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CENTRE OF PLANNING AND ECONOMIC RESEARCH 

The Centre of Planning and Economic Research (KEPE) was established 
as a research unit, under the title "Centre of Economic Research", in 1959. Its 
primary aims were the scientißc study of the problems of the Greek economy, 
encouragement of economic research and cooperation with other scientific in
stitutions. 

In 1964, the Centre acquired its present name and organizational structure, 
with the following additional objectives: (a) the preparation of short, medium 
and long-term development plans, including plans for regional and territorial 
development and also public investment plans, in accordance with guidelines 
laid down by the Government; (b) the analysis of current developments in the 
Greek economy along with appropriate short-term and medium-term forecasts; 
also, the formulation of proposals for appropriate stabilization and development 
measures; (c) the further education of young economists, particularly in the 
fields of planning and economic development. 

The Centre has been and is very active in all of the above fields, and car
ries out systematic basic research in the problems of the Greek economy, for
mulates draft development plans, analyses and forecasts short-term and 
medium-term developments, grants scholarships for post-graduate studies in 
economics and planning and organizes lectures and seminars. 

Within the framework of these activities, the Centre also publishes studies 
from research carried out at the Centre and lectures given by specially invited 
distinguished scientists. 

The Centre is in continuous contact with similar scientific institutions 
abroad and exchanges publications, views and information on current economic 
topics and methods of economic research, thus further contributing to the ad
vancement of the science of economics in the country. 
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No external referees were appointed, given that the study was supervised by Profs. K. Sha
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PREFACE 

Environmental quality problems in Greece and especially air quality in 
metropolitan Athens have become increasingly important. 

The Centre of Planning and Economic Research (KEPE), although not 
directly involved in environmental policy and management, does maintain an 
interest in the technical processing of planning data in that area. 

This study, which falls within KEPE's research sphere, addresses an air 
quality management strategy for metropolitan Athens based on a "total" air 
pollution control criterion that minimizes cost. 

This study is the first of its kind for Greece, and may be placed among the 
significant research works on Greek environmental conditions. 

Professor LOUKA T. KATSELI 
Scientific Director 

Centre of Planning 
and Economic Research 
October 1983 
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CHAPTER I 

INTRODUCTION: AIR POLLUTION PROBLEMS AND 
THE GREATER ATHENS AREA OF GREECE 

With the rapid industrialization and urbanization of the past two decades, 
the Athens metropolitan area — usually referred to as the Greater Athens Area 
(GAA) — has also experienced a demanding air pollution problem. This 
problem is now recognized as one of the most, if not the most, serious en
vironmental questions in Greece. Its significance is seen in the harmful effects it 
may pose on almost half of Greece's population residing in the area, as well as 
its effects on the environment. 

In this chapter the air pollution problem of Athens is introduced. Section 1 
provides a brief historical account of air pollution control experiences in the 
GAA. Section 2 furnishes similar provisions for three U.S. airsheds: East 
Chicago, Illinois; Gary, Indiana; and the South Coast Air Basin of California. 
Section 3 briefly addresses the problem of environmental decision-making. Sec
tion 4 discusses smog — a recent nuisance in the GAA. Finally, Section 5 pre
sents this study's scope and outline. 

INITIATIVES TOWARD AIR POLLUTION CONTROL 

As experienced in other airsheds, the attempt to control air pollution in 
Athens proves to be a highly complex issue incorporating political, economic, 
technical, and institutional parameters. 

1. The GAA: A Recent Experience 

Prior to any serious control activity, some reports had already paid a 
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tribute to the problem.1-2,3 A short account was also provided by the Center ol 
Planning and Economic Research (KEPE) which posits: 

This (i.e., air pollution) probably constitutes the most obvious, bother
some and significant factor affecting public health. Our knowledge on 
the effects of many atmospheric variables is insufficient. Nevertheless, 
modern industrial air pollution has been associated with the increase 
of asthma, lung cancer, emphysema and other health incidents.4 

A combined effort by the Hellenic Ministry of Social Services, the World 
Health Organization (WHO) and the United Nations Development Program 
(UNDP), led to the establishment of the Environmental Pollution Control Pro
ject (EPCP), whose full-scale activity began in September 1973. 

The aim of that Project was to contribute to the development of: basic and 
sufficient environmental data and control programs addressing air, water, solid 
wastes, and noise pollution; and environmental strategies, policy analysis, ex
ecutive structure, as well as regulatory and enforcement systems to protect the 
environment. 

Later on, responsibilities on similar issues were diffused among many other 
government agencies. 

The first official EPCP report came out in December 1975, with attention 
focused mainly on S02 and smoke problems. In their emission inventory 
estimates for the year 1973, industrial air pollution was assessed only from 
refineries, cement, metal, glass, beverage, asphalt, sulfuric acid, and fertilizer 
plants. Thus, this first effort failed to address inclusively the magnitude of air 
pollution in the area. 

In late 1976, the EPCP proposed an intergovernmental study to be ex
ecuted jointly by itself, the Athens Meteorological Institute and KEPE.3 The 
aim of the study concerned the economic aspects of air pollution and its con
trol, the initial focus being on a reduction of S02 and smoke levels originating 
from the coastal industrial zones and domestic sources. Four alternative air 

1. L. Karapiperis, «Smoke and S02 Measurements in Athens», Athens Meteorological In
stitute, Bulletin of Air Pollution, vol. 1 (Athens, 1970). 

2. Technical Chamber of Greece, «The First Report of the Air Pollution Committee on the 
Problems of Air Pollution», Technica Chronika, no. 5 (Athens, 1970). 

3. M. Ahangjit, Air Pollution by Automotive Sources in Urban Centers with Reference to the 
Athens Metropolitan Area, Athens Center of Ekistics, SN 8 (Athens, 1970). 

4. KEPE, A Long-Term Development Plan: 1970-1985 (Athens, 1972), p. 51. 
5. EPCP, «Minutes of Meeting at KEPE», (Athens, October 27 and November 25, 1976). 
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quality objectives were to be considered: the WHO-recommended air quality 
goals, the EEC recommendations, the reduction of S02-smoke in Athens by 
«X» percent, and an operative objective of the study. Five control strategies 
were put forward referring exclusively to heavy residual oil combustion prohibi
tions. The types of prohibitions (strategies) were universal, selective, seasonal 
universal, universal during alerts, and selective during alerts. The study was 
never carried out. 

Early in 1979, the Ministries of Industry and Labor jointly prepared an En
vironmental Pollution Control Act draft which was submitted to the Greek 
Parliament for passage.6 The purpose of this Act was to establish a general 
framework on the basis of which Presidential Decrees and Ministerial Orders 
would be issued to regulate the discharges of pollutants and the operations of 
polluting installations. The four main elements introduced by the Act are: the 
«environmental permit»; a classification of installations according to their pollu
tion potential; a classification of polluted areas on the basis of their pollution 
magnitude; and finally, the application of discharge limits. 

Regarding the issuance of an «environmental permit», the Act, although not 
explicitly addressing procedural details, does set a condition to be met: the 
prior submission of an Environmental Impact Assessment (EIA) and an En
vironmental Impact Statement (EIS). Data furnished by the Ministry of In
dustry indicate that the air pollution elements of an EIA are: 

a. A qualitative comparison of the air pollutants currently emitted with those 
emitted under the specified emission standards. 

b. A study of the influence of the emitted air pollutants on the microclimate of 
the facility location and the adjacent areas. 

c. A study of the impact of the emitted air pollutants on air quality in the 
facility location taking into account dispersion, meteorological and 
topographical conditions. 

d. A study on the likelihood of contribution to specific problems of air pollu
tion such as photochemical smog, visibility on highways, etc. 

An EIS consists of filling a form with technical data (installation emission 
rates, gas exit temperatures, etc.) for particulates, smoke, and dust. 

The classification of polluting installations put forward by the Act is based 

6. «The New Environmental Quality Act Has Been Drafted», Express (newspaper), (Athens, 
January 28, 1979). 
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on their rating as low, medium, and highly polluting. Certain troubled areas 
may be declared as «environmentally saturated» — an equivalent of the «non-
attainment areas» cited in the U.S. Clean Air Act. 

Two of the maximum discharge limits of pollutant amounts are defined per 
unit of finished products (or raw materials processed) and per unit of time, 
while the third limit specifies the maximum concentration of pollutants in the 
discharge volume. 

Following a series of meetings, the Greek Parliament did not pass this Act, 
in part or whole. At least two things may be said with reference to this ex
perience: the Act totally missed including provisions for mobile source emission 
controls, and while the content of the* EIA was either too stringent or non
productive, the EIS format was very poorly designed. 

The S02-smoke problem has been tackled by a number of government 
measures (see Chapter III, section 4.2.1.). Basically these measures apply to 
mandatory fuel switching in combustion activities. The absence of serious air 
pollution control measures may be traced in the relative inexperience of the 
responsible agencies in control techniques and related programs, the lack of a 
well-timed public policy on air conservation, and finally, the likely stern opposi
tion by the Union of Greek Industrialists (ΣΕΒ) against expensive controls. The 
air quality management agencies unfamiliar with control technologies were con
sequently put on the defensive. Thus, while the legal obligations of industrialists 
are met with mere fuel substitution, maximum emission limits (with the excep
tion of smoke not to exceed the Ringelmann 1) are nonexistent. Among the 
results produced by this void are some unsuccessfully pursued legal suits by 
citizens' groups against polluters — they were based on dubiously applicable 
laws, such as the Penal Code which provides sanctions to those who «en
danger» the lives of others.7 

In the past few years, eye irritation incidents in Athens have increased, in
dicating the presence of a smog nuisance. Although the magnitude of this 
phenomenon needs to be substantiated, the above incidents leave no doubt that 
a refocus on air pollutants is unavoidable. A draft-report which was executed 
in the late 1960s for the Greek Government by a team of foreign specialists 
had accurately predicted Athens' recent air pollution experiences.8 As will be 

7. Personal communication with the Keratsini power-plant manager revealed that he was 
sued by PAKOE the summer of 1980 for violating the Greek Penal Code by endangering the 
lives of residents around the Demotiko Theater through excessive plant stack emissions. 

8. Personal communication with EPCP staff. 
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outlined in section 4, photochemical smog is a rather intricate air pollution 

phenomenon for which nitrogen oxides (ΝΟχ) and hydrocarbons (HC) are the 

main responsible species. Thus far, N O x controls for either industry or 

transportation have not been introduced. Automobiles, which are considered 

the most potential HC emitters, have been imported from many foreign 

countries without any requirements for emission control system features 

(crankcase, evaporative, and exhaust). The enacted laws aiming to regulate 

mobile source emissions (see Chapter III, section 4.2.1) have missed this target. 

Instead, their main elements contain financial and imprisonment penalties 

which have not been realized so far. 

With reference to the organizational structure designated to maintain air 

quality in the GAA, it has been repeatedly criticized from inside the govern

ment to be inefficient. One positive lead toward this issue was the recent es

tablishment of the Ministry of Urban Planning, Housing, and Environment. 

However, for unclear reasons, this agency was never assigned major respon

sibility for environmental pollution control. Furthermore, the training or ap

pointment of specialists in control programs has not received serious attention 

by the authorities. 

Currently, the EPCP proposes a number of air quality management 

strategies in a forthcoming technical report.9 

Regarding industrial sources, measures to be taken immediately include: 

full-scale utilization of existing control installations; clean-up programs; in

troduction of emission standards and licensing procedures; reinforcement of ex

isting inspection and enforcement systems; and finally, incentives for some in

dustries to modify their installations and/or processes, and to relocate. 

Two measures are proposed to control automobile emissions. The first con

cerns an automobile mileage reduction via public transportation improvement 

and expansion, parking regulations with high fee zones, and prohibitions of 

automobiles from entering the downtown Athens area. The second measure 

refers to a reduction of vehicular emissions per km run; this will be achieved 
through mandatory vehicle maintenance (means not specified), congestion 

avoidance by improving routing networks, and the use of cleaner fuels. 

For space-heating, emission control measures include: introduction of 

space-heating metering devices; thermal insulation; furnace maintenance; crea

tion of an institute to supervise inspection and maintenance of space-heating 

9. EPCP, Intermediate Technical Report (Athens, 1981-82, forthcoming). 
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systems; solar heating; and finally, promotion of public awareness of energy-
saving tips. 

2. Experiences of Selected Airsheds 

In the process of comprehending the air pollution experiences of the GAA 
it is useful to present air pollution control initiatives in selected, troubled air
sheds of the United States. 

2.1. East Chicago, Illinois 

In the early 1940s, a leading municipal jobholder and former city attorney 
took the initial steps for the enactment of a local ordinance which would effec
tively reduce emissions of smoke and fumes from the city factories. Adverse to 
the interests of the local industries, these steps were seen by them as an at
tempted shakedown. In contrast, the residents of the community welcomed 
such initiatives. 

In 1948, this pioneer proposed a legislative draft which contained two types 
of regulations: one specified maximum permissible emission limits for smoke, 
while the other addressed the apparatus generating the emissions. Enforcement 
was to be authorized to a «Chief Air Pollution Control (APC) Inspector». His 
job was to review blueprints and to conduct yearly inspections of every 
pollution-producing installation in the area. Owners of equipment meeting APC 
standards were to be issued an annual certificate of operation. Any installation 
which failed to pass was to be sealed until it passed. 

At this stage, the former city attorney held more than twenty nonpublicized 
meetings with local industry representatives and officers of the East Chicago 
Chamber of Commerce. By having these meetings secretly, he tried to co-opt 
the businesses. 

After postponements made by the city mayor — under businessmen's pres
sure — and after public hearings of the former city attorney and industry 
representatives, the bill was passed in February 1949. Enforcement proved a 
cumbersome task; the local industries refusing to comply with regulations, the 
Chamber of Commerce and the City Administration representatives initiated 
the appropriate negotiations. Under this type of bargaining situation, the fol
lowing results surfaced: the city engineer exempted 32 items of equipment from 
the annual APC inspections; and the industrial managers agreed to pay their 
inspection fees in full for 1950 only. 
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The major outcome of the bargaining framework structured by the 

Chamber of Commerce and the City Administration was that a new APC in

spector established more peaceful relations with the local industry — this is a 

change in the scope of the original APC program. 

Finally, an informal agreement between the inspector and local businessmen 

exempted from pollution standards — but not from certification fees — all 

pieces of equipment installed prior to the enactment of the dirty air ordinance.10 

2.2. Gary, Indiana 

In the mid 1950s, a Democratic city council candidate included in his cam

paign platform the issue of air pollution — believing its major source to be the. 

U.S. Steel Company. A survey conducted by the Illinois Institute of 

Technology (IIT) — mainly supported by steel, oil, and chemical industries — 

under the candidate's request, suggested that U.S. Steel be almost immune from 

regulation for a decade. 

The Chamber of Commerce took over the candidate's issue, seeking to con

front the City Administration, backed by civic organizations. The mayor asked 

the Armour Institute (an IIT affiliate) to draw up a draft of an APC law. The 

APC law, however, which was enacted in 1963, was the product of the city's 

Sanitary Engineer. This law became effective more than a year later. 

The municipal administrators believed that some period of grace was 

needed in which the local homeowners and the businessmen might prepare for 

the enforcement of the pollution law. The city's Air Pollution Division chief 

negotiated agreements between the city government and some leading polluters. 

Under these agreements time schedules were established for «programmed» 

obedience to the pollution law. In this bargaining situation, details of com

pliance guarantees were the subjects of negotiations between representatives of 

the city's administration and the operators of pollution-producing installations. 

The prolonged confrontation between city bureaucrats and U.S. Steel was the 

occasion for the first open breach between U.S. Steel and the people on air pol

lution. 

Bargaining went on for about two years. Finally, U.S. Steel directors and 

local officials agreed to accept a modified escape clause that would permit a 

moratorium on the pollution control efforts in the event of emergencies, etc. 

10. M. Crenson, The Unpolltics of Air Pollution: Λ Study of Non-Decision-Making in the 
Cities (Baltimore: The J. Hopkins Press, 1971), pp. 40-55. 
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By 1966, a new anti-pollution drive was in effect when federal authorities 
were added to the city's APC administrators. At this time, the city's Chamber 
of Commerce drafted a critique of the program and negotiated with municipal 
and federal bureaucrats.11 

2.3. South Coast Air Baita (SCAB), California 

In 1947, the Los Angeles County Air Pollution Control District 
(LACAPCD) was established as the product of growing public pressure for air 
pollution control. The petroleum industry was the strongest opponent to this 
agency. Representatives of this industry were convinced to withdraw their op
position only when the county commissioners brought this up to the attention 
of LA newspapers and held a meeting with them. In 1948, the first efforts (of a 
large series) to control the oil industry began. 

In 1957, LACAPCD initiated a program calling for the voluntary use of 
natural gas in steam electric generating factories and large industries during 
smog alerts. In 1958, hearings were held for the adoption of a rule to burn 
natural gas instead of fuel oil. Oil industry representatives held firmly that this 
would cause an economic disaster for the local industry. Consequently, while it 
passed this measure, Rule 62, the Board of Supervisors allowed some room for 
later amendments. In the 1959 polls, the public viewed the oil refinery industry 
as one of the principal sources of air pollution in the LA basin. 

In 1960, the Western Oil and Gas Association's (WOGA) proposed 
amendment to Rule 62 was rejected, while in 1961 their petition for a relaxa
tion on the same rule was denied. WOGA immediately brought a legal suit to 
the Superior Court — this received public attention in 1964 and went to trial in 
1965 — which ruled against. 

Before it gave way to the South Coast Air Quality Management District 
(SCAQMD), the LACAPCD adopted more than 100 rules and regulations 
governing the emissions of air pollutants from stationary sources. Among these 
laws is Rule 66, which severely restricted the use of highly photochemically 
reactive organics as solvents in stationary sources. Such rules have been rigidly 
enforced, with a 97 percent conviction rate of 35,000 violators taken to court. 

