = 8 miles 
y = 0.33 hrs 

Number of trucks required to transport the waste = 7 + 2 = 9 

Capital Cost: 

Cost of 9 trucks = 9 x 120,000 = 1,080,000 
Average life of trucks = 15 yrs 
Number offrontend loaders = 2 
Cost of frontend loaders = 2 x 298,000 = $596,000 
Average life of loaders = 15 yrs 
Capital cost of the equipment = $1,676,000 
P.V. of the capital cost = 1,676,000 [l + .239] = 2,076,564 
P.V. of O&M cost = $10,529,959 
Total cost (case-study) = 12,606,523 

1 Source: Knight (1983) 
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Table All: Transportation of the Oxidized Sludge - Cost Estimation 1 

Annual FGD Sludge Production 
= 167 x X (lb/hr) x 4.38 (T-hr/lb-yr) x (1 + % water/% solid) 
= 167 x 4.38 x (1 + 27.5/75.5) x X T/yr 
= 993.04 x X T /yr 

Scheduled operating hours of placement of the sludge in the landfill = 1 shift/day x 8 hr/shift x 5 
day/wk x 52 wk/yr = 2080 hrs/hr 

FGD sludge to be transported (adjusted to the scheduled operating hours) = Annual FGD sludge 
production (tons/yr)/Availability x 2080 hrs/hr 

Availability of the disposal facility = 0.75% (assumed) 
Adjusted average production of the FGD sludge = (993.04 x X)/(0.75 x 2080) tons/hr 
Round trip distance to the disposal site = d miles 
Average vehicle speed = 25 mph 
Travel time = d/25 hrs 
Additional time for loading, unloading, and incidential delays = y hrs 
The cycle time per vehicle = ( d/25 + y) hrs 
Payload capacity of the truck = 30tons 

Number of trucks required to transport the waste 
= Average production (tons/hr) + 25% redundancy&hu. 

30tons/cycle time (hr) 
Case-study: 

x = 427.5 lb-mole/hr 
d = 8 miles 
y = 0.33 hrs 

Number of trucks required to transport the waste = 252.13/46.15 
= 6 + 2 (redundancy) 

Capital Cost: 

Cost of 8 trucks = 8 x 120,000 = 960,000 
Average life of trucks = 15 yrs (assumed) 
Number of front end loaders (2 for 8 trucks) = 2 
Cost of 1 loader = $298,000 
Cost of 2 loaders = 2 x 298,000 = $596,000 
Average life of loaders = 15 yrs (assumed) 
Number of replacement required in 30 years = 
Capital cost of equipment = $1,556,000 
P.V. of the capital cost = 1,556,000 x [l + 0.239) = $1,927,884 

Operation & Maintenance Cost: 

Operating costs per year (lump sum for 8 truck + 2 loaders) = $494,000 
Labor cost per year (lump sum) = $325,000 
Maintenance per year (lump sum) = $298,000 
P.V. of operating costs for 30 yrs = 9.427 (l,117,000) = $10,529,959 

Total transportation cost (case-study) = 12,457,843 

Knight (1983) 
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Table A13: Calculation of Waste Disposal Site Area1 

Density of dry FGD sludge = 2.108T/yd3 

Density of water = 0.843T/yd3 

Naturally Oxidized Sludge: 

Total weight of the sludge = 495729T/yr 

% water in the sludge = 47.5 

Volume of the sludge = 402786 yd3/yr = 250 acre-ft/yr 

Forced Oxidized Sludge: 

Total weight of the sludge = 424524T/yr 

% water in the sludge = 27.5 

Volume of the sludge = 290533 yd3/yr = 180 acre ft/yr 

I Source: Knight (1983) 
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Appendix B. Environmental Pollution Transport 

Models 

B.1 Introduction 

This appendix presents a discussion on pollution transport models, particularly those models which 

are used for the case-study. Pollution transport models provide a quantitative relationship between 

pollutant emission/discharge rates and ambient pollutant concentration levels in the environment. 

The appendix gives a general introduction to pollution transport models and discusses the models 

for each of the environmental media - air, water, subsoil, and ground water. 

Pollutants released into the environment are acted upon by chemical, physical, biochemical, 

physico-chemical, and ecological processes. All or only a few of these processes may be relevant 

for a pollutant in a given environmental medium. Some of the examples of these processes are as 

follows: transformation of sulfur dioxide into sulfates in the atmosphere (chemical); biological fix-

ation of trace metal pollutants in the soil (biochemical); pollutant transportation with the fluid 

medium (physical); adsorption of pollutants on soil particles involving both physical and chemical 
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interactions (physico-chemical); and bioaccumulation of pollutants in plants (ecological). The re-

sult of these processes is that the pollutants in the environment are diluted, dispersed, convected, 

and transformed. The pollutant release or discharge conditions such as the temperature of the 

waste, source geometry, and pollutant mass discharge rate also influence the pollutant distribution 

in the environment. Pollutant concentrations in an environment are a function of the pollutant 

discharge and the environmental conditions. 

From the viewpoint of pollutant distribution in the environment and impact on human health, the 

environment may be divided into three components - air, water, and land. A number of pollution 

transport models are given in the literature for all the three media. The three approaches generally 

employed for developing these models are: (1) physical (scale) modeling, (2) conservation of mass 

and energy, and (3) and statistical. The first approach involves the building of a physical replica of 

a natural system and simulating the behavior of a pollutant or tracer in this system. The second 

approach is based on the principle of mass and energy conservation, according to which any change 

in the pollutant mass in the environment should be accounted for. The third approach involves 

identifying independent variables on the basis of the knowledge of potential environmental proc-

esses interacting with pollutants, and developing a statistically significant relationship between in-

dependent (e.g., pollutant emission/discharge rate, the environmental fluid velocity, etc.) and 

dependent (e.g., pollutant concentration) variables. 