Currently there is a major campaign in the South Coast Air Basin to 
preserve Rule 461 on gasoline transfer and dispensing which requires the instal-

11. Ibid., pp. 56-82. 
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lation of special delivery nozzles to recover gasoline vapors and prevent spil
lages at vehicle fuelling operations.12 

In highlighting some of the LACAPCD philosophies, this agency did not 
feel the need to specify an exact relationship between air pollution and health; 
rather it argued that if success is achieved in reducing smog, the health situa
tion will undoubtedly improve. The general position taken by this agency was 
that because the close relation between health and air pollution is difficult to 
prove, its rationale for control should be that a nuisance interferes with comfor
table living as a basic right; and that there is no basic right for the use of air as 
a sewer. Therefore, LACAPCD based their essential permit system on the 
«reservoir concept», where the applicant demonstrates that he will not impinge 
on the basic rights of others by polluting the air. This system has proven very 
effective in controlling air pollution via a two-step method of issuing permits. In 
the first step, the applicant is required to obtain an «authority to construct» 
before any pollution-related equipment is built, changed or replaced. This 
authority to construct is granted if the applicant's plans show that the equip
ment will operate within the required limitations. After passing the first step, 
the applicant is required to operate the equipment within the given limits in the 
presence of an air pollution engineer; such source tests approval is based on 
equipment performance. The «permit to operate» is in effect only as long as its 
conditions are observed. 

The development of a power position and a well-defined legal and ad
ministrative structure, based on public support, technical knowledge of air pol
lution, and devices and processes for reducing emissions, have been crucial 
parts of the LACAPCD strategy. Hence, by putting public opinion against the 
polluters, the strategy is to put the emitters on the defensive. Since the early 
1950s, LACAPCD has carried on large-scale public information programs. 

Furthermore, research on control technology was conducted under the 
wings of LACAPCD, so that it could counter potential charges by polluters 
that proposed regulations cannot be met. In addition, LACAPCD created a 
negotiation climate where the polluter knows well that he could easily lose a 
court fight and simultaneously receive a great deal of adverse publicity. At 
LACAPCD offices, opinions, views, and information were exchanged with in
dustry representatives.13 

12. Personal communication with SCAQMD staff. 
13. G. Hagevik, Decision-Making in Air Pollution Control (New York: Praeger Publishers, 

1971), pp. 80-127. 
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Regarding mobile sources, with the focus on motor vehicles, control in
itiatives have been taken at the State level by the California Air Resources 
Board (CARB). 

Some of the most comprehensive programs introduced by recommendations 
from CARB include: the Certificate of Compliance («C of C») program, the 
Mandatory Vehicle Inspection Program (MVIP), and the 1980 program on new 
vehicle emissions. A brief look at their retrofit program is provided in Chapter 
IV, section 2.3.2.2. 

The «C of C» program which was legislated in 1964 provides vehicle cer
tification, upon inspection by a contracted privately-operated service network, 
to all cars and trucks undergoing change of ownership or those to be registered 
for the first time in the State. No such vehicle may register or change 
ownership before this clearance certificate is presented to the Department of 
Motor Vehicles.14 

The MVIP, which was introduced in 1979, replaced «C of C» in the SCAB. 
While maintaining the same proviso, this program, which is also known as the 
«Centralized Program», contains two new elements: an initial inspection of all 
light and medium duty vehicles is conducted to determine whether maintenance 
is necessary; also, qualified mechanics' licensing requirements are set. When a 
vehicle passes the inspection test a certificate of Motor Vehicle Pollution 
Control (MVPC) is issued, valid for 60 days. If it fails the test, it is issued a 
Vehicle Inspection Report (VIR) and is subject to reinspection upon proper 
repairs. Appropriately designed seminars aim to ensure that a sufficient number 
of qualified mechanics are available to perform correct repairs on vehicles is
sued a VIR. Various topics covered in the seminars include emission control 
system diagnostic techniques, and repair and low emission tune-up procedures. 
Upon complete attendance, candidates are to pass an exam before they receive 
a Certificate of Qualification, valid for three years. Those who fail the exam 
may obtain additional training at various educational institutions.15'16 

The 1980 new vehicle emission program includes tests for: pre-production 
certification, assembly line and post-production compliance, and finally, 
dealership inspection. From these the post-production test is conducted on 

14. T. Austin and G. Rubenstein, A Comparison of Private Garage and Centralized I & M 
Programs, SAE Technical Paper Series, No. 790785. 

15. Department of Consumer Affairs and CARB, First Annual Report to the Legislature on 
the MVIP (October 1979). 

16. CARB, South Coast Air Basin, Qualified Mechanics Handbook (January 1981). 
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families of engines chosen to be tested at the CARB facilities, and the 
dealership test applies to random vehicle inspections when sold by dealers.17 

Finally, extensive public information and persuasion programs in the South 
Coast Basin have been carried through an abundance of media communica
tions (TV, radio, newspapers, pamphlets, etc.). There are even toll-free 
telephone numbers through which the public may inquire about air pollution 
severity daily. Among the elements of such programs are tips like: «Keep your 
car in good condition», «don't pump excessively on the gas throttle», «when idl
ing switch the engine off», and, «don't let your service station attendant overfill 
your gas tank».18 

3. Environmental Decision-Making 

Environmental decision-making is a very arduous, multidisciplinary, and 
controversial matter upon which economists, technocrats, and policy-makers do 
not generally agree. Economists, guided by the principles of social welfare max
imization theory, prefer to test a certain decision through an assessment of the 
benefits and costs which the society will realize following that decision. 
Conversely, technocrats resort to their own way of thinking which in its 
simplest form attaches exaggerated importance to one or more technical factors 
relevant to a decision. Finally, policy-makers, faced with an interplay of 
economic, technical, political, and other factors, come up with decisions which 
may or may not be compatible with either way of thinking. 

Cost-benefit analysis (CBA) is theoretically the ideal approach to decision
making because it determines the socially optimum air pollution abatement 
level — indicated by the intersection of the marginal social benefit (MSB) and 
the marginal social cost (MSC) from abatement schedules. A considerable 
amount of literature has emphasized both the methodological and practical dif
ficulties of measuring social environmental control benefits and costs. On these 
grounds F. Mueller questions the validity of CBA to decision-making.19 Oppos
ing this theorization, J. Peterson asserts that the benefits of pollution are 

17. T. Austin, «California's Air Programs», paper presented at the University of Michigan 
Engineering Summer Conferences (Ann Arbor, July 1981). 

18. Information courtesy of CARB, Public Information Office. 
19. F. Müller, «Benefit Cost Analysis: A Questionable Part of Environmental Decisioning», 

Journal of Environmental Systems, vol. 4:4 (1974). 
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derived from the production and consumption activities necessary to human 
life. The social costs of these activities are the costs necessary to reduce the 
discharge of pollutants in the environment. Hence, CBA is appropriate for 
decision-making by ensuring that society can reach both an ecologically stable 
and economically optimum level of discharge.20 A. Cohen, while supporting the 
use of CBA, concludes: 

The ecologist must improve his estimates of the deleterious effects 
of pollution and the economist must improve his monetary valuations 
of these effects. Only when this occurs will we be able to improve our 
environmental standard setting decisions.21 

D. Pearce shows that CBA has only limited relevance to situations in which 
the effective assimilative capacity of the environment is zero, and the dis
charged pollutants do not exert sustained ecological and biological effects.22 

Regarding specifically air pollution and CBA and focusing not on the com-
mensurability of social benefits and costs, but on the concept of the socially 
optimum pollution level, the following are observed. Actual air quality 
specification can take various forms, such as maximum hourly average, max
imum daily average, and maximum yearly average ground level concentrations 
of specific pollutants. Additional forms — although not widely used — include 
air quality indices (weighted averages of several pollutant concentrations), and 
even the quantities of primary emissions per unit area, per person, etc. CBA 
fails to address the relationship between the degree of pollution abatement, 
which leads to the optimal pollution level, and the actual air quality specifica
tion, with the only exception when air quality is thought of as the level of total 
pollutant emission load. In this respect CBA disregards the physical and 
chemical behavior of airborne pollutants and of the atmosphere itself. 
Nevertheless, there have been studies which attempt to estimate the resultant 
benefits when the air quality standard of specific pollutants is achieved.23 

20. J. Peterson, «Benefit Cost Analysis — A Necessary Part of Environmental Decisioning», 
Journal of Environmental Systems, vol. 5:4 (1975). 

21. A. Cohen, «Note on Benefit Cost Analysis: A Questionable Part of Environmental 
Decisioning», Journal of Environmental Systems, vol. 5:3 (1975). 

22. D. Pearce, «The Limits of Cost Benefit Analysis As a Guide to Environmental Policy», 
Kyklos, vol. 29 (1976). 

23. See for instance, A. Atkinson and D. Lewis, «Determination and Implementation of Op
timal Air Quality Standards», Journal of Environmental Economics and Management (December 
1976). 
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A Freeman, R. Haveman, and A. Kneese, evaluating the federal air pollu
tion control policy of 1970, stressed the fact that resources were allocated to 
automobile emission controls solely on the basis of control costs without pay
ing any attention to the expected potential benefits.24 

Two CBA studies regarding such controls were compiled: the 1972 one, 
known by the acronym RECAT (Cumulative Regulatory Effects on the Cost 
of Automobile Transportation), and the NAS (National Academy of Sciences) 
1974 study. Their major indication is that under the 1970 law the probable 
benefits expected from automobile emission controls may be lower than the 
projected control costs.25 

Although the results of these studies cannot be refuted — later evidence 
does not exist — it is intuitively understood that the policy of applying uniform 
emission standards meets neither least-cost nor benefit-efficiency criteria. 

In the G A A, CBA for air pollution control has not been pursued so far. A 
1980 study compiled for KEPE by a University of Michigan staff member at
tempted to assess the 1976 social costs of air pollution in Athens.26 While these 
costs were estimated for one item only, health, the ultimate aim of the study 
was to attract government attention, thereby triggering some positive control 
action. 

Turning now to the technocrat's perspective, the importance of technical 
parameters is undoubtedly crucial to decision-making.27 However, the use of 
best technologies which are expected to exercise more effective pollution con
trol leaves unanswered the question of benefits accruing to the society. 

The reports compiled by the GAA control authorities so far have only 
minimally addressed the technological aspects of air pollution control in the 
area. 

Finally, whereas the U.S. environmental policy has drawn from both 
economists and technocrats (in favor of the latter's perspective), the basis of 

24. A. Freeman III, R. Haveman, and A. Kneese, The Economics of Environmental Policy 
(New York: John Wiley and Sons, Inc., 1973). 

25. E. Seskin, «Automobile Air Pollution Policy», in Current Issues in U.S. Environmental 
Policy, ed. P. Portney (Baltimore: The Johns Hopkins University Press, 1978). 

26. D. Plessas, The Social Costs of Air Pollution in the Greater Athens Region (Athens: 
KEPE, 1980). 

27. See for instance, American Chemical Society (ACS), Cleaning Our Environment: The 
Chemical Basis for Action (Washington, D.C.: ACS, 1969). 

- 3 3 -



environmental decision-making in Greece cannot be deduced.28 Ideally this 
process needs to be executed within the limits of economic, technical, and 
political feasibilities. 

One positive lead toward environmental decision-making for the GAA is of
fered by an approach which leans more on economic and technical as opposed 
to political considerations. This approach is based on a methodology whose 
first target is to ensure clean air in the region by determining annual maximal 
air pollutant loads. These maximal loads must be lower than those generated 
by the current activity levels of the various emitter-sources. The methodology's 
second target is to allocate the abatement required to achieve lower total pollu
tant loads over the various sources. Such a target is arrived at via the applica
tion of least-cost criteria. In other words, each source will engage in specific 
control measures so that the overall abatement is secured at the least-costs of 
pollution control. These costs are financial, i.e., they do not include transaction 
costs and costs of feedback effects (such as reduced source-output and employ
ment effects which are expected upon the introduction of control measures). 
Once the methodology's two targets have been reached, subsequent research 
can address the issues of feedback effects, benefit assessment, and related 
feasibilities. 

The present study utilizes such an approach and offers itself as an initial 
tool for environmental decision-making in the GAA (see section 5 following, 
and Chapter IV). Some of the technical aspects which are important in for
mulating air conservation programs are also included (e.g., section 4 following). 

4. The Smog Problem 

As already mentioned, GAA's residents have recently been experiencing 
photochemical smog effects (i.e., eye irritation). Before any resource policy and 
management program addressing smog is introduced, a comprehensive evalua
tion of the parameters involved is crucial. While the data needed to substantiate 
Athens' actual smog problem are not available, the following discussion 
provides some insight into the intricacies of smog. 

28. E. Haskell and V. Price, State Environmental Management: Case Studies of Nine States 
(New York: Praeger Publishers, 1973). 
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4.1. Photochemical smog formation 

Generally, smog is categorized into chemically reducing and chemically ox

idizing smog. This categorization is best exemplified by the London and Los 

Angeles smogs, respectively. London smogs were the result of S 0 2 in the at

mosphere and had little or nothing to do with photochemistry, whereas the Los 

Angeles smogs are a product of the action of sunlight on mixtures of 

hydrocarbons, nitrogen oxides, and other species, leading to the formation of 

oxidants (such as ozone, 0 3 ). London-type smogs are termed chemically reduc

ing due to the reducing effect which S 0 2 exerts on oxidants. 

Chemically-oxidizing or photochemical smog is a rather complex air pol

lution phenomenon. This has led to a controversy over its formation and 

methods of control ever since it first appeared in Los Angeles in the 1940s. 

It is generally agreed among field specialists that seven basic atmospheric 

chemical reactions, in the presence of ultraviolet radiation and stagnant pol

luted air masses, lead to oxidant formation: 

(i) N 0 2 + Uv — NO + Ο 

(ii) 0 2 + Ο + M -> O3 + M 

(iii) 0 3 + NO ^ N 0 2 + 0 2 

(iv) RH + Ο — R + Products 

(v) RH + Ο 3 — Products including R 

(vi) NO + R — N 0 2 + R 

(vii) N 0 2 + R — Products including PAN 

where, 

N 0 2 = nitrogen dioxide, NO = nitric oxide, Ο = atomic oxygen, M = any air 

molecule, 0 3 — ozone, Uv = sunlight, RH = organic compounds, R = radical, 

i.e., a substance that wants to react, and PAN = peroxyacetyl nitrates. 

A plethora of supplementary reactions has been proposed by field studies, 

which is sufficient to complicate the picture of oxidant formation. J. Kerr et al., 

for instance, argue that inert (non-reactive) species do enter the smog process 

by positing: 

It is interesting to note that it has recently been shown experimen

tally that the addition of carbon monoxide to the photolysis of the 

system η-butane, nitric oxide, nitrogen dioxide and air caused a 

marked increase in the rate of nitrogen dioxide formation, confirming 

the mechanistic predictions. On this basis, carbon monoxide can no 
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longer be considered as inactive in the chemistry of photochemical 
smog formation.29 

The smog formation process may be loosely described in that from reaction 
(iii), one can derive an equation in the form 

3 ' [NO] 

where: k, — a constant, and I = intensity of radiation. 

The above equation — in the specialist's jargon, the photostationary state — 
shows that ozone concentration depends on the ratio of N02/NO, not the ab
solute amount of NOx . Hydrocarbons also contribute to increased 0 3 

concentrations by oxidizing NO to N02 . Meteorology, too, plays a significant 
role through the creation of temperature inversions, which help in the trapping 
and stagnation of polluted air masses at various altitudes, thus facilitating solar 
action on smog precursor species. 

An important question pertaining to the relative significance of the 
hydrocarbon input to photochemical smog formation is reactivity (smog-
forming ability). 

Of the total HC, methane is the least reactive substance and is conven
tionally excluded from this class — the remaining substances usually termed 
Non-Methane Hydrocarbons (NMHC). The smog-forming ability varies widely 
for NMHC and is strongly related to the structure of their molecule. 

As of yet, there does not exist a Federal Reactivity Scale on these sub
stances. General Motors has put out a scale for various HC families with the 
following reactivity ranges: paraffins 0-2, olefins 5-100, naphthenes 2, and 
aromatics 0-10. According to the same source, propane has a zero reactivity.30 

Regarding the HC reactivity issue, control agencies in the U.S. seem to 
adopt the position that, given the appropriate meteorology and time, all 
NMHC may support smog formation. 

4.2. Views on photochemical imog control strategies 

Various laboratory studies have supported the importance of the N02 /NO 

29. J. Kerr et al., «The Mechanism of Photochemical Smog Formation», Chemistry in Bri
tain (June 1972), p. 256. 

30. J. Caplan, «Smog Chemistry Points the Way to Rational Vehicle Emission Control) 
Society of Automotive Engineers (SAE), PT-12 (1963-1966). 
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ratio, in the sense that reducing NO leads to increases in the level of ozone in 
the smog products. 

Other such studies have examined the importance of the HC/NOx ratio 
and have shown that reducing hydrocarbon concentrations will reduce smog 
products. 

A 1970 U.S. report reviewing the related field work states: 
All studies show a similar dependence of oxidant on hydrocarbon con
centrations. All studies further reveal a noticeable dependence upon 
the ΝΟχ levels. From the previous discussion, it is not unrealistic to 
envision the complex NO x effect as a direct result of the competition 
between the reactions resulting in oxidant formation and destruction.31 

D. Stedman maintains that a low HC/NOx ratio leads to a reduced rate of 
ozone formation, but the amount formed in the end is not much reduced." 

In a recent paper, J. Pitts addressing the photochemical smog issue draws 
the following conclusions about the importance of NO x : 

a. Although NO χ emissions decrease ozone levels in the immediate area, they 
seem to raise ozone levels in regions downwind. 

b. Control of NO x from stationary and mobile sources decrease ambient levels 
of toxic N0 2 and secondary nitrate aerosols formed in photochemical smog. 

c. NO x is changed into many compounds, such as PAN, other organic nitrates 
and nitric acid. Though speculative, concern has been expressed that high 
NOx levels may be involved in the formation of suspected carcinogens, such 
as nitrosamines. 