The models used in the case-study are based on the mass and energy conservation principle. The 

mass conservation based models typically divide the system into a number of segments or cells. 

These cells may be one, two, or three dimensional (the more the dimensions, the higher is the 

model complexity). The change in the pollutant mass in a segment over some time interval is ac-

counted by (I) pollutant inflow from and outflow to the neighboring segments, and (2) increase 

or decrease in the pollutant mass due to transformation. The time interval and segment size are 

critical in these models. Within each segment and time interval, the environmental parameter values 

are assumed to remain constant. The environmental parameter values and pollutant mass flow rates 
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may or may not remain constant from one time interval to another giving rise to steady state or 

unsteady state conditions, respectively. 

Mathematically, the change in pollutant mass in a segment may be represented as: 

where: 

fr = rate of change of pollutant mass in the segment 

P v. = pollutant mass entering the segment over time !!..t 

Pout = pollutant mass leaving the segment over time !!..t 

P tranz = pollutant mass transformed in the segment over time !!..t 

(Bl) 

The main environmental processes responsible for inflow and outflow of a pollutant into and from 

a segment are advection and diffusion. Due to advection, pollutants suspended or dissolved in the 

fluid medium move from one place to another along with the latter. The rate of flow of a pollutant 

mass entering a segment due to advection is given by c.u.A, where c is the pollutant concentration 

in the medium, u is the velocity of the medium fluid, and A is the cross-section of the segment 

normal to the velocity vector. The diffusion of pollutants is generally defined as the movement of 

pollutants from higher concentration regions of the· environmental medium to lower concentration 

regions. A number of processes such as molecular diffusion, eddy diffusion, etc. are usually lumped 

together to represent the pollutant diffusion as a single process. Mathematically, the rate of 

pollutant mass transfer due to diffusion is expressed as -K.A.( ~)where K is called the diffusivity 

co-efficient, A is the area of the segment face across which the diffusion takes place, and ~ is the 

pollutant concentration gradient. 

The pollutant mass balance in an environmental medium segment or cell can be expressed as 

(considering the advection and diffusion of the pollutant only along the x-direction; see Figure Bl): 
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where: V is the volume of the cell, i represents cell number, j is the time step, u is the velocity of 

the fluid medium, and S, is the sink/source term representing any transformation which may in-

crease or decrease the pollutant mass in the cell. 

Equation (B2) represents the conservation of mass equation for one dimensional flow. "'By analogy, 

it is possible to write the equation in three dimensions. A set of mass conservation equations re-

presenting all the segments under consideration when solved simultaneously give the pollutant 

concentration proftle in the medium. The boundary conditions for the inflow and outflow of 

pollutants and initial pollutant concentrations in each segment are required for solving the system 

of equations. 

Another approach of basing pollution transport models on the conservation of mass principle is to 

represent Equation (B2) in its differential form. This differential equation can be written as: 

(B3) 

The three dimensional form of the same equation can be represented as follows: 

.2£. = -u oc - u.,oc - uk + K o2c + K o2c + K o2c ± S (B4) ot :x ox 7 oy 'Z oz :X ax2 'Y ay2 z az2 

Equations (B3) and (B4) may be solved either by analytical or numerical integration. Analytical 

solutions are possible under some assumptions about boundary conditions, flows, pollutant inputs 

conditions, and/or the relative strengths of the advective and diffusivity movements of the medium. 

Depending on the environmental medium and the pollutant, any of the above representation of the 

mass conservation equation and solution technique may be used to determine the pollutant dis-

tribution. 
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The four types of models required to determine the fate of pollutants discharged into the environ-

ment from a coal-fired power plant are: air pollution models, unsaturated soil zone models, ground 

water models, and water pollution models. A brief description of the models used in the case-study, 

the underlying assumptions, and their limitations are given in the following text. 

B.2 Air Pollution Models - Industrial Source Complex 

Model 

The Industrial Source Complex (ISC) model is used in the case-study to determine tlie pollutant 

distribution in the air medium. The distribution of pollutants released into air depends on ( 1) the 

pollutant release conditions - temperature and velocity of the pollutant carrier gas, the pollutant 

source characteristics, physical and chemical properties of pollutants; and on (2) environmental 

conditions - wind velocity and direction, atmospheric stability, topography, and other 

meteorological and geographic characteristics. For example, pollutants carried by high temperature 

and velocity gas stream reach considerable height before they are transported in downwind direc-

tion. Thus, the pollutants are more diluted when they reach ground level receptors. The environ-

mental factors such as wind velocity affect the pollutant transportation, and surface roughness and 

atmospheric stability determine the pollutant dispersion. 

Like many other air pollution models, the Industrial Source Complex (ISC) model used for the 

case-study is based on the Gaussian plume equation. This is a semi-empirical equation used to 

represent the transport of air pollutants discharged from a point source. The Gaussian model is 

based on the mass conservation principle. The model can be viewed as the analytical solution of 

the equation (B4) under some simplifying assumptions given below (Wark, 1981): 
• 
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• Pollutant mass transfer due to bulk motion in the x-direction (wind direction) is predominant 

as compared to the mass transfer due to diffusion in the x, y, and z directions. 

• Pollutant discharge rate is uniform and steady state conditions prevail. 

• Wind speed u and mass diffusivities K,J<.,, and ~ are constant. 

• Once a pollutant is released from a source, no pollutant source or sink exists. 