Pitts also notes that Japan is continuing with its strict NO x control 
schedule, while in the Netherlands, the belief was recently expressed that NO x 

reduction, relative to HC, will lead to the greatest decrease in ozone formation 
in that country.33 

More recently, N. Daly summarizes the various smog control policies by 
stating: 

The formulation of policies to control the concentrations of oxidants 

31. U.S. Department of Health, Education, and Welfare, Environmental Health Service, Air 
Quality Criteria for Photochemical Oxidants (Washington, D.C., 1970), chap. 2, pp. 2-14. 

32. D. Stedman, «Formation of Photochemical Oxidants», paper presented at the American 
Lung Association Meeting, (Southfield, Michigan, November 22, 1976). 

33. J. Pitts, Jr., «Keys to Photochemical Smog Control», Environmental Science and 
Technology (May 1977). 
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in city airsheds remains a controversial problem... The various 
national policies can be seen to differ. Thus the Japanese Government 
has adopted a policy of NOx control, while the United States 
Government has sought to limit oxidant through control of NMHC 
emissions. More recently, the Japanese Government has been reported 
to be examining the case for some accompanying NMHC control and 
the United States the need for some NOx control. In Europe the case 
has been argued for NOx control with some accompanying control of 
NMHC emissions.34 

The foregoing discussion suggests that both HC and NOx must be 
controlled if an improved air quality level is desired. Although it is realized that 
NO does act as an 03 scavenger, it is also evident that while NO itself cannot 
start the smog process, it does combine with oxygen to form N02 — which sig
nificantly absorbs ultraviolet radiation. 

5. Study Scope and Outline 

Four major air pollutants need to be controlled in order to achieve accep
table air quality in Athens. A short account for each of them is provided as 
follows : 

a. Sulfur dioxide. The harmful effects of S02 have been well-studied and 
presented in the literature of epidemiology and elsewhere and need not be 
surveyed here. Let it suffice to quote that high concentrations of this agent 
are a powerful lung irritant. Five parts per million (a TLV standard) result 
in sensory irritation. It is a water-soluble gas, so it tends to affect not only 
the lungs but the whole upper respiratory system. There are other forms that 
derive from S02 which are perhaps more damaging, such as acidic sulfates 
(H2S04, etc). A combination of S02 and particulates tends to be more 
harmful than each of them separately due to the so-called synergism. In 
simplified terms, a soluble aerosol (like salt particles in the presence of dry 
S02) leads to enhanced effects; whereas, if the aerosol is not soluble, the ef
fect is smaller. 

b. Particulates. Apart from participating in synergistic effects, as above, par-

34. N. Daly, «Use of Frequency Distributions of Potential Ozone in Evaluating Oxidant 
Controls», Environmental Science and Technology (November 1979), p. 1373. 
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ticulates are a dangerous species when they are respiratile and contain trace 
metals which are suspect of potential contamination to the human body. 

c. Hydrocarbons. Certain hydrocarbons, such as BaP, are known as sure car
cinogens. Furthermore, reactive hydrocarbons are involved in photochemical 
pollution reactions forming oxidants. 

d. Nitrogen oxides. Nitrogen oxides, unlike S02, are not water soluble gases 
and they tend to afFect the lower respiratory system. It is possible to inhale 
elevated concentrations of these species and not suffer terribly, but the 
pulmonary edema which forms 24 hours later may cause such severe com
plications that even death may occur. Finally, the importance of NOxper se 
is owed to its nature as an input to photochemical smog formation. 

The aim of this study is first to comprehensively address the GAA's air 
quality and management issues, and secondly, to provide an assessment of air 
pollution control costs and strategies to achieve acceptable air quality levels. 
The analysis synthesizes information in the related fields — economic, technical, 
and policy-oriented. 

Specifically, Chapter II provides a selective literature review presenting 
various theoretical approaches to controlling air pollution, and simulation 
techniques that have been proposed by experienced agencies in the United 
States to investigate routes to meaningful air pollution control strategies at the 
regional level. Since these techniques have incorporated a number of pollutant-
concentration prediction models, a brief review of these models is also fur
nished. 

Chapter III offers descriptive discussions analyzing air pollution in the 
GAA and Los Angeles (LA) County, California, in the form of a comparative 
framework, to the extent that needed data were available. The analysis ranges 
from simple topographic and meteorological features of the two airsheds to the 
individual polluting source profile and the existing legislative and managerial 
structure. 

In Chapter IV, a simple linear programming model has been compiled, 
aiming to provide a least-cost estimate of the total annual financial air pollution 
control costs in the airshed and a set of economical control strategies. The 
model requires that the total emission loads of S02, particulates, HC, and NO χ 
— outlined previously — are reduced to «tolerable» levels (disregarding specific 
locational sensitivity criteria), and that the flow of airshed source activity (i.e., 
industrial activity, vehicle mileage, etc.) remains the same. Simultaneously, 
while cost-effective ways of reducing air pollution are sought, the discussions of 
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the model parameters offer additional useful information to policy-makers and 
managers in the GAA. Some of these parameters have been redefined to suit 
the character of the sources examined (e.g., emissions/1,000 km run by 
automobiles). The selected methodology, although not directly addressing the 
issue of air pollution control benefits, does avoid the inefficiency and nonop-
timality of uniform emission standard application. It is unfortunate that the 
great lack — or nonavailability for any reason — of data in Greece has con
strained the richness of the analysis and has restricted the reference year to be 
1975. 

Finally, Chapter V discusses implications for more sound control strategies, 
and lastly, a proposition to address the problem more efficiently. 
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CHAPTER II 

A LITERATURE REVIEW 

Air constitutes a case of common property resource systems which are 
characterized by unrestricted access to them and the presence of externalities, 
either in the form of nonmaximized utility of the users, or as socially inefficient 
production due to free exploitation of these resources. Consequently, market 
failure to allocate such resources efficiently prevents the economic system from 
reaching a Pareto optimum level. Economic theory suggests the definition of a 
«price» for the use of common property resources in order to eliminate the ex
ternalities. Elimination of the air pollution externality does not imply that the 
air has to be made absolutely clean. It merely entails that pollution should be 
reduced, through appropriate management, to an «optimal level» sufficient to 
leave the system unharmed. 

This chapter selectively reviews the literature on the various approaches of 
managing air quality as well as simulation methodologies — incorporating 
economic optimization paradigms and air pollution models — utilized as sup
portive tools for sound management policies. 

Specifically, the beginning discussion assesses the definitional premises of 
air quality management in the light of theoretical postulates and documented 
facts. Section 1 presents the approaches of managing air quality which include: 
taxation, subsidies, regulation and enforcement, bargaining and persuasion, and 
finally, zoning and planning. Section 2 selectively reviews various quantitative 
methodologies whose aim is to provide air quality management agencies with 
some insight in the pursuance of meaningful control measures. The usual struc
ture of such methodologies is a mathematical programming model or a com
puter simulation analysis in which an air pollutant concentration prediction 
model has been incorporated. The air pollutant prediction model becomes a 
tool via which pollutant emission reduction requirements are assessed, while the 
mathematical model selects cost-effective strategies that satisfy these require-
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ments. In some of the methodologies it is possible to merge both activities in 
one formulation, while in others to separately assess each activity. The relative 
merits and demerits of these types of quantitative analysis are always depen
dent on the accuracy of their parameter estimation. This, among other things, 
involves adequate familiarity with the various features of the region in which 
the analysis is to be applied. Finally, some of the methodologies require inter
disciplinary effort. 

AIR QUALITY MANAGEMENT - SOME DEFINITIONAL ISSUES 

The Merriam-Webster dictionary defines management as: 
The executive function of planning, organizing, coordinating, directing, 
controlling, and supervising,..., any project or activity with respon
sibility for results.1 

This definition will be adapted for the purpose of this section as follows: 
Air quality management is the executive function of planning, organizing, coor
dinating, controlling, directing and supervising the set of strategies for air pollu
tion control — where such strategies are the product of legislative and 
managerial decision-making designated to maintain air quality. 

A somewhat different view of management is presented by N. De Nevers, 
R. Nelligan and H. Slater. They argue that air pollution control strategies 
should not be confused with air quality management strategies. The most pop
ular control strategies include: air quality management, emission standards, 
emission taxes, and cost-benefit analysis. The strategy is written into national 
legislation so that the legislative body becomes a strategist. Therefore, air 
quality management is one such strategy and is defined to be «the regulation of 
the amount, location and time of pollutant emissions to achieve some clearly 
defined set of ambient air quality standards or goals».2 

This is a conservative view of air quality management. First, it should be 
noted that «management» itself is involved in the definition of the air pollution 
control strategy. For instance, the provision of Section 129 of the U.S. Clean 

1. Webster's Third New International Dictionary of the English Language, unabridged 
(Springfield, Mass.: G. & C. Merriam Co., 1963). 

2. N. De Nevers, R. Nelligan, and H. Slater, «Air Quality Management, Pollution Control 
Strategies, Modeling and Evaluation», in Air Pollution (3rd edition), vol. V, ed. A. Stern (New 
York: Academic Press, 1977). 
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Air Act as amended in 1977 — which virtually prohibits new stationary sources 
from locating in «nonattainment» areas — was simply the celebrated «emissions 
offset» policy which EPA had invented and adopted before it was made part of 
the Act.3 

Second, no matter what the control strategy, there will always be manage
ment associated with that strategy. «Any project or activity», using M. Web
ster's concepts, requires «the executive function of planning, organizing, coor
dinating», etc., that project or activity. 

Third, following their concepts, «the regulation of the amount... of air pollu
tant emissions» is better suited for emission standards which are originally cited 
as a separate control strategy. In their conclusion the authors admit that it is 
possible for control strategies to be combined to obtain maximum benefits. In 
this way, control strategies and air quality management appear to have am
biguous differences. 

Fourth, air quality standards are an essential component of their definition. 
Nevertheless, when taxation is the selected control approach, those exact stan
dards — or in the economist's jargon «optimal pollution level» — are its ultimate 
target. 

Generally, the adopted control strategy or strategies will simply influence 
the structural and functional components of the designated air quality manage
ment agencies. 

Finally, in countries such as Greece where a Clean Air Act is nonexistent 
— hence the legislative body ceases to be a strategist — the distinction between 
strategists and managers has a meager, if any, application. It is obvious that 
the authors are drawing strictly, from U.S. experience and therefore their con
ceptual framework does not have a universal application. 

A preliminary resolution of the issue of differences between control 
strategies and management or strategists and managers could be achieved in a 
classification of management as: top, medium and lower level, where top-level 
management refers to legislative body decision-making. This way the legislative 
body becomes a component of the management network with «responsibility 
for results». This is not inconsistent with the functioning styles of modern in
dustrialized states where the top managers above are responsible to the citizens. 
J. Schueneman, closer to the above, posits: 

Thus, especially in major urban centers but on a global basis as well, 

3. B. Raffle, «The New Clean Air Act — Getting Clean and Staying Clean», Environment 
Reporter, monograph No. 26 (May 19, 1978). 
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it has become necessary to make plans and decisions as to how the 
air is to be protected. The approach to doing so has been called air 
resource management.4 

Among the elements of an air resource management program, according to 
Schueneman, are: the development of a public policy on air conservation and 
an organizational framework with a staff capable of operating along related 
functional lines. 

Resolving, finally, the basic definitional premises of the above debate 
between De Nevers, Schueneman and the view of this study, the following 
proposition is made: the legislative body responding to the needs and demands 
of the public it serves, delineates strategies (i.e., how issues) dealing with air 
quality protection following communications with the managerial network, 
thereby addressing primarily substantive issues (i.e., why issues). The compo
nents of these strategies, thereafter, become the functional framework of 
management agencies. Thus, management practices become a homogeneous 
and partially reciprocating function of the air pollution control strategy. The 
contribution of other groups must also be taken into account; for instance, 
representatives of the industry and environmental groups having the potential 
of collective action. The relative importance of such bodies needs further study
ing. 

An OECD publication assesses the role of national governments in the fol
lowing: 

The responsibility for protection of human health and welfare..., gives 
central governments the difficult task of preparing legislation, resol
ving conflicts of interest and assessing risks.5 

1. Approaches of Managing Air Quality 

An immense literature has thoroughly investigated various approaches of 
managing air quality aiming to achieve an «optimal pollution level». 

1.1. Taxation 

Sixty years ago Pigou, unhappy about London's dirty air, suggested that by 

4. J. Schueneman, «Organization and Operation of Air Pollution Control Agencies», in Air 
Pollution, (3rd edition), vol. V, ed. A. Stern (New York: Academic Press, 1977). 

5. Organization for Economic Cooperation and Development, Air Management Problems 
and Related Technical Studies (Paris: OECD, 1972), p. 18. 
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taxing polluters the sun would be seen more often. Ever since, economists have 
argued over the size of this tax. W. Baumöl and W. Oates suggest that the 
proper level of the tax should be equal to the marginal net damage (MND) 
generated by the polluting activity — where MND is the difference between 
private and social marginal cost.6 The tax is optimal because it achieves 
economic efficiency with minimum infornation requirements. R. Byrne and M. 
Spiro show that Baumol's tax would not be efficient under circumstances where 
firms have at their disposal a number of production processes of the fixed 
proportion, constant return to scale variety.7 T. Tietenberg argues that 
Baumol's superiority system depends on the relationship between emission rates 
and pollutant concentration.8 T. Ferrar considers nonlinear taxation since the 
target set of these taxes is dynamic and hence the tax could not be constant for 
all emission-rates.9 V. Bawa asserts that due to legislative delays it is impossi
ble to effect rapid changes in tax policy, and if that is the only means of con
trol one should set taxes sufficiently high in order to take care of episode con
ditions.10 

M. Walker and D. Storey question the validity of the iteration procedure 
which the management authority has to follow in order to calculate the correct 
tax level.11 M. Ricketts and M. Webb present a case where the time variable is 
part of the process in determining the tax level.12 The controversy over Pigou's 
tax is likely to continue. Generally, the proponents of taxation contend that a 
tax (emission charge or fee, payment by the pound, etc.) is the optimal ap
proach for managing pollution due to its economic and target efficiency. It will 
be more profitable for the firm to abate as long as the tax is higher than its 

6. W. Baumöl and W. Oates, «The Use of Standards and Prices for the Protection of the En
vironment», Swedish Journal of Economics (1971), pp. 42-54. 

7. R. Byrne and M. Spiro, «On Taxation as Pollution Control Policy», Swedish Journal of 
Economics (1973), pp. 105-109. 

8. T. Tietenberg, «Controlling Pollution by Price and Standard Systems: A General 
Equilibrium Analysis», Swedish Journal of Economics (1973), pp. 193-203. 

9. T. Ferrar, «Air Pollution Abatement: An Examination of Three Policies», Critical Reviews 
in Environmental Control (1973). 

10. V. Bawa, «On Optimal Pollution Control Policies», Management Science (May 1975), 
pp. 1397-1404. 

11. M. Walker and D. Storey, «The Standards and Price Approach to Pollution Control: 
Problems of Iteration», Swedish Journal of Economics (1977), pp. 99-109. 

12. M. Ricketts and M. Webb, «Pricing and Standards in the Control of Pollution», Swedish 
Journal of Economics (1978), pp. 53-61. 
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marginal costs to abate, until the optimal pollution level is reached. The tax, 
apart from inducing firms to seek least-cost ways to reduce their emissions and 
generating tax revenues (which may be used for supplementary abatement ef
forts), also has the advantage of reducing transaction costs. The major incon
sistency of the tax solution is not the controversial level of the tax but the prac
tical consideration that selection of the tax payment creates a legitimate right to 
pollute. Section 405 of the U.S. Clean Air Act requires EPA in consultation 
with the Economic Advisors to conduct a comprehensive investigation into 
«Economic Measures» to supplement existing regulatory authorities and «serve 
as a primary incentive for controlling air pollution problems not addressed by 
any provision of the Act». Even President Nixon had supported an excess sul
fur emissions tax. Czechoslovakia operates a system of emission taxes. 

1.2. Markets of licenses to pollute 

J. Dales maintains that the issuance and sale of licences to pollute (i.e. incorpo
rating environmental resources into the public domain property right) 
would efficiently address environmental pollution externalities.13 That is, pol
luters will be greatly bidding to secure licenses to pollute from their holders 
(i.e., state or individuals) whereby prices will float at levels equal to marginal 
damages. A problem with this approach would be the initial allocation of those 
rights. A possible way might be to distribute them among those rights. A possi
ble way might be to distribute them among those who are inflicted by en
vironmental deterioration and have those who wish to pursue polluting ac
tivities bid for or lease those rights. Dales' view is shared by some economists 
but many are skeptical about the idea since, if actions for purchases or rights 
do not occur in a large scale, the effects are meaningless. Assuming that firms 
purchase all polluting rights in the open market — implying that the sellers have 
been amply compensated for all damages real or perceived — any abatement 
that would by definition necessitate that individuals have to repurchase some 
pollution rights, would require the transfer of adequate rights to affect their 
heajth and welfare. 

W. Montgomery developed the theoretical foundations for achieving the 

13. J. Dales, Pollution, Property and Prices (Toronto: Toronto University Press, 1968). 
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desired quality through the establishment of a market of emission permits.14 A 
set of licenses which confers the right to discharge pollutants at a certain rate 
is defined and then each polluter in a particular airshed is allocated some of 
those permits. The polluter's problem then is to maximize his profits or to 
minimize the costs of emission control plus the cost of purchasing the licenses, 
subject to the constraint that emissions are equal to or less than the amount in 
licenses held by him. The cost minimizing polluter will reduce emissions to the 
point where the marginal costs of pollutant emission reduction equal the price 
of a permit. Thus the price of the permit accomplishes the same goal the tax 
does because the individual polluter will be faced with the question to buy per
mits and emit or to find a cheaper way of reducing his emissions. The 
characteristics of the marketable permit system are: 

a. The price of the permit serves as an indicator of the marginal value of the 
permit to polluters, so that price gives the MC of reducing emissions. 

b. Emission increases are only allowed through permit purchase; to enter, the 
polluter has to bid some permits away from other polluters for the total 
emission load in the airshed to remain the same. 

c. The management authority may purchase permits in the open market and 
retire them if it wishes to reduce residual emission loads. 

d. The market provides an orderly and impersonal way through which emis
sion rights are allocated. 