The simplified form of Equation (B4) can be written as: 

(BS) 

The general solution of this second order partial differential equation is given by 

(B6) 

where: K is a constant whose value can be obtained from the boundary conditions. The boundary 

condition set by the mass conservation principle is that at the steady state,. the pollutant mass dis-

charged from a source, Q, must be equal to the pollutant mass transfer rate through a downwind 

yz-plane. This boundary condition can be expressed as: 

Q = IJucdydz (B7) 

For a point source at ground level, the limits of integral on z are taken from 0 to oo and the limits 

of integral on y are taken from - oo to oo. On substituting c from Equation (B6) in Equation (B7), 

and making some transformations to reduce Equation (B7) to a standard integral, the value of K 
can be determined. Equation (B6) can be written as: 

(B8) 
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The following substitutions are made to express the equation in the Gaussian or normal distribution 

form: 

a2 = 2KyX and a2 = 2K:r 
y u z u 

Equation (B8) reduces to 

Q 2 2 
c = exp[ - cL + _z_)J 

nw ,a z 2a2 2a2 y z 
(B9) 

For a pollution source with an effective height H, the equation reduces to: 

Q Y2 z - H2)] c = exp[ - (-- + ---
2nucryaz 2a2 2a2 y z 

(BIO) 

Under different atmospheric stability conditions, the values for a:1 and az are obtained by using 

semi-empirical equations (Turner, 1969). Effective source height is the sum of the actual source 

height and the plume rise. Many equations for computing plume rise are also available (Carson, 

1976). 

To account for some processes such as pollutant depletion due to gravitational settling or washout, 

and the plume reflection. fr<;>m the ground surface, various modified forms of the above equation 

are available in the literature. The ISC model provides the options for some pollution attenuation 

processes. 
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B.3 Unsaturated Soil Zone Model - Seasonal Soil Model 

In this study, the Seasonal Soil (SESOIL) model is used to simulate the pollutant transportation 

in the subsoil environment extending from the ground surface to the water table (Bonazountas, 

1984). This portion of the subsoil environment is also called as unsaturated or vadose soil zone. 

In this zone, voids or pore spaces between the soil particles are only partially filled with the 

moisture. 

The pollutant distribution in an unsaturated soil zone is influenced by hydrologic cycle and 

pollutant-soil-matrix interactions. The hydrologic cycle considers rainfall intensity and duration, 

inter-storm time interval, soil permeability, depth of water table, ambient temperature, evapo-

tranpiration to determine infiltration, moisture content of the soil, exfiltration, ground water runoff, 

and capillary rise from the ground water table. Pollutants disposed on land enter the subsoil envi-

ronment along with the infiltrated portion of the rain water, and/or are washed with the surface 

runoff in dissolved/suspended form. Once in the unsaturated zone, the pollutant may be distributed 

among three phases of the soil matrix - soil, water, and air. This distribution is governed by proc-

esses mentioned in the introduction of this appendix. These processes are determined by the soil 

matrix and pollutant characteristics. 

The SESOIL model simulates three cycles • hydrologic, sediment, and pollutant fate. The 

hydrologic model is based on the analytical annual "'Water Balance Dynamic"' theory or model 

(Eagleson, 1978). The SESOIL model extends this theory for monthly simulations as well. The 

main underlying assumptions of the SESOIL implementation of Eagleson's Water Balance Model 

are: 

• Water movement is restricted to the vertical direction. 
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• Poisson arrivals of independent and identically distributed rectangular pulses are assumed for 

storms. 

• Inter-storm period and storm durations are statistically independent. 

• Average interstorm period is much greater than average storm duration. 

• Soils·are homogeneous. 

• Percolation to water table is steady throughout rainy season at a rate determined by the average 

soil moisture. There is no percolation during dry season. 

• Potential rate of evaporation is much greater than the rate of capillary rise from the water table. 

• Water table is constant. 

The hydrologic cycle drives both sediment and pollutant fate modules of the SESOIL model. The 

sediment cycle determines the sediment washload due to rain storms and resuspension of sediments 

(dust) in the air due to wind. To determine the sediment washload, the SESOILmodel employs the 

EROS U model based on Forter and Meyers' erosion theory. According to this theory, the erosion 

of soil particles and their transport can be due to ( 1) detachment by rainfall, (2) detachment by 

overland flow, (3) transport by rainfall, and (4) transport by overland flow. Sediment yield can 

change from storm to storm depending on the sediment carrying capacity of the overland flow. The 

surface cover and roughness can reduce the carrying capacity of the surface overflow. 

The pollutant fate cycle considers more than 12 chemical processes and provides options to describe 

pollutant interactions under all conditions. These processes include advection, diffusion, adsorption, 

desorption, chemical decay, biological transformation, hydrolysis, cation-exchange, and 

complexation chemistry. The SESOIL pollutant fate cycle simulation is based on the mass con-

servation principle. Instead of using a differential equation to represent the system and seeking an 
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analytical solution of it, the SESOIL model uses a compartment modeling concept. The system is 

divided into a number of compartments. The pollutant is assumed to be in equilibrium with the 

three phases of the soil matrix (air, water, and soil) in each compartment. The following mass bal-

ance equation is considered for each compartment. 

(Bll) 

where l!..P represents change in pollutant mass in a medium segment over some time interval; P Js 

the pollutant mass entering a segment; P0"' is the pollutant mass leaving the segment; and P "= is 

the pollutant mass transformed in the segment. 

The term P trttM represents the transformation resulting from any number of above mentioned proc-

esses. The following text demonstrates the inclusion of the above mentioned processes in the 

mathematical representation of the SESOIL model. 

The processes which determine the pollutant distribution into various phases can be explicitly re-

presented by empirical and/or theoretically based equations. For example, the relationship between 

pollutant concentrations in soil, air, and water can be expressed by Henry's law (Bonazountas, 

1983) 

Csa = cl}<T + 273) 

where: c,,, is the pollutant concentration in the soil air; c is the dissolved pollutant concentration; 

His Henry's law constant; R is gas constant; and Tis temperature in ·c. 

Pollutant adsorption on soil can be the result of more than one process. Freundlich adsorption 

isotherm can be used to represent any type of adsorption, and is given by the following equation: 

1 
Cs= Keli 
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where:c, is adsorbed concentration of pollutant; K is partitioning co-efficient, c is dissolved con-

centration of pollutant in soil water, and N is Freundlich constant. The total concentration in the 

soil can be calculated as: 

where: GJ is the total concentration of pollutant in the soil; n is total soil porosity; 0 is soil moisture 

content; (n - 0) = n01, is soil air filled porosity, and p6 is soil bulk density. 

B.4 Ground Water Models - AT123D model 

In this study, the AT123D model describes the transport of pollutants in aquifer or ground water 

systems. Various forces that influence the pollutant transportation in ground water are advection, 

diffusion, hydraulic dispersion, and pollutant soil particle interactions (both physical and chemical). 

Except for hydraulic dispersion, other terms have been defined in the previous sections. The hy-

draulic dispersion results in the spreading of pollutants due to random movement of flow parcels 

through the aquifer pores. In ground water systems, diffusion is generally negligible as compared 

to hydraulic dispersion and may be incorporated in the latter. Such processes as pollutant 

adsorption on soil, chemical decay, etc. also affect both pollutant transportation and distribution 

in ground water systems. 

The AT123D model involves the analytical integration of the simplified mass balance differential 

equation. The equation governing the pollutant distribution· in ground water is given by (Yeh, 1981 ): 

(B12) 

where: 
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q = Darcy velocity vector (LT- 1) 

D = hydraulic dispersivity coefficient tensor (L2T- 1) 

c = dissolved pollutant concentration (ML - 3) 

c, = adsorbed pollutant concentration on the solid(MM- 1) 

p6 = bulk density of the medium(ML-3) 

M = rate of pollutant release (ML-3T- 1) 

n. = effective porosity (-) 

A = radioactive decay Constant( T- I) 

K = degradation rate ( r- 1 ) 

The last term of the equation represents the effect of reversible ion exchange or sorption. 

Equation (B 12) is simplified by using the following assumptions: ( 1) various characteristics of the 

ground water system such as seepage velocity, porosity, permeability, and dispersivity are uniform; 

and (2) adsorption can be represented by linear isotherm and the adsorption/desorption rate is rapid 

so that the pollutants in water and soil are in equillibrium. Under these assumptions, Equation 

( B 12) can be written as: 

~c[l + p,/(.n d] = r:f.(D. c) - v. cq + M - {k + A.(1 + Pt!<d)}c 
ut e ne ne ne 

where: 
Kd Rd= Retardation Factor = 1 + p6- n. -

K = Retardation dispersion tensor = ~ 
- d 

U = Retarded seepage velocity = ( ! )/Rd 
• 

Kd = distribution co-efficient 
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For given initial and boundary conditions, the above equation is analytically integrated by using 

Green's function. Different solutions of the equation for varying pollutant sources and release 

conditions provide a number of options in the application of the AT l 23D model. 

Various data requirements for the AT123D model are : (1) the geometry of the region of interest; 

(2) the dispersion co-efficient tensor, K., characterized by its components Ku , K,, , and Ka; (3) the 

soil properties, n, , Pb and the hydraulic conductivity KH; ( 4) the source sink strength and config-

uration; ( 5) distribution coefficient, Kd representing waste-soil interactions; pressure field flow or the 

hydraulic gradient; and (7) decay constant A. • 

The dispersion coefficients are further expressed as: 

where aL , ar, and av are longitudinal, transverse, and vertical dispersivities, respectively. Hy-

draulic gradient and hydraulic conductivity are used to determine the ground water velocity. Aver-

age linear velocity can be written as: 

v = JL = .!.. = Kh ah 
nA n n a/ 

where Q is volumetric flow rate, n is porosity, A is area of cross-section, and ~~ is hydraulic gra-

dient. 

The assumptions made about the uniform characteristics of a ground water system in the AT123D 

model are not valid for many practical situations. Also, Darcy's law may not be valid under all flow 

conditions such as low permeability and low gradient mediums, or very high permeability mediums. 

A fractured medium may be treated in similar manner as granular medium if fracture spacing is 

dense and uniform in all directions. However, in reality, a medium may exhibit anisotrophy, i.e., 

the fracture spacings may be different in one direction than in the other. 
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B.5 Water Quality Model - EXAMS 

The Exposure Analysis Modeling System (EXAMS) is used in the case-study to determine the 

pollutant distribution in a surface water body. The two main physical forces that determine the 

pollutant transport are advection and diffusion. Other processes such as oxidation-reduction, 

photolysis, hydrolysis, sediment sorption, biochemical degradation, and ionization also attenuate a 

pollutant concentration in a surface water body. Some or all of these processes may be relevant for 

a pollutant present in a water body under some environmental conditions 

EXAMS divides a water body into a number of compartments. Complete mixing of the pollutant 

is assumed to take place within each compartment. The mass balance equation for each compart-

ment can be written as: 

~(de)= L + '- - VK'c dt e "-" (B16) 

where: 

V = volume of water in the compartment 

c = pollutant concentration in the compartment 

L. = total external pollutant load in the compartment 

L, = total internal pollutant load on the compartment resulting from the pollutant inflows from 

the other compartments of the system. 