Montgomery's criterion for efficiency is, as known, the existence of com
petitive conditions in the market and cost minimizing behaviors. This is the 
basis for the criticism of his model where it is possible for an industry to 
monopolize the market and where speculation on permits for profit making 
purposes may take place. 

Section 129 of the U.S. Clean Air Act allows new stationary sources in the 
so-called «nonattainment areas» only when pollution from existing sources has 
been reduced to more than compensate for new emissions. This provision in
directly identifies air quality increments as tangible commodities which can be 
bartered and perhaps eventually bought, sold and brokered, getting close to 
Montgomery's market concept. Responding to EPA's request for comments on 

14. W. Montgomery, «Markets in Licenses and Efficient Pollution Control Programs», Jour
nal of Economic Theory, 5(3) (1972), pp. 395-418. 
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its emissions offset policy, the Council on Wage and Price Stability (CWPS) in 
1977 offered a very far-sighted scenario.15 CWPS pointed out that the new rule 
established a market-like structure for air pollutant emissions. Firms already in 
compliance with relevant standards would be the «owners» and potential sellers 
of emission rights. Firms desiring to expand would be potential buyers. To im
prove the «market» CWPS recommended that «owners» should be allowed to 
«bank» their rights and that «purchase» of emission offsets should not be 
restricted to new sources. In other words, CWPS proposed a free market 
management approach to air pollution control. 

1.3. Subsidies 

Subsidies or payments to the polluter may be either in the form of a credit 
per pound of air pollutant emissions reduced or in the form of subsidized air 
pollution control equipment. M. Edel provides an analysis of such ap
proaches.16 

A. Teller posits: 
The payment of subsidies to industry to control their emissions is 
equivalent to a person paying a criminal not to rob him, or in the case 
of air pollution not to kill him.17 

E. Mills states: 
An investment credit on air pollution abatement equipment reduces 
the cost of such equipment. But most such equipment is inherently un
profitable in that it adds nothing to revenues and does not reduce 
costs. To reduce the cost of such an item cannot possibly induce the 
firm to install it. The most it can do is to reduce the resistance to 
public pressure for installation.18 

It should be added that a combination of subsidies with regulatory and en-

15. E. Easton and F. O'Donnell, «The Clean Air Act Amendments of 1977, Refining the 
National Air Pollution Control Strategy», Journal of the Air Pollution Control Association 
(1977). 

16. M. Edel, Economics and the Environment (Englewood Cliffs, New Jersey: Prentice-Hall, 
1973). 

17. A. Teller, Air Pollution Abatement: An Economic Study into the "ost of Control, Ph. D. 
dissertation submitted to Johns Hopkins University, March 1, 1967, p. 237. 

18. E. Mills, «Federal Incentives in Air Pollution Control», Third National Conference on Air 
Pollution, Proceedings (U.S. Department of Health, Education, and Welfare, December 1966), p. 
576. 
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forcement procedures may be effective in controlling air pollution. Such a com
bination is an essential feature of the FWPCA. Subsidies do raise a moral issue 
as observed by Teller above. Nevertheless, since the costs of air pollution con
trol are always borne by the general public it may be worthwhile to select a 
subsidized-enforced control program acting faster that a purely enforced one — 
which is time consuming and may produce more financial side effects. 

In the U.S., while subsidies are one of the essential features of the Federal 
Water Pollution Control Act (FWPCA), they are not unknown in air pollution 
too. According to Rule 501, applying to the South Coast Air Quality Manage
ment District (SCAQMD) of California, various types of assistance are 
provided to small businesses in filling and filing petitions and developing com
pliance schedules. Among them is the provision of low-cost financing for air 
pollution control equipment needed to comply with the District ordinances and 
any additional requirements put forward by the Board.19 

1.4. Regulation and enforcement 

While P. Portney and other authors have presented excellent reviews and 
discussions of air pollution regulations this section only recalls that this ap
proach is the opponent to the economist's contention.20 The regulatory ap
proach — where the environmental engineer's view is most prevalent — asserts 
that the optimum pollution level is defined by means of air quality standards 
and engineering ingenuity provides the most cost-effective means of attaining 
this level. 

Management of air quality through regulation and enforcement remains es
sentially a political process entailing bargaining between parties of unequal 
power. This approach pits the power of pollution control authorities against the 
power of the polluter in an endless sequence of battles over licensing and en
forcement of regulation. At the same time there is always uncertainty about 
how quickly new technology will be ready and what its operational cost and ef
fectiveness is going to be. Regarding the U.S. Clean Water Act, for instance, a 
lot of people are still confused about the meaning of Best Conventional 
Technology (BCT). 

19. South Coast Air Quality Management District, Rules and Regulations, El Monte, 
California (Series, 2/4/77-9/3/81). 

20. P. Portney, Current Issues in U.S. Environmental Policy (Washington, D.C.: Resources 
for the Future, 1978). 
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1.5. Bargaining and periuailon 

Many social scientists believe that significant public policies emerge in the 
political process mainly as a result of conflicts between group interests.21 Air 
quality management exemplifies such a conflict situation where the emitters and 
the control authority are the two parties involved. Bargaining implies dif
ferences in goals but an ability to arrive at a compromise through the use of 
threats, concessions and general gamesmanship. Persuasion assumes common 
goals for the participants but differences on subsidiary goals where one partici
pant may convince the others to switch their less important goals for the 
resolution of the conflict.22 In a bargaining situation, the parties involved may 
be the control authority and industrial emitters or other sources. For instance, 
one Los Angeles official sincerely admitted that occasional «deals» have been 
made with polluters which in any case could not be revealed.23 

A subtle form of bargaining is found in EPA's authorization by the 
Congress to extend the 1977 BPT deadline, mandated by the FWPCA, to 
I97924 

Regarding EPA's discretionary options for enforcing NPDES permits, in 
most cases part of these options is the taking of informal administrative action 
(phone calls, meetings with the discharger, etc.).23 

With reference to the 1977 amendments to the Clean Air Act and the 90 
percent reduction of automobile tailpipe emissions mandated in 1970, congres
sional lobbying was heavily exercised by the automobile industry management 
and the UAW supporting the Dingell-Broyhill bill aiming at a two-year exten
sion and permanent relaxation of standards. The Muskie bill, backed by en
vironmentalists, provided a one-year extension only. Congress finally resolved 
the conflict by adopting a compromise solution between the above bill 
provisions.26 

21. M. Olson, The Logic of Collective Action (New York: Schocken Books, 1968), chap. 5. 
22. H. Simon, Administrative Behavior (New York: Free Press, 1965). 
23. G. Hagevik, Decision Making in Air Pollution Control (New York: Ptaeger, 1970). 
24. J. Quarles, «Impact of the 1977 Clean Water Act Amendments on Industrial 

Dischargers», Environment Reporter, monograph No. 25 (March 1978). 
25. N. Tennile, Jr., «Federal Water Pollution Control Act Enforcement from the Discharger's 

Perspective: The Uses and Abuses of Discretion», Environmental Law Reporter (December 
1977). 

26. «The Clean Air Act Amendments of 1977: Expedient Revisions, Noteworthy New Provi
sions», Environmental Law Reporter (October 1977), Comments. 
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In a persuasion situation agencies can seek to alter the values or criteria 
employed by people in their decision-making, via education and persuasive ac
tivities. For example, California agencies seek a voluntary reduction of 
automobile trips when smog tends to become acute.27 

Despite the fact that bargaining constitutes a frequently nonsymmetrical 
game between participants and hence its outcome is not immediately predictive, 
Game Theory suggests that it establishes a positive sum (as opposed to a zero 
sum) game.28 Both bargaining and persuasion seem therefore to be effective in 
promoting communication and exchange of concessions between the interested 
parties, thus qualifying as supplementary tools to any air quality management 
program. 

1.6. Zoning and planning 

The application of zoning codes and related provisions have been studied 
by R. Venezia.29 Zoning and planning is a preventive type of air quality 
management and is followed mostly in countries of the Eastern Block. An ex
ample of such approaches is the estimation of pollutant concentrations around 
an emitting complex of facilities. A concentric circle is then defined within 
which construction of residential buildings is prohibited. 

Concluding, N. De Nevers, in a relatively recent paper, presents a summary 
analysis of various approaches to managing air quality.30 Table 1 shows that 
the attributes of a good approach are based on the concepts: simple, 
evolutionary, flexible, enforceable, and cost-effective. 

According to De Nevers, the air quality standard answers the question 
«how clean the air should be» but passes the answer to an unproven assump
tion.31 While CBA is not regarded as à control approach, De Nevers thinks 
that it should be considered more seriously and become part of the regulatory 

27. Hagevik, Decision Making. 
28. J. Von Neumann and O. Morgenstern, Theory of Games and Economic Behavior (New 

York: J. Wiley Press, 1967). 
29. R. Venezia, «Land Use and Transportation Planning», in Air Pollution (3rd edition), vol. 

V, ed. A. Stern (New York: Academic Press, 1977). 
30. N. De Nevers, «Air Pollution Control Philosophies», Journal of the Air Pollution Control 

Association (March 1977). 
31. De Nevers et al. identify the air quality standard with air quality management in their 

paper, «Air Quality». 
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TABLE 1 
APPROACHES TO AIR QUALITY MANAGEMENT 

Approaches 
Attributes 

Simple 
Evolutionary 
Flexible 
Enforceable 
Cost-Effective 

Emission 
Standards 

Excellent 
Fair 
Poor 
Excellent 
Poor 

Air Quality 
Standards 

Poor 
Fair 
Fair 
Fair 
Good 

Taxes 

Excellent 
Good 
Unnecessary 
Excellent 
Fair 

CB Analysis 

Poor 
Good 
Unknown 
Unknown 
Excellent 

Source: reference 30. 

procedure which has gained ground among other policies adopted by most con
trol agencies. T. Crocker, advocating a decreased emphasis on direct regula
tion, states: 

If we look upon the control authority as being the owner of a donkey 
with a split personality, divided between receptors and emitters, we 
can say that the authority will not get the donkey to move at an ade
quate pace by using the stick of standards and taxes and/or subsidies. 
Neither will the donkey move in the correct manner if the authority 
has to stand in front of his nose offering him the carrot of market 
prices. Only if the rider sits upon the donkey's back holding the stick 
with the carrot attached to its end will the donkey take it upon himself 
to move correctly. The question is the proper length and thickness of 
the stick, and the proper size of the carrot.32 

The procedural details and functions of air quality management principally 
via regulatory measures have been inclusively presented in an enormous 
number of U.S. Congress documents and E.P.A. publications. 

Additionally, the operations unit of a management agency functioning un
der a non-regulatory regime would include only a technical services section and 
an engineering section. Technical services would resort to laboratory analyses 

32. T. Crocker, «The Structuring of Atmospheric Control Programs», in 77!» Economics of 
Air Pollution, éd. H. Wolozin (New York: Worton, 1966). 
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and air quality monitoring, while engineers would compile emission inventories 
and work on special projects. 

2. Economic Optimization and Air Quality Management 

Restorative air quality management thus far has focused on the issue of 
reducing air pollutant emissions/concentrations at minimum costs in the 
process of pursuing meaningful control policies. 

A wide variety of studies have incorporated cost-effectiveness analysis and 
air pollution modeling techniques in simulation methodology frameworks aim
ing to control: 

— individual pollutants from individual source-categories (e.g., S02 from 
stationary sources); 

— groups of pollutants from individual source-categories (e.g., S02 and par
ticulates from stationary sources); 

— groups of pollutants from a variety of source-categories (e.g., S02, HC and 
NOx from both stationary and mobile sources). 

Below is a selective review of these studies. First, air quality models are in
troduced given their key role in any of the above frameworks; emission reduc
tion requirements are estimated through them. Second, the structures of simula
tion methodologies are presented. 

2.1. Air pollution modeling 

2.1.1. Inert substances 

Inert substances do not, in general, undergo chemical reactions in the at
mosphere. Of the selected, by this study, conventional air pollutants, S02 is in
ert an hour or so after being emitted or for longer periods under dry weather 
conditions, NOx next to a traffic corridor is inert (but only for short periods of 
time) and almost always during the night (depending on chemical compositions) 
when ultraviolet radiation is absent, and finally, particulate matter behaves 
similarly to S02. The types of models used for inert substances include: 

a. Rollback models (proportional modeling). This type of modeling appeared a 

- 5 3 -



couple of decades ago and owes its foundations to a group led by R. Larsen. 
The basic equation proposed was: 

Cj = b + ke (1) 

where: 

Cj = concentration of pollutant at ith point in μg/m3 

b — background concentration, μg/m3 

k — proportionality coefficient, (μγ/m3) / (g/sec) 
e — total emission rate of all emitters, g/sec. 

The major pitfall of this model is that it assumes a strictly linear 
relationship between source strength and measured concentration, disregarding 
meteorological and topographical conditions. A considerable improvement was 
achieved with equation (1) restated as:33 

C{ = b + Zkyej (2) 
j 

where: 

kjj — source-receptor interaction for source j and receptor i evaluated through 
the Gaussian formula (see subsection c following). 

ej = emission rate for source j evaluated by a source inventory. 

Since this new model does take into account meteorological parameters, the 
linearity assumption is considerably refined. 

b. Simple-budget models. These models have the proportionality element in 
them but are somewhere between simple rollbacks and Gaussian models. 
Typical in this class is S. Hanna's model.34 Hanna incorporates wind velocity 
as an important determinant for predicting maximum concentrations. His equa
tion is: 

Cfy = k—3?L (3) 

33. N. De Nevers and J. Morris, «Rollback Modeling: Basic and Modified», Journal of the 
Air Pollution Control Association (September 1975). 

34. S. Hanna, «A Simple Method of Calculating Dispersion from Urban Area Sources», 
Journal of the Air Pollution Control Association, vol. 21 (1971). 
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where: 

Cfy ·•= projected future year air quality, μ^πι3 

qfy = projected future year local area emission density, g/(s-m2) 
ü = local average wind speed, m/s 
k = calibration constant estimated from k = Cbyu / Qby 

Cby = base year air quality, μ§Μ3 

Qby = base year emission density in area, g/(s · m2) 

The parameter u in Hanna's model takes care of the pollutant spatial distribu
tion by wind action. 

c. Diffusion models (Gaussian models). The idea of using mass balance equa
tions has produced the general diffusion equation: 

BC[ dC[ dC{ 3Ci 
u -ι- V + w-3t 3x 3y Zz 

a . aq . a r aQ . a r aq . 
[ Di——î- ] + — - [ D i — - i - ] + — - [ D i — - i - ] + Ri (4) 3x dx dy dy dz dz 

where: 

Cj = concentration of species i 
u, v, w - wind velocities 
x, y, ζ = the three dimensions in space 
D, = Diffusivity of species i in the atmosphere 
Ri = net gain or loss of species i by homogeneous 

chemical reaction. 

The bracketed terms are known as flux terms, i.e., they describe the transfer of 
species due to diffusion. 

Various assumptions can be made about the parameters in this equation. 
Since the focus is on inert substances, the Rj term drops out (ignoring 
deposition). Assuming that: 

w = 0 then, w-|^- = 0, etc. 
ο ζ 

The vertical dimension (z) is viewed as the stack of a point source. 
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If the true functional forms of the variables involved were known, then the 

diffusion equation could be solved numerically. These forms, however, are 

generally not known and it is also difficult to define them under various 

meteorological and topographical conditions. 

Under steady state conditions, in a homogeneous field of turbulence, with 

winds in the y and ζ directions assumed zero and diffusion in the χ direction 

neglected, the equation is approximated by:35 

Q r H 2 y2 τ 
C = ~ e — (5) 

noyOzu 2σζ2 2oy2 

where: 

C — ground level concentration, of pollutant in g/m3 

Q = pollutant emission rate, in g/s 

u = wind speed, in m/s 

CTy = standard deviation of the distribution of pollutant in the horizontal 

direction, in m 

σζ = standard deviation in the vertical direction, in m 

H = «effective» stack height of point source, in m 

y = horizontal distance from plume centerline, in m. 

To calculate the total concentration in a particular receptor point is simply 

a matter of adding up the contribution from each source assessed through 

equation (5) above. Application of the approximated model assumes a relatively 

flat terrain. There are two elements of empiricism included in this model. First, 

since the plume usually rises out of the stack up to a certain height before it 

disperses, a plume rise formula is used in estimating the maximum height 

(above the stack end) which the plume reaches so that a horizontal centerline 

(plume centerline) through it can be visualized. G. Briggs provided an empirical 

formula which some people argue is one of the best.36 

The plume rise estimate is then added to the actual stack height in order to 

obtain the value of H (effective stack height). The other element of empiricism 

35. Workbook of Atmospheric Dispersion Estimates, EPA AP-26 (1970). 
36. G. Briggs, Plume Rise, U.S. Atomic Energy Commission, Division of Technical Informa

tion (Oak Ridge, Tennessee, 1969). 
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is in regard to the values of the two important parameters o y and σζ which are 
defined empirically and plotted in tables for reference. 

N. Bowne attempted to compile tables and enable the model to be applied 
not only in flat but also in rough terrains.37 Use of Bowne's tables has not yet 
produced any empirical evidence on their reliability. 

2.1.2. Reactive substances 

The major focus is on hydrocarbons and oxides of nitrogen which are 
responsible for photochemical smog formation. 

a. Rollback models. Simple rollback models were recommended by EPA in its 
schedule for «Approval and Promulgation of Implementation Plans», while the 
EPA itself has worked out a modification of simple rollbacks in an attempt to 
quantify the photochemical process.38'39 

As already known, simple rollbacks call for a certain percentage reduction 
of pollution in order to reduce concentrations by another percentage. In this 
case it means that a certain percentage reduction, for instance of HC, would 
reduce oxidant by the expected percentage. This may be misleading because air 
pollution chemistry plays a nonlinear role in oxidant formation. 

EPA's assumption was that early morning concentrations of NMHC are in
dicators of oxidant levels that will occur later in the day. They took maximum 
one hour daily oxidant concentrations, plotted them against morning (6-9 a.m.) 
concentrations of NMHC and drew a curve through the upper points. Then, 
accepting that this curve depicts the quantification of the oxidant formation 
process, they read the value of NMHC which corresponds to the maximum 
concentration and the value which corresponds to the standard (ppm), so the 
percent reduction required is obtained at this step. Repeating, the percent 
reduction values are plotted against oxidant concentrations and form what is 
usually called a control curve. Background concentrations of NMHC are as
sumed zero and NOx is omitted. 

b. Mechanistic models. Experimental data from smog chamber studies com
bined with photochemical simulation techniques have led to the development of 

37. N. Bowne, «Diffusion Rates», in Air Pollution Meteorology, Air Pollution Control As
sociation Reprint Series (Pittsburgh, Pennsylvania: APCA, March 1977). 

38. Federal Register, 38: 30633-30650; 30960-30971 (November 8, 1973). 
39. Federal Register, 36: 15486-15506 (August 14, 1971). 
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isopleth configurations which depict the quantitative relationship of HC-NOx 

emissions and ozone formation (in an isopleth, ozone concentrations are the 
same all over it). This technique, given the acronym EKMA (Experimental 
Kinetic Modeling Approach), proves superior to rollbacks by incorporating 
NOx emissions in ozone formation. Its usefulness is seen in that it allows 
derivation of HC-NOx reduction requirements to meet the ozone standard. If, 

FIGURE 1 
Relationship between HC, NOx, and Ozone Concentrations 

OXIDANT/03 , ppm 

.08 .2 i .3 .41 .5 .55 .6 .65 

0 LO 2.0 3.0 4.0 5.0 
NMHC, ppm C 

Adapted from: Air Quality Criteria for Ozone and Other Photochemical Oxidants, EPA 600/8-
78-004. 

for instance, the NOx standard is met at point e in Figure 1 above, then a 
reduction of NMHC to point / is required to meet the ozone standard. While 
EKMA carries some deficiencies, such as the way experimental data are ob
tained and its applicability only in cases where the source-receptor relationship 
is known, it points to the realization that costly reductions of either HÇ or 
NOx may be leading to no air quality improvements when the reduction line is 
carried within the same isopleth. 

- 5 8 -



c. Photochemical pollution models. Their main focus is on the Rj term of the 

mass balance equation which, unlike the case of inert substances, cannot be 

simplified to a steady-state one because this term is of dynamic nature; steady-

states and dynamics cannot be mixed. Thus photochemical pollution models of

fer results of diffusional combined with chemical reaction mechanisms. 

To find the net effect of photochemistry a model uses what is called a 

kinetic mechanism (describes the chemical transformation of species). Basically 

such models start from the notion that the Rj term in the mass balance 

equation is a function of all chemical species involved — Rj (C„ C2,...., Cn). 

The species are N 0 2 , O, 0 3 , etc. A rate of change due to photochemical action 

is needed, which is going to affect concentrations predicted by the diffusional 

forces. Once this rate has been determined, if the interest is in m photochemical 

agents, a system of m nonlinear partial differential equations (diffusion 'equa

tions including the Rj term) must be solved. These equations are nonlinear due 

to the nonlinearity of chemical reactions. When using a computer program the 

processes in the Rj term become subroutines to the numerical solution format. 

The rate of change due to photochemistry is derived upon formation of a 

set of chemical differential equations noting that the Rj term is the algebraic 

sum of rates of production of species / over all reactions that / participates in, 

i.e.: 

Rj = Σ Ajj kj CjiCj2· . . Cjn 

where, 

— 1, if species / is reactant in reaction j 

+1, if species / is a product in reaction j 

0, if species / is not present in reaction j 

specific rate constant for reaction j 

reactant concentrations in reaction j 

For each species then, the reaction rate is expressed as a function of the rate 

constant and concentrations: 

Photochemical pollution modeling has been conceived by S. Friedlander 

Aij 

CjiCj2- . . C j n 
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and J. Seinfeld whose model utilized the seven basic reactions of photochemical 
air pollution.40 

T. Hecht and J. Seinfeld first employed 15 chemical reactions and later 39 
reactions — their work known now as the SAI model named after their 
employer, Systems Application, Inc. The kinetic mechanism they used is 
termed lumped, since the various organic species are grouped by their reactivity 
or molecular structure. Hecht and Seinfeld plotted the concentrations predicted 
by the solution to their chemical differential equations over time and showed 
that the original version of their model was closer to concentrations obtained 
when using experimental smog chamber data, themselves subject to some un
certainty.41 The question which remains to be answered is how well the model 
performs in the atmosphere. 

T. Graedel, L. Farrow and T. Webr of Bell Laboratories developed a dif
ferent kinetic mechanism and their model is known to be the BELL model.42 

They used a surrogate mechanism where the organic species in a particular 
class (e.g., olefins) are represented by a single number of that class (e.g., 
propylene). More models have been developed, such as the Livermore 
Laboratory and the EPA models named LIRAQ and DIFKIN respectively. 
Those two use lumped kinetic mechanisms — their only difference being the 
treatment of the diffusion component in the mass balance equation. 

It is now generally agreed that models using more than 25 chemical reac
tions are subject to cumulative errors (due to the summations of reaction rates), 
while those with less than 15 reactions do not adequately represent acceptable 
kinetics. 

Concluding, with regard to inert substance modeling, simple linear models 
prove to be weaker than the ones based on the mass balance equation. 
However, when the appropriate conditions (topography, meteorology) — which 
must be met in order to apply the diffusion formula efficiently — are not pre
sent, simple linear models may be of substantial aid to management agencies in 
determining inert substance reduction requirements. 

40. S. Friedlander and J. Seinfeld, «A Dynamic Model for Photochemical Smog», En
vironmental Science and Technology (November 1969). 

41. T. Hecht and J. Seinfeld, «Development and Validation of a Generalized Mechanism for 
Photochemical Smog», Environmental Science and Technology (January 1972); and T. Hecht, J. 
Seinfeld, and M. Doge, «Further Development of a Generalized Kinetic Mechanism for 
Photochemical Smog», Environmental Science and Technology (April 1974). 

42. T. Graedel, L. Farrow, and T. Weber, «Kinetic Studies of the Photochemistry of the 
Urban Troposphere», Atmospheric Environment, vol. 10 (1976). 
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The use of any type of modeling to quantify reactive species' reduction re
quirements — thereby effectively addressing the smog control issue — has in
dividual strengths and shortcomings. Linear models could be deluding; for in
stance, they might indicate an overall NOx reduction which according to 
EKMA would be ineffective and economically unsound. Finally, the use of 
photochemical models is too complicated and awaiting more field research. 

2.2. Simulation methodological framework· 

2.2.1. Individual pollutants and individual source-categories 

A. Teller, in an effort to justify the adoption of selective abatement, as con
trasted to equiproportional abatement, utilizes a linear programming formula
tion applied for stationary source S02 emission control.43 Selective abatement 
(least-cost strategy) seeks to find the minimum combination of abatement costs 
while still satisfying air quality standards. Equiproportional abatement (emis
sion standards strategy) assumes that all sources should reduce their emissions 
in the same proportion as the required reduction in the total emission load. The 
essence of Teller's formulation is the minimization of fuel combination costs in 
stationary source combustion, subject to the conditions that fuel combination 
must produce S02 emissions to meet the air quality standard and that the com
bination of fuels satisfies the BTU requirements of each individual point source. 
Two types of fuels are assumed of which one has à higher sulfur content than 
the other. In the first constraint above the condition of meeting the air quality 
standard is evaluated by means of a diffusion model. Therefore, the model 
takes into account the relative contribution of each polluting source to the final 
concentration at a receptor site as well as fuel substitution costs, before it 
provides a least-cost solution. The set of constraints inhibits the necessity for 
source relocation so that the above-mentioned strategies are isolated and com
pared within this framework. Figure 2 provides a flow diagram of Teller's 
model. 

In an attempt to provide guidance to regional air quality management agen
cies, the U.S. Department of HEW compiled a prototype simulation metho
dology whose aim was to calculate the optimum strategy for effecting any 
desired air quality objective.44 Combustion sulfur oxides are the species to be 

43. A. Teller, Air Pollution Abatement. 
44. U.S. Department of Health, Education, and Welfare, An Economic Analysis of the 

Control of SOx Air Pollution, Office of the Assistant Secretary (December 1967). 
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reduced from stationary sources including: industrial, power generation, multi-
family, single family and commercial air pollution sources. The flow diagram of 
activities to be followed under this simulation methodology is presented in 
Figure 3. S02 control techniques available to each sector include fuel substitu
tion, fuel desulfurization, stack gas cleaning, tall stacks and source relocation. 
Alternative strategies for each abatement objective are the equiproportional and 
least-cost strategies. Objectives are percent reductions of S0 2 emission rates to 
meet the standards. Finally, the meteorological model suggested is an approx
imated form of the diffusion equation. 

In the same model study it is stated that: 
The study of other pollutants, such as particulates, CO, NO and 
photochemical smog, is therefore deferred, but the methods of this 
study may be applied equally well to their analysis.43 

This statement may be interpreted in the realization that during those times the 
knowledge of reactive species atmospheric simulation was less complete than it 
is now. 

Methodologies followed through these types of analysis, although relatively 
noncomplex, are characterized by the following inefficiencies: 

a. the extent of reliable estimates of concentrations predicted via the diffusion 
model; 

b. the degree to which other pollutants pose problems — the analysis is for one 
pollutant only; 

c. for reactive species such as NOx, application of diffusion models has not yet 
been adequately qualified. 

2.2.2. Groups of pollutants and individual source-categories 

Another study compiled for the U.S. Department of HEW contains a 
systems analysis methodology aiming to assist air quality management agencies 
in selecting appropriate control policies. Phase I of the executed contract work 
presents a very interesting case of analysis.46 Major components of the simula
tion flow chart are: a diffusion model, a control cost model, and a control 
strategy model. 

45. Ibid., p. I-l. 
46. T.R.W. Systems Group, Air Quality Implementation Planning Program, contract No. 

PH 22-68-60 (Washington, D.C., March 1970). 

- 6 3 -



FIGURE 3 
Flow Diagram of HEW'· Prototype Simulation 
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The objectives of the diffusion model are to produce a frequency distribu
tion of pollutant concentrations and to determine the individual influence of 
each emitting source at each receptor site. The control cost model provides an 
indication of the least-cost set of control measures which will satisfy required 
control regulations. The control strategy model furnishes a reasonably accurate 
procedure for testing the impact of various control strategies and assesses the 
degree to which air quality goals are met under each strategy. The ultimate 
target of this framework is the reduction of S02 and particulates from 
stationary sources within a specified region whose emissions inventory includes 
mobile source emissions. 

This type of simulation is indeed very interesting as its focus is not to test 
equiproportional abatement versus the least-cost strategy. Emission standards is 
the selected control strategy and the fulfilment of the least-cost criterion is 
sought. As stated in the study: 

The regional air quality implementation process is based on the ap
plication of a set of stationary source emission controls in the form of 
emission standards. The many combinations of these standards result 
in a variety of alternative control strategies.47 

It is clearly understood that control strategies above are simply variations 
of stationary-source emission standards. In a subsequent volume, a regional 
economic model and a damage function model were added to the flow chart.48 

Damages are approximated by soiling effects of particulates. The economic 
cost model provides a means of assessing economic impacts in a region con
taining industries required to invest in emission reduction measures. This ad
ditional component makes the whole approach depart from previous 
methodologies by incorporating the costs of industrial output decline at various 
levels of control strategies. 

Inclusion of more than two pollutants and more than one source-categories 
would surely make it a more complex analysis but it would also enable it to 
address the issue of possible variations in the least-cost solution when sources 
other than stationary ones are included in the list of candidate emitters to be 
regulated. Its sole weakness thereafter would be the dependability of source-
receptor relationship estimates. Figure 4 shows the general structure of the 
program. 

47. Ibid., p. 3-1. 
48. T.R.W. Systems Group, National and Regional Air Pollution Systems Analysis 

Programs, Phase II, contract No. PH 22-68-60 (Washington, D.C., June 1970). 
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2.2.3. Groups of pollutants and various source-categories 

R. Kohn examined the reduction of conventional air pollutants from a 
number of emitters including stationary and mobile sources through linear 
programming analysis.49 His objective function is an air pollution control-
method cost function which is to be minimized satisfying the requirements: that 
the total reduction of each pollutant emission load is greater than or equal to a 
required reduction; and the utilization of fuel resources by emitters is less than 
or equal to fuel resource availabilities. 

Among the features of this study two major ones are: the inclusion of con
trol methods already mandated by the control authority (e.g., original engine-
installed control devices enabling automobiles to meet mobile source emission 
standards) and the estimation of the required emissions reduction through an 
empirical as opposed to a diffusion modeling approach. Figure 5 outlines 
Kohn's model. 

In another paper, the same author attempted to define an objective function 
in the summation of a damage and a control cost function.50 The damage fun
ction relates pollutant concentrations to admission and duration of hospital 
stay in an airshed. The operational constraints are: activity levels of polluting 
sources should equal their normal level; air quality standards should be met. 
The relationship of pollutant sources and receptor sites is again estimated em
pirically. This analysis indicates that air quality standards are a function of pol
lution damage, abatement technology, and strategy of control. 

In a later publication by Kohn, while the damage function is dropped from 
the objective function, the bounding constraint is the satisfaction of a certain 
pollutant emission reduction requirement (to be shared among polluting 
sources) at greater than or equal to normal source activity levels.51 Finally, in 
an effort to include source activity decline among the costs of controlling air 
pollution, the above author assumes that control costs will be added directly to 

49. R. Kohn, A Linear Programming Model for Air Pollution Control in the St. Louis 
Airshed, Ph. D. dissertation submitted to Washington University (Department of Economics), 
June 1969; and also, «Linear Programming Model for Air Pollution Control: A Pilot Study of 
the St. Louis Airshed», Journal of the Air Pollution Control Association (February 1970). 

50. R. Kohn, «Abatement Strategy and Air Quality Standards», in Development of Air 
Quality Standards, eds. A. Atkinson and R. Gaines (Columbus, Ohio: Charles E. Merrill, 1970). 

51. R. Kohn, «Application of Linear Programming to a Controversy on Air Pollution 
Control», Management Science (June 1971). 
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the prices of goods and services whose activity level generates air pollution.52 

Depending on the respective elasticities of demand, the activity levels of such 
goods and services will probably decrease. The social costs of this decrease can 
be estimated as the product of activity volume decrease times the private unit 
cost which induced the decrease (i.e., unit private cost of abatement). These 
costs should be added to financial pollution-control costs, thus becoming part 
of the objective function to be minimized. Including this approach in a general 
equilibrium analysis framework, Kohn states: 

The lack of interest in a linear programming model for air pollution 
control is unfortunate. Such a model could be useful for planning 
regulatory strategy at the airshed level. Of course, such a model as
sumes that pollution control within an airshed is the responsibility of a 
single agency, whereas this is not often the case. However, such a 
model could be a cooperative project of the separate agencies in the 
same airshed.53 

An extensive study prepared for the U.S. EPA recommends the use of 
linear programming as an appropriate methodology of strategy evaluation using 
methods similar to those presented by Kohn with an emphasis on his original 
model.54,55 The assessment of required emission reductions is calibrated with 
the assistance of source-receptor relationships estimated via the diffusion for
mula. Figure 6 summarizes the related flow diagram. 

In a sophisticated computer simulation analysis, W. Mikolowsky, J. 
Bigelow, B. Goeller and J. Ives, attempting to address air quality management 
policies in San Diego, California, provide the premises of a methodology that 
may be applied in any airshed.56 Figure 7 presents the interaction and data 
flows of this simulation. Fixed source analysis evaluates the cost-effectiveness 
of stationary source controls. Similarly, the Motor Vehicle Emission and Cost 

52. K. Kohn, A Linear Programming Model for Air Pollution Control (Cambridge: MIT 
Press, 1978). 

53. Ibid., p. 209. 
54. T.R.W./Transportation and Environmental Operations, Assessing the Economic Impact 

of Air Pollution Control: The Design and Development of a Methodology for Evaluating Least-
Cost Air Pollution Control Stategies, S.N. 95185.000, Rl., vol. 1 (February 22, 1974). 

55. Dr. R. Kohn was one of TRW's principal consultants. 
56. W. Mikolowsky et al., A Trade-Off Model for Selecting and Evaluating Regional Air 

Quality Control Strategies, Office of Environmental Management, Environmental Development 
Agency (County of San Diego, December 1973). 
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(MOVEC) model evaluates the cost-effectiveness of in-use Light Duty Motor 
Vehicle (LDMV) controls. The bus system model estimates the annual costs of 
providing a particular quantitative or qualitative service to a region. The trans
portation model evaluates the costs and effects of transportation management 
strategies (such as improved bus service, etc.); it becomes a subroutine to the 
overall computer program. The air quality model determines the percentage 
reduction in base year emissions required to meet each air quality standard. 
Finally, the Larsen model estimates how air quality varies between different 
parts of the region regarding all pollutants in consideration. 

The major shortcoming of methodologies using empirical relationships in 
deriving estimates of emission reductions or tolerable levels of emission loads is 
the abandonment of locational sensitivity criteria. Inclusion of all types of 
sources does overcome the issue of possible alternative economic optima but 
overlooks the specific treatment requirements between inert and reactive sub
stances. Various other issues may be raised. In general, any simulation 
methodology of this sort will only be a close or distant approximation of the 
real problem dimensions. 

Methodologies using meteorological models are probably more reliable and 
consistent, their only disadvantage arising from insufficiencies of the constraint-
set; for instance, TRW's 1974 model, while incorporating a resource-supply 
bound, allows a reshuffling in control activities by not including a constraint 
which would permit smooth activity flows in an airshed. 
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CHAPTER III 

ANALYTICAL-DESCRIPTIVE ASSESSMENT OF THE GAA 

This chapter presents a descriptive characterization of the GAA accom
panied by reference provisions for Los Angeles (LA) County (portion under 
the South Coast Air Quality Management District), California — on the basis 
of the information which was made available. 