K' = first order rate constant which reflects the combined effect of pollution transport and trans-

formation processes responsible for decreasing the pollutant concentrations. 

The processes acting on pollutants are explicitly represented by semi-empirical equations. All these 

equations are combined to determine the value of K~ 

The steady state representation of Equation (B 16) can be written as: 
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c= 
(Le + .!:!_) 

v v 
K' 

(Bl7) 

The system of such equations representing all the compartments of a surface water body is solved 

under some initial and boundary conditions of the system. 

One explicit assumption made in EXAMS about pollutant loading via non-point sources such as 

rain fall, ground water seepage, and surface-runoff is that the pollutant 1oadings are simply con-

strained to the lesser of 50% of the aqueous solubility of the compound or I.OE-SM" of unionized 

pollutant. This constraint is introduced in the model because of the following factors: ( 1) EXAMS 

does not make any provision for the crystallization of the compound from a solution which may 

occur if the chemical concentrations are high; (2) the model does not allow the gradual dissolution 

of a chemical from a condensed phase; and (3) the linear sorption isotherm used in the model may 

not be valid at high concentration levels. 

All models discussed in this appendix, though based on the mass conservation principle, have dif-

ferent forms. A uniform structure of pollution transport models can facilitate their use in the main 

IPC model. The pollution transport models used in the case-study are represented by the following 

equation: 

(Bl8) 

where c1 is the pollutant concentration in air or water; D, is the pollutant mass discharge rate; and 

E{ is a function of various environmental parameters and the location of the receptor with respect 

to a pollution source. 

The above equation can be used only if the steady state conditions prevail in the environmental 

system. All the models used in the case-study and discussed in this appendix can give steady state 

solutions. In order to obtain the above representation of the models, the models are operated with 
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a hypothetical emission/discharge rates (within the acceptable range of the model), and the con-

centrations of a pollutant at various receptor locations are determined. The parameter E{ for a 

model is determined by dividing the concentration of the pollutant i at location j by pollutant 

emission discharge rate. 
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Appendix C. Risk Assessment Methodology 

C.1 Introduction 

The human health risk due to toxic substances ( i.e., those having the potential of inducing unde-

sirable health effects, once the body is exposed to them) is determined by measuring the probability 

of incidence of adverse health impacts on an exposed population and assessing the significance or 

"'disutility" to humans. These two aspects of the risk measurement are referred to as 'risk esti-

mation' and 'risk evaluation' respectively. A discussion on both 'risk estimation' and 'risk evalu-

ation' is given in the following text. The discussion covers the conventional methodology for risk 

estimation/evaluation, difficulties associated with the methodology, and responses to these difficul-

ties. Based on the discussion, a summary of the risk assessment methodology that is used for the 

IPC analysis is provided. 
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C.2 Risk Estimation 

The discussion on risk estimation concentrates on conventional methods of using dose-response 

curves or functions. A dose-response function expresses a relationship between the toxic substance 

dose and the resulting probability of incidence of an undesirable health effect. For example, the 

probability of incidence of a toxic effect equal to 0.5 at the dose d means that 50 % of the exposed 

population is affected at a toxic dose less than or equal to d. Depending on how these dose response 

curves are obtained, a number of difficulties may be experienced in using them for human health 

risk estimation. 

Typically, dose-response relationships are derived by using data from experiments done on 

animals/humans or from human epidemiological data. In the former type, different magnitudes of 

test doses are administered to sample populations to observe the incidences of a health impact as-

sociated with each dose. The underlying assumption is that even the members of a controlled 

sample typically show differences in their tolerance levels to the chemical. Experimental data on 

toxic chemical doses and the associated incidences of a health impact are used for deriving a dose 

response relationship by statistically fitting a curve to the data. As opposed to the experimentally 

derived curves, dose-response relationships derived from epidemiological data are mostly based on 

the health impact observations of human populations exposed to pollutants in work environments. 

C.2.1 Difficulties in Using Dose-Response Curves 

Human health risk estimation from dose response curves derived by using either of the above 

methods is associated with some difficulties, as summarized below. 
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1. Inter-species differences -- In experimentally derived dose response curves, even when animals 

which are metabolically similar to humans are chosen for experiments, "differences in uptake, 

biotransfonnation, distribution, and elimination of toxic substances may result in the marked 

difference in their response• (Ehrenberg, 1978). Hence, dose response curves derived for ani-

mals cannot be used directly for humans. 

2. Intra-species differences - Even the same species members show wide variability in their re-

sponses to toxic substances. Since a dose response curve is derived by using a small subgroup 

of a population, the curve must be adjusted so that it can be applied to the entire population. 

3. Low dose extrapolation -- Compared to typical toxic substance concentrations in the envi-

ronment, considerably larger doses of toxic substances are administered to a sample population 

to offset the effects of small sample size and less exposure duration on the observation of the 

toxic effect incidences. Therefore, to estimate the effect of the environmental toxic concen-

. trations, low dose extrapolation of the experimentally derived curves is required. The difficulty 

arises because this extrapolation is required to be done beyond the range of the observable 

data. 

4. Exposure time -- Chronic toxicity studies used for deriving dose response curves involve dif-

ferent exposure periods which are generally less than the life span of the test species. Since the 

interest of this study is in determining the life time risk to the test species, the extrapolation 

of experimental exposure time to the average life span of the test species is required. 

S. Uncertainty in data -- Dose response data vary with different experimental and environmental 

conditions. Therefore, dose response data derived from one set of observations may not pro-

vide a representative curve for all the experimental and environmental conditions. 
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C.2.2 Responses to the Difficulties 

C.2.2.1 Interspecies Differences 

Mantel and Schnederman(1975) have suggested that the toxic substance doses expressed as weight 

of the substance per unit surface area of a species may be assumed to be equivalent between species. 

This assumption is also supported by Krasovskii (1976). Based on this assumption, an interspecies 

adjustment factor can be developed for use in extrapolating dose response data from one species to 

another. Assuming that "'surface area is proportional to the 2/3rd power of the weight as would be 

the case for a perfect sphere, the exposure in mg/ 2/3rd power of the body weight/day is similarly 

considered as an equivalent exposure"' (U.S.EPA, 1980). Therefore, if d« is the dose (in mg/weight 

of specie a) of a toxic substance administered to species a, and certain response is observed, then 

the equivalent dose db in mg/weight of species b (the dose which will produce the same response) 

can be calculated as follows: 

db. wb = da. Wa 
2 2 

Wi}" Wa1" 

Or db= da 

)wb 
(Cl) 

~Wa 

where W« and Wb represent the weights of species a and b, respectively. Thus, the interspecies ad-

justment factor ~ where 70 and W represent the weights in kg of an average human being and 

a test animal respectively, may be used to extrapolate the dose response data from the test species 

to humans. By plotting animal weight W versus the interspecies adjustment factor Pw- for several 

species, Dourson and Stara ( 1983) show that a toxic substance dose for a small test animal when 

divided by 10 gives an equivalent dose for human beings (Figure Cl). Dourson and Stara (1983) 
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thus justify the use of a safety factor 10 in computing Acceptable Daily Intakes (ADls) to account 

for interspecies differences. 

To extrapolate dose response curves from animals to humans, Perlin et al. (1986) make the fol-

lowing assumptions. ( 1) On a dose per unit weight basis, the human dose response curve may be 

considered parallel to experimental dose response curves for animals. (2) ADis determined in "the 

usual fashion"' may be used as intercepts for human dose response curves. Under the assumption 

that dose response curves are linear; the above assumptions amount to shifting an animal dose re-

sponse curve parallel to itself toward the response axis. This approach is not consistent with the 

above described method of using an interspecies adjustment factor or a safety factor for the ex-

trapolation. Under the assumption suggested by Mantel (1975) and others, for inter-specie extrap-

olation, each dose for which a response datum is available must .be divided by an appropriate 

inter-species adjustment factor or the safety factor 10 and the responses must be maintained at the 

same values. Under this approach, an animal dose response curve is shifted toward the response 

axis and the slope of the curve also changes. 

Since the assumption suggested by Mantel is accepted more widely (Stara, 1983) and is also sup-

ported by some analytical work (Krasovskii, 1976), we prefer this assumption to Perlin et al.'s as-

sumptions for extrapolating animal data to humans. 

C.2.2.2 lntraspecies Differences 

Variations in responses of humans to a chemical dose may be due to differences in their metabolic 

activities which are influenced by their life styles, food habits, environment, etc. In order to safe-

guard the most sensitive human population subgroups, regulatory authorities dealing with human 

health risks due to toxic substances recommend the use of safety factors to determine the 'Accept-

able Daily Intakes' (ADis) or admissible pollutant levels in the environment. The No-Observed-

Effect-Level (NOEL) or No-Observed-Adverse-Effect-Level (NOAEL) established from 

Appendix C. Risk Assessment Methodology 178 



experimental observation is divided by an appropriate safety factor to arrive at ADls, drinking water 

standards, etc. Dourson and Strata (1983) have used the analysis of Weil (1972) and Krasovskii 

(1976) to support the use of a safety factor 10 to account for the intraspecies variability. 

Perlin et al. (1986) propose the use of ADis as the intercepts for dose response curves, while 

maintaining the value of slopes the same as derived from experimental data. These AD Is are gen-

erally obtained by dividing NOELs or NOAELs by an uncertainty factor which accounts for both 

interspecies and intraspecies differences. 

Figure C 1 suggests that human beings are the most sensitive among the species generally used for 

the toxicological experiments. Therefore, shifting dose response curves toward the response axis 

by a factor 10 seems reasonable to account for interspecies differences. However, using the same 

method to account for the heterogeneity of human population, at least in the context of our study, 

does not seem to be appropriate. A dose response curve adjusted by an additional factor of 10, 

which is supposed to account for intra-species differences, represents risk to the most sensitive 

subgroup of the population and overestimates risk to the entire cross-section of human population. 

In particular, the use of dose response curves representing risk to the most sensitive subgroup of the 

population creates problems when health effects are evaluated by using weightsl7based on the health 

statistics of the entire U.S. population. As can be seen in the next section on 'risk evaluation', the 

weights used in this study are indeed based on the health statistics of the entire U. S. population. 

Therefore, in the author's view, the uncertainty due to intraspecies differences may be represented 

either in terms of standard deviations assuming that the dose response slopes follow a normal dis-

tribution, or in terms of uncertainty intervals for the slopes with their upper and lower bounds 

specified. 

11 These weights represent the • disutility' associated with each health effect category. 
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C.2.2.3 Extrapolation of Data to Low Doses 

Typically, a dose response model which is obtained by statistical fitting of experimental data can 

be used to determine low dose risks. A number of models such as probit, legit, weibull, one-hit, 

multi-hit, and multi-stage models are discussed in the literature for representing dose response 

curves (Krewski and Brown, 1981). However, Munro and Krewskis' analysis of these models show 

that extrapolation of each of these models to low doses overestimates the actual risk at low doses. 