The purpose of the presentation is twofold. First, detailed information on 
the study area and resource features are of crucial importance to resource 
policy and management considerations. Secondly, the compiled data are essen
tial for setting up a qu|ntitative analysis framework. The LA County has been 
selected as the reference area due to its close similarity with the GAA. Recent
ly, in Athens, this similarity has been extensively publicized by the media and 
environmental groups — their conclusions based solely on the mere presence of 
smog in both airsheds. 

At the outset, a brief general background of the GAA is furnished. Section 
1 deals with topographic and meteorological features of the GAA and the LA 
County. Section 2 provides an inclusive analysis of sources contributing to 
GAA's air pollution magnitude. This analysis attempts to illuminate the in
dividual profiles of source activities and calculate the levels of the air pollutants 
being considered, notwithstanding the fact that the cited estimates are only 
provisional. Section 3 provides a selected pollutant emission inventory for the 
year of reference, given the data availability at this time. The estimates are 
systematically compared with those made by other studies as well as those for 
the LA County in the context of the aforesaid comparative assessment. Section 
4 discusses GAA's and LA's air quality management status and the public's 
opposition to air pollution. Finally, section 5 presents a brief evaluation of 
Athens' legislative and organizational structure designated to maintain air 
quality. 

The major points presented in this chapter are as follows: 
a. So far, regarding at least research on air pollution, GAA's boundaries have 

not been defined uniquely. 
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b. Many close similarities are shared by the GAA and the LA County, 
regarding topography, meteorology, and air pollution sources. Overall, the 
GAA as defined in this study shows higher automobile/unit area as well as 
specific pollutant/unit area ratios. 

c. Emission inventories compiled for the GAA have not inclusively — for un
clear reasons — assessed all polluting activities, in contrast to those com
piled by experienced management agencies. This study suggests that the 
(conservatively estimated) annual HC emissions from gasoline marketing 
operations and dry-cleaning activities in the GAA are approximately one-
fourth of what automobile HC account for. Also, the GAA authorities are 
overestimating automobile NOx emissions. 

d. The GAA legislative and organizational framework designated to improve, 
air quality is vague and ineffective. 

GENERAL BACKGROUND 

The Greater Athens Area is located in the Attiki peninsula of central 
Greece. The specific area it covers, nevertheless, has been defined in various 
ways. Some government officials view it as the area comprising the whole 
peninsula and the nearby islands. In this way the land area coverage is 
somewhat less than two percent of the nation's 132,000 km2. The 1973 
Statistical Yearbook of Greece presents it as a 433 km2 while the 1978 Year
book as a 428 km2 area. A technical internal report compiled by the En
vironmental Pollution Control Project (EPCP) in Athens, although not placing 
specific boundaries, includes Aspropyrgos and Elefsina — which are located 
behind Mount Aegaleo — among the polluted areas.1 In this study, the GAA 
will be considered as a 550 km2 area including the sources behind Mount 
Aegaleo. This choice is supported by the fact that in most air pollution related 
reports, these two localities receive equal attention and also by the fact that 
their location is only a few kilometers from the heavily populated areas. It is 
believed that the additional 120 km2 area allowance is sufficient to give the 
GAA a favorable outlook. One could disregard its Northeastern parts (Kifissia, 
etc.), which are not affected by pollution as much, and still consider it as a 433 
km2 area. According to the 1971 Population Census, which was the latest 
available, the GAA population was 2,540,241. Projected estimates would safely 
raise this figure to 3,200,000 in 1975 and 3,800,000 in 1980. 

1. Environmental Pollution Control Project (EPCP), «Wastes from Industry and Air Emis
sions from Space-Heating for the Greater Athens Area» (Athens, 1977). 
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1. Topography and Meteorology 

In this section, topographic and meteorological features for the GAA and 
the LA County are briefly presented and discussed. 

1.1. The GAA 

As already noted the area is heavily urbanized; the two largest 
municipalities of Athens and Piraeus lie in the roughly triangular Athens basin. 
Except for its Southern part, which is surrounded by the Saronikos gulf, the 
rest of the area is «encircled» by hills — east by Ymittos (1026 m), northeast by 
Pendeli (1109 m), northwest by Parnetha (1413 m), with Mount Aegaleo (468 
m) sitting in the west. A range of low hills with a northeast to southwest direc
tion contains Tourkovounia (338 m), Likavitos (277 m), Akropolis (156 m), 
Nymphae (107 m), Straefe and Arditos (133 m). 

Two rivers flow through the area to the Saronikos gulf. The Port of Piraeus 
lies southwest of the city of Athens while the Hellenikon airport operates in its 
southeast. 

Focusing on the urbanized sections, residential and commercial buildings 
are compact, the extreme case being the downtown areas which are 
characterized by tall buildings and relatively narrow streets, acting as canyons 
and trapping air pollutants. 

Approximately for eight months in the year the climate remains hot, with a 
relative humidity of about 50 percent in July and an average maximum 
temperature of 31°C in August. The most rainy months are December through 
March, driving the yearly average rainfall to only 500 mm. 

Overall, the weather in the area may be described as follows: during winter 
time the weather is not cold, although sometimes there appear scattered snow
falls on the mountains and cold spells pass through. Very often in the middle of 
the season weak anticyclones produce clear conditions while North-African dry 
winds bring warm fair weather. Although in the spring scattered light rain and 
thin clouds do appear, generally the weather is fair with frequent but weak an
ticyclones. Summer months almost always are very hot. In the autumn weak 
depressions occasionally produce good weather, called «late summer». 

Two important pollution-related characteristics of the atmosphere in any 
airshed are the horizontal movement of the air mass (winds) and the vertical 
motion (turbulent mixing). These two determine the ventilation potential in the 
airshed. In the GAA, wind direction in the spring is from the South-Southwest 
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quadrant and for the rest of the year from the North. The lowest wind values 
occur during the summer resulting in a higher frequency of calm days and 
stagnant air. Vertical ventilation of the airshed is often blocked by the presence 
of temperature inversions aloft. 

Table 2 shows the occurrence of such meteorological phenomena for which 
no additional qualitative data were available. 

TABLE 2 

FREQUENCY OF TEMPERATURE INVERSIONS IN THE G A A, 1961-65* 

Height of Inversion (m) Average Occurrence (times/year) 

0 - 50 142 
51 - 250 3 

2 5 1 - 500 21 
501 - 750 23 
751-1,000 26 

1,001 - 1,500 75 
1,501-2,000 112 
2,001 - 3,000 208 

* Courtesy of EPCP. 

In addition, ground based inversions influence the movement of GAA's pol
luted air masses as indicated in an EPCP report.2 Specifically, advection inver
sions transport the pollutant mass airborne above the sea onto the land area.3 

In conclusion, since capping and advecting inversions occur at altitudes far 
below the crest of the hills surrounding the Athens basin, gaseous pollutants 
and aerosols can concentrate in the limited mixing layer overlying the city. 
Figure 8 presents a map of the GAA as defined by the NSSG while Figure 9 
specifies areas of various activities. 

1.2. The LA County 

Los Angeles lies in the southeast part of California bordering with the 

2. G. Ziros, «High Pollution Values in Drapetsona», EPCP Internal Report (Athens, 1977). 
3. Cool air masses advect underneath warm air masses, direction being determined by the 

time of day; before sunset, as opposed to dawn, the land is warmer than the water. 
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FIGURE 8 

National Capital Area: The GAA 

Adapted from : National Statistical Service of Greece, 1963 Issue, Copy No. 1553. 
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FIGURE 9 
Activity map of the GAA 

Source: «Critique of the GAA's Current Structure and Functioning», Social Research Review, II 
and III Quarters, Athens, 1978. 
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counties of Kern, Ventura, Orange, Riverside and San Bernardino. The county 
area which is part of the South Coast Air Quality Management District (SCA-
QMD) is 7,169 km2 with a population of 6,958,500 in 1976. The remaining 
portion of the county of about 3,369 km2 and a population of 77,390 is under 
the jurisdiction of the South Desert Air Quality Management District (SDA-
QMD). Thus, the larger and more populated portion of Los Angeles covers 
about 68 percent of the land area inhabited by 99 percent of the total county 
population. 

The region is bounded by mountains and hills: west to northwest (on the 
border with Ventura County) are the.Santa Monica (752 m) and Santa Suzana 
(335 m at Knolls, 732 m at Simi Peak) mountains; on the north side are the 
San Gabriel (3,067 m) mountains; in the southeast (on the border with Orange 
and Riverside Counties) are the Santa Ana (210 m at Anaheim) mountains; 
and finally, facing the Pacific between Redondo Beach and Long Beach, are 
the Los Palos Verdes hills (307 m). In addition, on the east side the Puente 
(158 m at Wallnut) and Chino (282 m) hills are scattered between the San 
Gabriel valley and the Santa Ana mountains. The Los Angeles and San 
Gabriel rivers flow through the area to the Pacific. The Los Angeles Inter
national Airport is relatively remote from the mountainous terrain, being 
midway between the Santa Monica mountains and the Palos Verdes hills. The 
Naval Base is operating in Long Beach. 

Los Angeles' location is to the southeast of the normal position of the 
center of the North Pacific subtropical anticyclone in the summer, and to the 
east of it in the winter. So, the dominant meteorological influences are as
sociated with the circulation around this anticyclone and the sea-land winds 
(monsoon and sea breeze).4 Especially in the summer time, circulation around 
this anticyclone leads to a persistent low-level inversion while the hills and 
mountains to the north and to the east restrict the flow of air and act as retain
ing walls for the emitted pollutants. When the inversion is low, clouds are ab
sent and the low humidity comes down near the ground. 

Thus, the condition favoring maximum accumulation of pollutants also 
favors maximum conversion of smog precursor species into eye-irritating oxi
dants. Over Los Angeles the inversion is present practically everyday during 
the warm months and frequently during the rest of the year, only occasionally 

4. J. Edinger, «Meteorology», in Combustion-Generated Air Pollution, ed. E. Starkman (New 
York: Plenum Press, 1971). 
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being wiped out by solar heat during the day. Table 3 shows mean inversion 
conditions at Long Beach during a three-year period. 

TABLE 3 
MEAN INVERSION CONDITIONS AT LONG BEACH (1948-50) 

May 
June 
July 
August 
September 
October 
November 

H(m) 

560 
525 
358 
362 
345 
303 
101 

Base 

T(°C) 

11.9 
13.0 
16.2 
15.0 
14.4 
13.3 
12.6 

H(m) 

1,043 
1,162 

918 
924. 
814 
768 
547 

Top 
T(°C) 

16.9 
19.2 
22.9 
23.3 
22.4 
20.0 
19.1 

% of Time 
With Inversion 

100 
91 
100 
98 
97 
86 
77 

Source: Meteorology of the Los Angeles Basin, Air Pollution Foundation, Report No. 1, Los 
Angeles, April 1954. 

For the period of 1950-74, winter inversions occurred on 70 percent of the 
days and at the surface, while summer inversions occurred almost everyday, 90 
percent of the time below 762 m and 50 percent of the time below 365 m.5 

In addition to the subtropical inversion, ground-based inversions occur due 
to nocturnal cooling. Winds from the north and east must cross the high moun
tain ridges and usually arrive at Los Angeles with high temperature and low 
humidity as a result of the descent. The normal surface wind, in the summer, is 
southwest or west, representing the tendency of the air to flow from the high 
pressure over the ocean to the thermal low over the land area. In winter, the 
winds are a little stronger and more variable, with normal pattern frequently 
disturbed by front and storm passages. The normal wind pattern in winter is 
moderate flow from the continent to the ocean, with the diurnal effect produc
ing light winds from the ocean for a few hours during the day and increasing 
the outflow from the continent at night. Particularly in the warm months, but 
also during the rest of the year, the opposition of diurnal and seasonal winds 
results in longer periods of stagnation of the air above Los Angeles. Figure 10 
shows Los Angeles' topographic features. 

5. Personal communication with Mr. G. Wyler, South Coast Air Quality Management 
District (SCAQMD) official. 
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FIGURE 10 

The Log Angeles County 

Adapted from: U.S. Department of Commerce, LA County: Industrial Development Map, 
(Western Map Company, 1969). 
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1.3. Synthesis 

As shown in the sections above, there are many close similarities between 
the GAA and the LA topographic features. Regarding meteorological condi
tions, qualitative and quantitative studies are needed before any conclusion on 
the similarities is reached. The types of inversions occurring in the two areas, 
however, do not seem to be that distant. 

One important feature which has not been mentioned thus far is solar 
radiation. The role of solar radiation in the photochemical reactions which 
produce eye-irritating oxidants in Los Angeles gives it an added importance, as 
the source of the heat which creates a convective mixing of the air below the 
inversion causes the sea breeze and raises the inversion height at locations suf
ficiently distant from the coast. Solar radiation is plentiful in Athens. 

Finally, there is a need for complete monitoring, laboratory and eye-
irritation studies in order to assess the degree of similarity between the two 
areas. In the sections to follow, additional comparative data are presented. 

2. Sources Contributing to Air Pollution 

2.1. Analysis of sources by group 

A variety of point, area wide, and line sources, contributes to GAA's air 
quality deterioration. It consists of industrial activity, power generation, space 
heating, vehicle activity, airport and harbor traffic, gasoline marketing and dry 
cleaning. A general overview of these sources is as follows. 

2.1.1. Industrial activity 

Within the past two decades, Athens has experienced a huge increase in in
dustrial expansion which proved to be one of the most significant groups of air 
pollutant emission sources in the area. A brief look at the GAA and the LA 
County manufactures is as in Tables 4 and 5. 

With reference to Table 5, all percentages provided for the GAA, on the 
one hand, would be raised had small-scale manufactures (which are Tiighly con
centrated in Athens) been included. Simultaneously, inclusion of sources 
located in Aspropyrgos and Elefsina would further increase estimates for the 
chemical, oil, metallurgical and stone, clay and glass products manufactures. 
On the other hand, the attempt to avoid repetition by regrouping the LA 
County manufactures under the NSSG industrial coding system may have led 
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TABLE 5 
PERCENT DISTRIBUTION* OF THE GAA AND THE LA 

COUNTY MANUFACTURES, 1975 

SIC, Manufacturing Group** GAA as % LA County as % 
of Total Greece + of Total California + 

20, 
21, 
22, 
23, 
24, 
25, 
26, 
27, 
28, 
29, 
30, 
31, 
32, 
33, 
34, 
35, 
36, 
37, 
38, 
39, 

Food Preparation 
Beverages 
Tobacco 
Textiles 
Footwear and Apparel 
Wood and Cork 
Furniture and Fixtures 
Paper Manufacturing 
Printing and Publishing 
Leather and Fur Products 
Rubber and Plastics 
Chemicals 
Petroleum and Coal Refining 
Stone, Clay and Glass Products 
Basic Metals 
Fabricated Metal Products 
Machinery, Except Electrical 
Electrical Machinery 
Transportation Equipment 
Miscellaneous Industries 

25 
44 
35 
49 
54 
27 
57 
54 
88 
36 
61 
58 
23 
28 
17 
46 
50 
64 
64 
63 

33 
lumped unde 

75 
80 
75 
20 
71 
39 
46 
77 
56 
49 
55 
39 
47 
57 
45 
39 
62 
58 

Adapted from: NSSG, Annual Industrial Survey for the Year J 975, Athens, 1980; and, Depart
ment of Commerce, Bureau of the Census, County Business Patterns, 1975. 

* Derived on the basis of all employees' coefficients per group. 
** Standard industrial classification by SIC code as defined by the NSSG. 
Large-scale manufactures only. 

ÎA11 manufactures. 

to some minor discrepancies in the estimates; for instance, footwear are in
cluded in SIC 29 rather than in SIC 24. 

The majority of industrial air pollution emissions in the GAA are due to 
fuel combustion. However, activity mainly in the chemical, metallurgical, oil 
and stone, clay and glass products manufactures is responsible for a significant 
contribution by process-type emissions. 

Using data from an EPCP technical report, Table 6 outlines significant 
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TABLE 6 

SIGNIFICANT LOCATIONAL EMISSIONS IN THE GAA, 1974-75 (tons) 

Locality 

Aegaleo 
Aspropyrgos 
Drapetsona 
Elefsina 
Moschato 
Neo Faliro 
Rendis 
Votanikos 

S02 

730 
15,725 
11,311 
7,059 

645 
1,173 

840 
7,086 

Particulates 

143 
502 

1,123 
2,088 

30 
439 
156 
256 

HC 

4 
1,497 

NA 
2,553 

4 
6 

77 
47 

NO x 

100 
2,265 
1,618 

796 
105 
140 
116 
896 

Adapted from: EPCP, «Wastes from Industry and Air Emissions from Space-Heating for the 
GAA», Athens, 1977. 

Note: Selection criterion used is a minimal load of 500 tons of S02 per year. 

NA: not available. 

locational emissions from surveyed plants which utilized about 76 percent of 
the total industrial residual oil consumption in the area during 1974-75. 

2.1.2. Power generation 

Electricity demand in the GAA is partially met by the Keratsini power 
plant which is closely located northwest of the Piraeus harbor. The total 
electricity consumption by domestic, commercial, industrial and agricultural 
consumers, as well as government and municipal services and street lighting in 
the area, was 4,943,566 X 103 kwh in 1975.6 From this, 1,849,571 X 103 kwh 
were supplied by the plant.7 The plant consists of four units, two of which are 
supported by three boilers totaling 120 MW capacity. The other two units are 
supported by one boiler each amounting to 150 and 200 MW capacity respec
tively. It is operated on residual fuel oil of grade 6. Fuel consumption from 
1975 to 1979 rose by about 20 percent resulting in an increase in its electricity 
production of about 12 percent only. This may be attributed either to equip-

6. National Statistical Service of Greece (NSSG), Annual Industrial Survey for the Year 
1975 (Athens, 1980). 

7. Courtesy of Mr. Metaxas, Keratsini Power plant engineer. 
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ment aging and malfunctioning or to an occasional use of dirty low BTU liquid 
fuels. 

It is worth noting that whereas the plant S02 emissions in 1975 are es
timated here to be 32,250 tons, another study cites S02 emissions from 
electricity generation in the GAA to be 117,125 tons for the same year.8 This 
is due to the fact that the larger industries do not purchase electricity from the 
plant but they operate their own, on site facilities.9 

2.1.3. Space heating 

In the more densely populated sections of the GAA, space heating furnace 
capacity ranges between 100,000—300,000 kcal/h operating for relatively short 
periods (six months a year, seven hours a day). Usually the hours of furnace 
operation occur simultaneously with peak rush hours of the traffic. Space 
heating systems, in common, are equipped with an automatic timer which 
starts the furnace a few times a day independently of indoor or outdoor 
temperatures. Newer buildings use more advanced heating operations, where 
the timer activates the heating system using the building and ambient 
temperatures as control variables of its function. In their greater majority, these 
systems are operated on liquid fuels rather than other energy sources. Califor
nia's space-heating systems are mostly gas operated. 

Although space-heating was previously only a seasonal problem in Athens, 
the expanding use of air conditioning systems tends to make it a year-round 
phenomenon. 

2.1.4. Vehicular activity 

In presenting the profile of GAA vehicles, the tables to follow show: vehicle 
types, automobile origin, age distribution, and engine displacement. 

Specifically, Table 7 indicates the distribution of automobiles per thousand 
people and the unit area (km2), while Table 8 provides a comparative presenta
tion of vehicles operating in the GAA and the LA County. Over sixty percent 
of the city buses and automobiles in total Greece are operating in the Athens 

8. D. Plessas, The Social Costs of Air Pollution in the Greater Athens Region, Center of 
Planning and Economic Research (KEPE) (Athens, 1980). 

9. Personal communication with Mr. D. Plessas, University of Michigan Associate Professor, 
School of Public Health. 
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550 
3,200,000 

85 
493 

7,169 
7,035,890 

475* 
465·* 

area — most of which are vintage and inappropriately maintained, thus emitting 
excessive amounts of air emissions. 

TABLE 7 
AUTOMOBILES IN THE GAA AND THE LA COUNTY, 1975 

Feature GAA LA 

km2 

Population 
Autos/1,000 people 
Autos/km2 

Adapted from: NSSG, Transportation and Communications Statistics, Athens, 1979; and, 
California Air Resources Board (CARB), Technical Services Division, «Emission Inventory — 
1976», Sept. 1979. 

*1976 estimates for total county: adapted from data courtesy of CARB, Motor Vehicle 
Emissions and Projections Section. 

** 1976 automobile population over the LA (part of SCAQMD) area. 

While one-third of the passenger cars are more than eight years old, among 
the vehicles which are registered every year used ones, not in circulation 
previously, are included. Of all passenger cars registered in 1975, slightly more 
than 18 percent were used imports.10 

The flow of traffic in the downtown Athens area is of the stop-and-go type 
so vehicles are mostly idling and decelerating, thus emitting the most significant 
portion of the hydrocarbon load in the airshed; during peak hours the average 
traffic speed recorded is between 14-19 km per hour.11 This is intensified by the 
fact that the automobile service industry which is unsatisfactorily manpowered 
has to deal with a highly diversified car population, and almost always focuses 
on car performance rather than engine emission related adjustments. Auto
mobiles themselves are not sufficiently maintained by their owners. 

Regarding oxides of nitrogen, the GAA automobiles should not, probably, 
be overcharged as potential emitters; whereas one would have to take into ac-

10. NSSG, Transportation and Communications Statistics (Athens, 1979). 
ll.J. Thomson, «Methods of Traffic Limitation in Urban Areas», in The Automobile and the 

Environment, ed. R. Gakenheimer (Cambridge: MIT Press, 1978). 
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count the high ambient temperatures under which they are running — especially 
in the summer time — the net effect would favor HC emission increases (due to 
high evaporation) rather than NOx. 

Tables 9 and 10 show passenger cars by age and engine capacity in the 
GAA and the LA County. Also, Table 11 shows the GAA automobile origin 
by manufacturer. 

TABLE 9 

PASSENGER CARS IN THE GAA AND THE LA COUNTY BY AGE, 
END OF 1975 

~Number of Cars* Percent of Total 

Age (Years) GAA LA GAA LA 

<1 
1 
2 
3 
4 
5 
6 
7 
8-9 

10 and Over 

37,197 
21,121 
25,462 
22,903 
23,489 
20,179 
16,041 
16,102 
26,451 
62,326 

482,460 
452,306 
422,153 
361,846 
301,538 
241,230 
180,922 
150,769 
180,922 
241,230 

14 
8 
9 
8 
9 
7 
6 
6 
10 
23 

16 
15 
14 
12 
10 
8 
6 
5 
6 
8 

Adapted from: NSSG, Transportation and Communications Statistics, Athens, 1979; and, 
CARB, Technical Services Division, Procedure and Basis for Estimating On-Road Motor 
Vehicle Emissions, Supplement 2, June 1981; and, data courtesy of Mr. E. Yotter, CARB, 
Emission Inventory Branch, Motor Vehicle Emissions and Projections Section. 

* Age distribution in the GAA and in the LA County assumed identical to those in total 
Greece and total California. 

- 8 9 -



TABLE 10 

PASSENGER CARS BY ENGINE DISPLACEMENT IN THE GAA 
AND THE LA COUNTY, 1975 

Engine Displacement Range* ~Number of C ars * * Percent of Total 

CID 

<50 
>50 <140 

>140 <200 
>200 <250 
>250 <300 
>300 <350 
>350 

CC 

<800 
>800 < 2,300 

>2,30O <3,300 
> 3,300 <4,000 
>4,000< 5,000 
>5,000 <6,200 
> 6,200 

CLASS 

A 
Β 
C 
D 
E 
F 

GAA 

9,463 
255,450 

4,750 
329 
140 
205 
934 

LA 

NA 
925,720 
159,815 
244,246 
497,537 
452,306 
735,752 

GAA 

3.50 
94.20 

1.70 
0.12 
0.05 
0.08 
0.35 

LA + 

30.7 
5.3 
8.1 

16.5 
15.0 
24.4 

Adapted from: NSSG, Transportation and Communications Statistics, Athens, 1979. 

* Displacement classes are as specified in: CARB, California Oxides of Nitrogen Control Device 
Test Procedures for Used 1966-70 Model Year Motor Vehicles Under 6001 GVW, Nov. 1971. 

** Distribution of CID among GAA and LA cars assumed identical to those in total Greece and 
total California. 

LA estimates adapted from data courtesy of CARB, Motor Vehicle Emissions and Projections 
Section. 

NA: not available. 

2.1.5. Hellenikon airport traffic 

The Athens airport consists of the western terminal which services domestic 
air traffic and the eastern terminal which is used by international airlines. July, 
August and September are the busiest months of operation. For the year 1975, 
the completed landing-take off cycles by the various types of aircrafts are seen 
in Table 12. 
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TABLE 11 

PASSENGER CARS IN GAA BY MANUFACTURER, 
END OF 1975 

Manufacturer ^Number of Cars* % of Total 

Alfa Romeo 
Austin and Morris 
Auto-Union 
BMW 
Citroen 
Datsun 
Fiat 
English Ford 
Lada 
Lancia 
Mercedes 
Opel 
Peugeot 
Renault 
Seat 
Simca 
Skoda 
Toyota 
Volkswagen 
Dacia 
Hillman 
N.S.U. 
Sunbeam 
Vauxhall 
Volvo 
Zastava 
All Others 

4,029 
9,875 
6,352 
5,144 
7,326 
7,905 

37.039 
26,863 

5,422 
4,212 
9,408 

27,873 
10,621 
8,538 
7,123 
6,203 
5,171 
8,820 

20,568 
2,799 
2,066 
2,822 
2,492 
2,580 
2,269 
3,587 

34,164 

1.5 
3.6 
2.3 
1.9 
2.7 
2.9 

13.7 
9.9 
2.0 
1.6 
3.5 

10.3 
3.9 
3.1 
2.6 
2.3 
1.9 
3.3 
7.6 
1.0 
0.8 
1.0 
0.9 
1.0 
0.8 
1.3 

12.6 

Adapted from: NSSG, Transportation and Communications Statistics, 
Athens, 1979. 

* Distribution of car origin in the GAA assumed identical to that in total 
Greece. 
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TABLE 12 

LANDING-TAKE OFF CYCLES BY AIRCRAFT TYPE, 1975 
(HELLENIKON AIRPORT) 

Type of Aircraft 

Boeing 707 
Boeing 720 
Boeing 727 
Boeing 737 
Boeing 747 
DC-8 
DC-10 
YS-11A 
Others 

Total 

% Distribution 

14.0 
10.7 
19.7 
12.2 
3.6 

10.2 
7.8 
2.8 

19.0 

100.0 

~ Number of Completed* 
Landing-Take Offs 

5,941 
4,541 
8,360 
5,177 
1,529 
4,328 
3,310 
1,188 
8,062 

42,436 

Adapted from: Hellenic Ministry of Transportation, Civil Aviation Authority (CAA), Air 
Traffic Statistics, Athens, 1977. 

* Number of landing-take offs = Total number of cycles times percent distribution. 

So far, compilation of an aircraft emissions inventory has not been made. 
This is due to the absence of related provisions by the International Civil Avia
tion Code.12 However, aiming at providing a more inclusive description of all 
sources in the area, Table 13 contains preliminary GAA estimates and 1976 
figures for the LA County (portion of the SCAQMD). 

TABLE 13 

AIRCRAFT EMISSIONS IN THE GAA* AND THE LA COUNTY** 

Type of 
Air Traffic 

Commercial 
Military 
General 

GAA 

65 
NA 
NA 

SO 2 

LA 

365 
neg 
474 

Particulates 

GAA 

42 
NA 
NA 

LA 

2,993 
neg 
328 

GAA 

866 
NA 
NA 

HC 

LA 

4,635 
73 

2,518 

NOx 

GAA LA 

602 4,489 
NA 36 
NA 146 

* Based on: Compilation of Air Pollutant Emission Factors, EPA, AP-42, March 1975. 
**CARB, Technical Services Division, «Emission Inventory 1976», Sept. 1979. 
NA: not available, 
neg: negligible (less than 0.05 tons/day). 

12. Personal communication with Mr. Charalambakis, Head of the Environmental Office, 
Civil Aviation Authority, (Athens). 
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2.1.6. Harbor traffic 

The harbor of Piraeus hosts large numbers of domestic and foreign sea ves
sels, being one of the busiest Mediterranean ports. Among port activities con
tributing to air pollutant emissions are: maneuver operations during vessel 
docking and use of auxiliary generators for heating and air conditioning pur
poses. One of the important factors in this respect is the vessels length of stay 
in the harbor. Table 14 shows the 1975 harbor traffic conditions. 

TABLE 14 

PIRAEUS HARBOR TRAFFIC, 1975 

Vessel Type Number of Mean Length 
Vessels of Stay (Days) 

Foreign Cargo 
Foreign Passenger and Cruise 
Domestic Cargo 
Domestic Passenger 

Adapted from: Piraeus Harbor Organization (OLP), Piraeus, 1976; ähd, personal 
communication with Mr. Diamantopoulos, OLP Head Statistician. 

Both cargo and passenger vessels are equipped with at least two generators 
of approximately 150 HP minimum and 250 HP maximum mean capacity 
each. Fuel consumption rating is 160 grams of diesel per HP per hour.13 

Accepting a mean generator capacity of 200 HP/vessel and fuel consump
tion and length of stay as above, it is found that the amount of diesel burnt at 
this individual source is 23,940.5 tons in 1975. Applying the lowest emission 
factors on the rated output in kW, adjusted for a 0.50 percent sulfur fuel, 
preliminary estimates of emissions are given in Table 15 along with the 
equivalent LA emissions for 1976.14 

6,029 
1,159 
3,123 

13,108 

2.5 
1.5 
2.5 
.5 

13. Personal communication with Mr. Berketis, Ministry of Commercial Shipping, Vessel 
Inspection Board, (Athens). 

14. Compilation of Air Pollutant Emission Factors, EPA, AP-42 (March 1975). 
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TABLE 15 

SEA VESSEL EMISSIONS IN THE GAA AND 
THE LA COUNTY (tons)* 

Area 

GAA 

LA 

SO, 

227 

3,942 

Particulates 

28 

2,007 

HC 

55 

2,591 

NOx 

447 

4,745 

* LA figures adapted from: CARB, Technical Services Division, «Emis
sion Inventory — 1976», Sept. 1979. 

2.1.7. Gasoline marketing and dry-cleaning 

Data gathering regarding gasoline marketing operations and dry-cleaning is 
a restraining experience. Personal communication with dry-cleaning store 
owners revealed that most of the stores located in the downtown areas operate 
some of their equipment on electricity while those located in the periphery rely 
on fuel combustion. Nonetheless, emissions are related to hydrocarbon losses 
through evaporation of solvents. Petroleum based solvents are used in Athens.15 

Assuming three kilograms of clothes per capita are dry-cleaned annually in the 
GAA stores, the evaporated hydrocarbons preliminary estimate is 2,208 tons in 
1975.16 

Regarding gasoline marketing operations, the Aspropyrgos refinery 
produced 520,696 tons of gasoline from which 427,000 tons were marketed for 
vehicle consumption in 1975. A preliminary estimate of hydrocarbon emissions, 
only through evaporation and spillage during unloading tank cars and motor 
vehicle filling operations at service stations, is 1,783 tons in 1975-17 

HC emissions from petroleum-products marketing and dry-cleaning ac
tivities in Los Angeles were 31,061 and 22,812 tons respectively in 1976.18 

15. Most of the stores are using stoddard; personal communication with EPCP staff. 
16. Control Techniques for Volatile Organic Emissions from Stationary Sources, EPA 

450/2-78-022. 
17. Compilation of Air Pollutant Emission Factors, EPA, AP-42 (March 1975). 
18. California Air Resources Board (CARB), Technical Services Division, «Emission Inven

tory - 1976» (September 1979). 
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3. Fuel Consumption and Emission Inventory 

3.1. Fuel consumption 

The attempt to provide an inclusive fuel consumption profile for the GAA 
may require Herculian efforts. Table 16 summarizes fuel consumption for ma
jor polluting sources in the airshed. 

TABLE 16 

LIQUID FUEL CONSUMPTION IN THE GAA, 1975 (tons) 

Source 

Industry 
Power Generation -
Space-Heating 
Transportation 

Residual Oil 

892,869 
449,613 

94,000 

Diesel 

85,214 

349,000 
304,000 

Gasoline 

427,000 

Adapted from: EPCP, «Wastes from Industry and Air Emissions from Space-
Heating for the GAA», Athens, 1977; and, data courtesy of Mr. Metaxas, Kerat-
sini power plant engineer. 

3.2. Emission inventory 

Similar to fuel consumption, compilation of an emission inventory proves to 
be a formidable task. This is attributed to the following: nonavailability of 
precise figures on fuel consumption and the volume (in physical units) of out
put generated by the GAA large and small scale industry; the vintage combus
tion equipment (stationary and mobile); and, the assumptions made by the in
dividual analyst pertaining to emission factor application. Consequently, such 
estimates do vary across studies. The procedure selected and the assumptions 
made here, toward this end, are as follows: 

a. For industrial sources particulate emissions from fuel combustion and im
portant manufacturing processes are added together — except for cement 
plants. Combustion particulates are assessed as a function of residual oil 
sulfur content.19 Process particulates are derived on the basis of GAA in-

19. Compilation of Air Pollutant Emission Factors, (supplements 1-10), EPA, AP-42 (1980). 
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dustrial physical output — estimated through employment coefficients (large-
scale industry only). Regarding sulfur dioxide, mainly a combustion product, 
estimates are based on the assumption that 98 percent of the sulfur in oil 
will leave the stack as S02. Considering that the sulfur molecular weight is 
32 and oxygen's is 16, the emitted sulfur load is multiplied by a factor of 
two.20 Similar considerations are made for space-heating and power genera
tion. 

b. For passenger cars, HC (exhaust plus evaporative and crankcase) and NOx 

emissions are approximated with those generated by a zero km 1968-69 
model year American car.21 It was also hypothesized that 80 percent of the 
total kms run by private passenger cars are covered within the GAA. S02 

emissions are compiled on the basis of a fuel sulfur content of 0.20 percent. 
Particulate emissions (exhaust and tirewear) are extracted from EPA data.22 

c. Regarding heavy duty diesel powered vehicles, S02 and particulate emis
sions are a debatable issue. This owes to the fact that, at least, particulate 
loadings as a function of the fuel sulfur content have not been, as of yet, 
conclusively qualified/quantified; fuel desulfurization processes are expected 
to remove some of its particulate content as well. A further obscurity arises 
from the unknown rates of deposition in the engine compartments and the 
exhaust system. Allowing some degree of approximation, the existing emis
sion factors are preliminarily adjusted by a factor of 2.5 for S02 and 1.5 for 
particulate matter.23 

d. Preliminary emission estimates made for other sources are added to the in
ventory. The final figures presented are only conservative estimates of air 
pollutant levels in the airshed. 

Table 17 contains the total emission loads in the airshed estimated as well 
as the EPCP and Plessas figures. From the estimates made, vehicle NOx may 

20. A. Levy, E. Merryman, and W. Reid, «Mechanisms of Formation of Sulfur Oxides in 
Combustion», Environmental Science and Technology (August 1970). 

21. Personal communication with Mr. J. Wallace, EPA Automobile Emissions Laboratory, 
Ann Arbor, Michigan. Also: Compilation of Air Pollutant Emission Factors, Highway Mobile 
Sources, EPA, 460/3-81-005; and, CARB, Technical Services Division, Procedure and Basis for 
Estimating On-Road Motor Vehicle Emissions (January 1980). 