According to the current understanding of the mechanism of carcinogenesis, the use of non-

threshold linear models is generally recommended for the low dose extrapolation of dose response 

curves expressing the relation between carcinogen doses and cancer risks. It is believed that "'any 

one molecule of carcinogen presents a finite risk of cancer, and that the risk is linearly related to the 

number of carcinogens"' (Goldstein, 1983). The linear behavior of the dose response curve is "par-

ticularly true at the lower end of the dose response curve; at higher doses there can be an upward 

curvature probably reflecting the effect of the multistage processes on ... response"' (U .S.EPA, 1980). 

For carcinogens, the EPA's Cancer Assessment Group (CAG) recommends the use of Crump's 

linearized multistage model for the low dose extrapolations. The model is used to determine the 

highest possible value for a dose response curve slope q• (highest value in the sense of 95% confi-

dence interval) which represents "an upper bound of the potency of a chemical in inducing cancer 

at low doses* (U. S~ EPA, 1980) 
. ·'. 

The linear extrapolation of dose-response curves is not generally accepted for noncancerous diseases 

(Goldstein, 1983). One of the arguments against the use of the linear extrapolation in risk estimation 

is that it potentially overestimates the risk and thus unnecessarily makes the situation appear 

alarming. However, in absence of any alternative model, linear threshold models based on lower 

dose range data appear to be the best choice (Perlin, 1986). Moreover, the consideration of an un-

certainty band for a dose response curve slope introduced to account for intraspecies variability 
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may also incorporate the nonlinear dose response curve that might have been derived if data for low 

doses had been available. 

C.2.2.4 Different Exposure Periods 

Most chronic toxicological studies!'. involve exposure periods which are less than the average life 

span of a test species. It has been observed that different exposure periods could result in variations 

in both the shape and slope of dose response curves. This give~ rise to the need for extrapolating 

dose response data from experimental exposure periods to the average life span of human beings, 

as life time health risks to humans are of interest in risk assessment. The following discussion is 

provided to explore possibilities as to how we might determine human health risk from dose re-

sponse curves based on different exposure periods. 

The pollutant dose, exposure pathways such as inhalation, ingestion, etc., and metabolic activities 

together determine the incidence of a health impact. Whereas pollutant characteristics and the ex-

posure pathway determine which human body organs or systems (target sites) are likely to be af-

fected, metabolic activities governing the distribution, absorption, and desorption of a pollutant in 

a human body determine the amount of a pollutant (target dose) that will be accumulated at various 

target sites. A target dose is crucial from the viewpoint of undesirable health consequences. If the 

target dose is assumed to be proportional to the total amount of pollutant accumulated in the body 

(body burden), an exposure dose expressed as weight of the substance/body weight/time in a dose 

response curve may be replaced by the appropriate body burden expressed as weight of the 

substance/body weight. However, to compute body burdens, acceptable pharmacokinetic models 

must be employed. To collect pharmacokinetic data necessary for these models is beyond the scope 

of this study. Hence, a crude but simple method (Stara,1984; Perlin, 1986) for adjusting dose re-

tt Chronic toxicological studies are generally recommended as the basis for environmental policy decisions 
as these studies deal with long term toxic substance exposures. 
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sponse curves to life time exposures seems to be reasonable. According to this method, the daily 

dose in dose response curve is adjusted as follows. 

D1 = D3 • (E/LS) 

where: 

D, = adjusted lifetime daily dose, 

D, = average daily dose during the exposure period E, 

LS = life span of the test animal. 

(C2) 

Perlin et al., however, suggest dividing D, by the uncertainty factor of 10 if the dose response data 

are obtained from a subchronic study for which the precise duration of exposure is unknown. This 

suggestion is not relevant in the context of IPC on the same grounds as has been pointed out for 

intra-species extrapolation of dose response data. 

In using Equation (C2), the assumption is that after making adjustment for inter- and intra-species 

factors, the responses over life time are equivalent between species. 

C.2.3 Uncertainty in Data 

In the preceding discussion, at a number of places, the use of uncertainty bands to represent un-

certainty in data is suggested. One implicit assumption made is that the available value of a pa-

rameter about which the bounds are defined is such that the geometric mean calculated from this 

range is close to the true geometric mean value of the parameter. Since our parameter values are 

based on sparse data, this assumption does not seem to hold true. There is need to improve these 

values either by using objective methods (i.e., generate more data and use these for improving the 

estimates) or by using subjective judgements which are continuously reviewed on the basis of new 

available information. 
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C.3 Risk Evaluation 

The need for 'risk-evaluation' arises because potentially a different set of health effects could result 

under each pollution control option, and we require one measure or index representing all health 

effects to make a cost-effective choice of pollution control options. The standard method of deter-

mining a risk index is to assign a weight to each health effect and to compute a weighted sum of 

these individual health effect risks. The weights should reflect the "disutility" associated with health 

impacts and these weights should be compatible with the health risk measures. How these weights 

may be determined forms the central core of 'risk-evaluation'. 

In this study, no attempt is made to develop a method for 'risk evaluation'. This study instead uses 

the human health 'risk evaluation' methodology suggested by Weinstein (1983) and used in the 

EPA's Integrated Environmental Management Program (IEMP). Weinstein has suggested that the 

weights derived by using this methodology should be used only as interim weights and has placed 

emphasis on refining the methodology. In the following section, a synopsis of the methodology and 

its weaknesses (including the ones pointed out by Weinstein) are presented. 

C.3.1 Weinstein's Methodology 

Weinstein believes that the three consequences of an illness episode that should be reflected in 

weights representing the "disutilities ... of disease categories are (i) health care resource costs, (ii) loss 

of life expectancy, and (iii) impaired quality of life (including disability). The first category consti-

tutes the direct costs which include "the costs of detection, treatment, and rehabilitation of the dis-

ease in question." The second and third categories comprise indirect/intangible costs. Based on the 

human capital approach, indirect costs consist of morbidity and mortality costs measured as the loss 

of productivity or foregone earnings. The theoretical basis of the human capital app.roach to eval-
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uate health impacts may not be acceptable to many people. Also, these costs do not capture 

mortality/morbidity costs of the people who do not earn such as children, old people, house-wives 

(Mishan, 1976). Attempts to evaluate intangibles (e.g., pain/sufferings of the affected individuals 

and their friends and relatives) in dollars by assessing willingness to pay to avoid these effects have 

not been successful either (Weinstein, 1981; Mishan, 1976). Weinstein suggests that the evaluation 

of tangibles should be represented by quality of life weight based on subjective evaluation. 

In view of difficulties in implementing what might be an "ideal" methodology (a methodology based 

on " disease-age-time-specifc incidence rate"), Weinstein has put forward a crude but "practical" 

methodology of evaluating various health effects or disease categories. 

In this methodology, various toxic effects are mapped to different disease categories so that the 

NCHS (National Center for Health Statistics) data base can be accessed and used. The relative 

"disutility" of each of the disease category is then determined in the following way. Let 

P, = Prevalence of disease category i 

I, = Incidence (per year) of disease category i 

N, = Mean duration (years) of disease in category i 

M, = Case fatality rate (per yeai) in category i 

D1 = Deaths per year in category i 

Under the steady state conditions these parameters are related as shown below:, 

P1 = 11 • N;(prevalence= incidence x mean duration) 

In order to reflect the "disutilties" associated with an illness episode, the following weights are de-

veloped. 

. "gh N•,.Ci Direct cost we1 t WCi = ---
P, 
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(direct cost/case) = (present value factor for N1 ) x (direct cost for disease category i, U. S./year) 

-+ prevalence of i. 

Mortality weight (WY), = i = years of life lost due to deaths in one year + incidence of i. 
I . 

Or (WY),= (Y;/D,) . (D,{11) = (years lost per death) x (case fatality rate for the disease i) 

Cost of mortality weight W(YC), = (YC);/I, = (present value of foregone earnings per year due to 

deaths, U. S.)/incidence of i. 

Morbidity weight WZ, = N;(Z,/P,) = (present value factor for N,) x (person years of work lost per 

year, U. S.) 7- prevalence of i. 

Cost of morbidity weight W(ZC), = N; . (ZC),/P, = (present value factor for N,) x (foregone 

earnings due to disabilities caused by disease i per year, U.S.)+ prevalence of i 

Quality of life lost weight 

where, Q, = loss of quality adjusted life for each person-year lost from work. 

Q', = loss of quality-adjusted life for each year of disease not lost from work. 

Weinstein suggests various combinations of these weights to be used for the analysis. 

Based on Weinstein's methodology, the following four sets of weights have been derived in U. S. 

EPA (1981). 

W, = WC,+ W(YC)1 + W(ZC)1 (economic cost) 
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w, = wr, (years of life lost) 

Wt= WQ1 (quality of life weight) 

J¥t = WQ1 + WY1 (quality-adjusted life expectancy) 

" In deriving these weights, data from NCHS and Cooper and Rice (1976) have been used.:, Values 

for Q; and Q'1 were supplied by Weinstein. 

In determining the weights, Weinstein draws attention to several areas which need further refine-

ment. He stresses the need for more accurate mapping between toxic effects and disease categories. 

To develop such mapping, the opinion of experts might have to be considered. Weinstein also 

points out the inability of the methodology to address the inconsistency of time intervals in relation 

to disease incidence, different magnitudes of effects or the severity of diseases, and the aggravation 

of existing chronic effects due to further pollutant exposures. While the author share Weinstein's 

viewpoint on refining the methodology, some more comments are made. 

The total resource cost for a disease category, which is used to compute the direct cost weight, in-

eludes the cost of all small and large impacts within that toxicity category. Unless a breakdown of 

the total. resource cost in accordance with the severity of a health effect is considered, the consid-

eration of impact severity may not be useful. 

Q and Q' used in the "'quality of life lost" .. weight WQ; must be based on subjective evaluations. 

Difficulties may arise in arriving at a consensus as to how these subjective values may be derived. 

IP A 4% discount rate is used to determine the present value of various costs. This discount rate may not 
be acceptable to some people. 
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C.3.2 Summary 

This section presents the main points of the discussion on 'risk estimation' and 'risk evaluation' and 

thereby also outlines the methodology that can be used for risk assessment in the IPC model. 

1. Human health risk assessment comprises two components -- 'risk estimation' and 'risk evalu-

ation'. 

2. Risk estimation employs dose-response curves to determine the probability of incidence of a 

toxic effect to humans at a given toxic dose. Dose response curves can be obtained from 

epidemiological or experimental toxicity data. These curves must be adjusted before these are 

used for human health risk assessment. To account for the interspecies differences, interspecies 

adjustment factors may be used to adjust the values of doses in a dose response curve. An 

uncertainty band for the slope of a dose response curve may be introduced to account for 

intraspecies differences. 

3. Dose response curves relating carcinogen doses to cancer-risks are generally accepted to be 

linear and with no threshold. In absence of any better alternative, linear threshold dose re-

sponse curves are the best choice available to represent the risk due to noncancerous health 

effects. 

4. Dose response data for an exposure period less than the average life span of a test species must 

be adjusted for the entire life span of the species. 

5. A set of weights representing the relative ·wsutility"' associated with various health effects is 

required to compute a human health risk index under each control option. In the absense of 

universal agreement on what consitutes .. disutility"' in this context, the derivation of these 

weights must inevitably remain subjective. 
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