22. Compilation of Air Pollutant Emission Factors, (supplements 1-7), EPA, AP-42 (August 
1977). 

23. T. Baines, J. Sommers, and C. Harvey, «Heavy Duty Diesel Particulate Emission Fac
tors», Journal of the Air Pollution Control Association (June 1979). 
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still be a slightly inflated one owing to slow traffic (NOx is associated with 
higher running speeds) and also to high fuel-air ratios set by the automobile 
service industry in order to satisfy its customers. Simultaneously vehicle HC 
would approach the EPCP figures on the assumption that private automobiles' 
km coverage is 100 percent within the area. Particulate emissions from paved 
or unpaved travel are not included among the study estimates. 

Although the discrepancy of loads in industry, power generation and space-
heating are due to the type of information available in each case, it is believed 
that HC emissions from gasoline marketing and dry-cleaning activities may be 
equal to or greater than those cited in the inventory. Table 18 shows percent 
emissions for each pollutant by each source-group in the GAA and the LA 
County. 

With reference to the comparisons made in Table 18, it is first recalled that 
California operates strict standards, whereas Greece does not. Furthermore, 
regarding the individual contaminants, the following observations are made: 

a. S02: The major fossil fuel consumers in LA are electricity power plants in 
contrast to GAA's industrial plants. Space-heating emissions in Los Angeles 
are generated mostly through gas consumption; also, Los Angeles' vehicular 
S02 is increased from the contribution by heavier and higher mileage-run 
trucks as well as from the existence of diesel-operated automobiles — which 
are prohibited in Greece. 

b. Particulates: The low percentage of industrial particulates in Los Angeles is 
explained by applicable controls and the high contribution to the total by 
other sources. Vehicle emissions are probably attributed to higher speeds 
leading to faster tire wear. 

c. HC: Low HC emissions from Los Angeles' electricity power plants are ex
plained by the use of coal and existing photochemical precursor species 
regulations. This also produces the similarity of industrial HC in the two 
areas. Despite automobile emission-standards application in Los Angeles, 
vehicle emissions still remain high owing to a large vehicle population and 
the ongoing efforts for additional controls. Simultaneously, dry-cleaning 
emissions are controlled. The estimated emissions from vehicles in the GAA 
are lower bound figures. 

d. NOx: Although the LA stationary source control program has some 
success, the high contribution to total emissions by vehicles is seen in the 
higher running speeds and the existence of racing cars (hot rods). 
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4. Air Quality Statut, Management and Collective Action 

4.1. Monitoring activities, air quality statu· and modeling 

Twelve stations comprise the air pollutant monitoring network in the GAA 
airshed. Half of them are operated by the EPCP and the remaining half by the 
Athens Meteorological Institute (AMI). Table 19 summarizes the chara
cteristics of the localities where these stations are situated. 

TABLE 19 
AREA CHARACTERISTICS OF MONITORING STATION LOCATIONS 

IN THE GAA 

Station Locality Characteristics 

Voulis Commercial 
Ministry Urban — Commercial 
Amalias High Traffic 
Nea Smirni Urban 
Rendis Urban — Light Industrial 
Drapetsona Industrial 
Observatory Urban 
University Club Urban — Commercial 
Agricultural College Semi-Urban — Light Industrial 
Océanographie Institute Urban 
Tzanion Hospital Urban 
School of Nursing Urban 

Source: EPCP and AMI, «Indications for Increased S02 Pollution Forecasting in the GAA», 
Internal Report, Athens, July 1977. 

The monitoring coverage of the area is considered incomplete.24 Although 
the reliability of the reported pollutant concentrations has been challenged and 
still remains an issue, the aim here is not to touch upon it. It is worth, however, 
to outline some of the monitoring discrepancies present. 

24. Personal communication with EPCP staff revealed that the government has just ap
propriated (late summer 1981) funds of approximately forty million drachmas (S 667,000) for 
monitoring equipment purchase. 
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Both agencies monitor S02, the EPCP using the West-Gaeke or para-
rosaniline method; the AMI applies the hydrogen peroxide method.25,26 

Particulates are reported, by EPCP, as Total Suspended Particulates (TSP) and 
as smoke by the AMI. NOx is measured only by EPCP while no activity exists 
in relation to HC monitoring. 

An EPCP-AMI internal report, which examined the distribution of S02 

concentrations in the twelve monitoring stations during 393 non-summer days 
over the period of 1974-1976, cites 84 episode days — when concentrations 
were above 365 μg/m3.27 The highest episode frequency was observed at the 
University Club station. 

Simple air pollution models have occasionally been applied. An EPCP 
report cites a 496 μg/m3 estimated S02 concentration, ascribed to the Keratsini 
power plant, at a maximum distance of 3.8 km.28 The same report mentions a 
730 μg/m3 S02 concentration at an approximate distance of one km from 
Drapetsona. 

Table 20 provides a preliminary and intuitive comparison of air emissions 
between the GAA, the LA County, and the total SCAQMD. 

The relationship between pollutant concentrations and admissions and dura
tion of stay at GAA hospitals in the mid 1970s was studied through statistical 
analysis in a recent study.29 A high degree of correlation was found between 
these variables. It was deduced that a high percentage of the pulmonary and 
lung ailments were due to air pollution — resulting in significant social costs 
conservatively estimated as health costs. 

In spite of what the actual level of air quality may be in the GAA, it can 
be said that marginal improvements in S02 pollution have been realized follow
ing a series of legislative actions banning the use of heavy fuel oils for external 
combustion. A recent report of the power plant's pollution estimates S02 con-

25. Basically, pararosaniline plus mercury chloride plus aldehydes produce a purple color. 
The function of mercury chloride is to fix S02 as mercury sulfate. Pararosaniline plus aldehydes 
react with mercury sulfate to produce a purple color indicating the S02 concentration. 

26. Briefly, the idea is that when oxidizing S02, one gets sulfuric acid. Hydrogen peroxide is 
then used in the reaction S02 hydrogen peroxide H?SCv 

27. EPCP and AMI, «Indications for Increased S02 Pollution Forecasting in the GAA», 
Internal Report (Athens, July 1977). 

28. EPCP, «Preliminary Analysis and Interpretation of Air Quality Data for Athens», Inter
nal Report (April 1975). 

29. D. Plessas, Social Costs. 
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centrations in the adjacent locations to be within a range of 120-170 μ§/ηι3.30 

Also, Table 21 indicates the reduction of maximum S 0 2 concentrations 
monitored at the AMI stations during a four-year period. 

TABLE 21 

MAXIMUM S02 CONCENTRATIONS W m 3 ) 
Days/Year 

>250 <500 >500 
Station 

Observatory 
University 

Club 
Agricultural 

College 
Océanographie 

Institute 
Tzanion 

Hospital 
School of 

Nursing 

1974 

27 

59 

12 

0 

12 

28 

1975 

30 

53 

23 

0 

36 

46 

1976 

13 

20 

6 

14* 

7 

17 

1977 

6 

14 

6 

8* 

6 

11 

1974 

5 

7 

1 

0 

0 

5 

1975 

9 

17 

0 

0 

1 

14 

1976 

1 

1 

0 

0* 

0 

0 

1977 

0 

1 

0 

0* 

0 

0 

Source: AMI, Air Pollution Bulletin, Athens, 1974-1977. 
* The Océanographie Institute station was transferred to the Students' Hostel of Athens. 

The extent of air quality improvement, however, relating to the achievement 
of ambient air quality standards is not known. At the same time, frequent ex
perience of eye irritation and breathing problems indicate a serious increase in 
oxidant formation which is supported by meteorological phenomena and 
topographical features. Application of models simulating photochemical air pol
lution is in its infancy or nonexistent. 

4.2. The legislative and organizational framework in Athens 

According to Article 24, paragraph 1, of the Greek Constitution, it is an 
obligation of the government to protect the environment. 

30. D. Lalas, B. Katsoulis, and M. Petrakis, Report-Study on the Keratsini Air Pollution, 
compiled for the State Electric Co. (ΔΕΗ), (Athens, 1979). 
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4.2.1. The legislative framework 

Legislative action toward controlling air pollution in Greece never took the 
form of a Clean Air Act, primarily due to the complexity of the issue, the 
selected approach of managing air quality on a short-term basis which involved 
various government agencies, and finally, the rapid increases in air quality 
deterioration over time which left small room for adequate preparation in the 
related fields — technical, sanitary, and managerial. 

Early in 1979 the Ministry of Industry prepared a draft of an Environmen
tal Quality Act which the Greek Parliament failed to pass.31 The existing 
legislation may be classified into stationary source, mobile source, and other. 
Attention is focused on the important and/or more recent developments. 

a. Stationary sources: 

i. Law ΔΚΣΤ/1912. Refers to the conditions for establishing new industrial 
plants and is still used by the Ministry of Industry. Article 22, on boiler instal
lation, maintains that the stack's height should be adequate to allow complete 
combustion of the fuel used. Its relative height above the roofs of houses within 
a 30 m radius should be at least 10 m.32 

ii. Ministerial Sanitary Order, No. Γιγ/6001. Promulgated by the Ministry 
of Social Services, this order amends and completes certain sections of the 
Sanitary Code. According to article 1, sections 1-5, all private homes, labs, 
stores and plants using fossil fuel for space-heating should be equipped with 
collection devices to reduce smoke and dust emissions.33 

iii. Ministerial Interpretive Document, Draft No. 7707. Submitted by the 
Ministry of Social Services, this document clarifies that simple installation of 
smoke retention devices does not fulfill the spirit of sanitary order Γιγ/6001, 
neither is it compulsory. Owners and tenants of houses, etc., should make 
every possible effort to reduce smoke emissions and while the sanitary services 
of the Ministry cannot interfere with the technical details of the various installa
tions, they are to carry out their duties forcing the responsible individuals to 
adopt effective measures. If such measures are not pursued, the Ministry of In-

31. «The New Environmental Quality Act Has Been Drafted», EXPRESS (newspaper) 

(Athens, January 28, 1979). 

32. K. Chimos, The Greek Legislation On Industry, (Athens, 1962). 

33. Greek Government Legislative Records (ΦΕΚ), 360/B, (May 19, 1967). 
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dustry is to be informed for technical inspection. At this stage, if the responsi
ble party does not comply they will be prosecuted according to the Penal 
Code.34 

iv. Cabinet Order No. 166. According to this, the following provisions are 
made. Residual oil furnace installation for space-heating purposes in new 
buildings, designated to be used either as private residences or office and com
mercial premises, is prohibited. Diesel operated furnaces cannot be modified to 
burn residual oil. Individuals responsible for the maintenance of buildings ir
respective of their usage are obligated to also maintain space-heating furnaces. 
The Minister of Industry is granted authority to surveil compliance with the 
above.35 

v. Cabinet Order No. 11. This order specifies a certain area of the City of 
Athens wherein use of residual oil for space heating is prohibited. It also 
prohibits residual oil with sulfur content greater than 1.0 percent by weight as 
an input to industrial activity in the specified area.36 

vi. Ministerial Order No. A5/3838. This order prohibits the use of residual 
oil for space heating purposes in private homes, public or private premises, 
hotels, and hospitals. All types of spaces heated with such fuel are to modify 
their furnaces to burn diesel commencing on Oct-1-1978.37 

vii. Presidential Decree No. 922. The decree prohibits the use of residual oil 
for furnaces of all purposes installed in the various types of buildings located in 
the counties of Attiki and Thessaloniki. Residual- oil is allowed only for in
dustrial activities. Installation of furnaces burning residual oil are once again 
outlawed across the entire country and the furnace modification date is 
precipitated as of Nov-1-1977. Penalties for violation of the decree ruling are 
fines of drachmas 1,000-5,000 upon first offense and drachmas 10,000-20,000 
upon second offense.38 

viii. At the time of this study (late June 1981), the government announced 
mandatory use of one percent sulfur fuel oil for industrial combustion, and also 
shut down the Keratsini power plant.39 

34. Ministry of Social Services (November 28, 1969). 
35. ΦΕΚ, 220/A (October 6, 1975). 
36. ΦΕΚ, 252/A (September 11, 1976). 
37. ΦΕΚ, 1458/B (December 30, 1976). 
38. ΦΕΚ, 315/A (October 14, 1977). 
39. ΦΕΚ, 360/B (May 19, 1967). 
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b. Mobile sources: 

i. Ministerial Sanitary Order No. Γιγ/6001. Article 1, paragraph 6 of this 
order reads: «Emissions of smoke and odors by diesel operated vehicles run
ning inside cities or villages are prohibited».40 

ii. Ministerial Document S. No. 7157/72. The interesting feature of this 
document, submitted by the Ministry of Transportation, is that emissions of 
CO from gasoline powered vehicles are restricted to seven percent by volume.41 

iii. Law 614. Introduces the concept of good engine maintenance and ap
propriate driving styles in order to reduce harmful substances emitted from 
cars. This is a personal responsibility of the driver. Violators of Law 614 are 
subject to prosecution and imprisonment of up to three months.42 

iv. Law 894. Amending Law 614 above, Law 894 states in Article 15: 
It is prohibited to drive any vehicle which emits substances harmful to 
human health and the environment. Acceptable emission limits for 
such substances are set through combined ministerial orders by the 
Ministries of Social Services and Transportation.43 

Penalties for violation of Law 894 are up to three months' imprisonment for 
those who are found in negligence and six months for deliberate offenders. 

v. Joint Ministerial Order No 6565/81. Submitted by the Ministries of 
Transportation and Social Services, this order stipulates a maximum of five 
percent CO emission by gasoline operated vehicles.44 

c. Other legislative provisions: 

This category includes pieces of legislation referring to sampling and inspec
tion procedures and episode control. 

i. Ministerial Document S. No. ΓΑ/2116. The Ministry of Social Services 
adopts the Ringelmann chart for stack sampling of space-heating systems.43 

ii. Joint Ministerial Document No. 14350/325/82. Submitted by the 
Ministries of Transportation and Social Services, this document describes the 

40. Ministry of Transportation (March 1, 1972). 

41. Personal communication with EPCP staff. 

42. ΦΕΚ, 167/A (June 16, 1977). 

43. ΦΕΚ, 89/A (April 30, 1979). 

44. ΦΕΚ, 148/B (1981). 

45. Ministry of Social Services (December 15, 1973). 
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use of an inspection device to determine smoke measurements for diesel 
"operated vehicles.46 

iii. Ministerial Document S. No. 7157/72. Tests for CO measurement are 
performed at roadside with the engine running at 1500-2000 rpm. In the 
absence of an rpm meter, the inspection officer touches the gas pedal gently. If 
upon first inspection the CO concentration is found to be over the limit the 
driver's license and plates are revoked.47 

iv. Ministerial Order No. 49073. To ensure compliance with the ordinances 
prescribed for space-heating furnace maintenance, the order provides that the 
inspection patrols include two technicians from the Ministry of Industry and 
one police officer.48 

v. Ministerial Order No. 42839/1110. Maximum smoke measurement at in
dustrial plant stacks is defined as the Ringelmann 1 and it should not exceed 
the Ringelmann 2 for more than four minutes.49 

vi. Ministerial Order No. A5/2911. Under severe meteorological conditions, 
residual oil combustion in industrial plants may be prohibited in order to 
protect human health and the environment.50 

4.2.2. The organizational framework 

Responsibility for air quality maintenance lies with a number of government 
agencies. The recently established Ministry of Urban Planning, Housing, and 
Environment failed to assume centralized responsibility for environmental pollu
tion control. Table 22 presents the general organizational framework for air 
quality management in the area. 

4.2.3. Environmental groups 

Air quality degradation in the GAA has inevitably produced massive objec
tions by the Athenian public. Strikes and rallies against inefficient government 
action have often been called by a number of unions and associations, such as, 
the Panhellenic Union of Biologists, the Panhellenic Medical Association, and 

46. ΦΕΚ, vol. 2 (April 21, 1981), pp. 2483-2485. 

47. Ministry of Transportation (March 1, 1972). 

48. ΦΕΚ, 1162/B (October 14, 1975). 

49. ΦΕΚ, 731/B (July 6, 1979). 

50. ΦΕΚ, 965/B (September 8, 1977). 
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TABLE 22 
AIR QUALITY MANAGEMENT AGENCIES IN THE GAA 

Ministry of Division Responsibility 

1. Coordination 

2. Industry 

3. Social Services 

4. Transportation 

5. National Defense 

6. Commercial Shipping 
and/or Navy* 

Urban Planning 
and Environment 

Environmental 
Protection 
Environmental 
Pollution 
EPCP 
Planning and 
Research 
Automobile 
Technical 
Services 
CAA 

National 
Meteorological 
Service 
Vessel Inspection 
and/or Harbor 
Naval Police 

Coordination of Air 
Pollution Control 
Activities 
Industrial Pollution 
Control 
Air Pollution and Control 
of Its Sources 
Air Quality Monitoring 
Vehicle Emission 
Control 
Vehicle Emission 
Inspection 

Aircraft Emission 
Control 
Meteorological Support 
for Atmospheric 
Pollution Problems 
Vessel Emission Control 

Source: National Council of Urban Planning and Environment, «A list of Agencies Responsible 
for Environmental Protection», Athens, 1978. 

•Not included in the list quoted under source above. Vessel emission control is only in the form 
of fines issued to the owner. Personal communication with Mr. Diamantopoulos. OLP official. 

the Democratic Women's Association. Table 23 identifies environmental groups 
and their strategies in the airshed. 

4.3. Rules, organization, and conservation groupe In Los Angeles 

Contrary to GAA's air pollution legislation — which is inclusive in the way 
it has been presented — a similar presentation for LA County is inhibited due 
to the extensive federal, state, and local legislation. Therefore, only a general 
overview is provided. 
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TABLE 23 

ENVIRONMENTAL GROUPS IN THE GAA 

Group Name 

1. Panhellenic Center of 
Environmental Studies 
(PAKOE) 

2. Hellenic Research Company 
on Air, Water and Soil 
Pollution (ERYEA) 

3. Citizens Against Smog 
(in collaboration with 
scientists) 

Strategies 

-Deployment of a private monitoring 
network 

-Air pollution research 
-Promotion of public awareness about 
pollution 

-Promotion of public and government 
awareness about pollution problems 

-Promotion of environmental pollution-
control training and research 

-Scientific study on the causes of air 
pollution 

-Identification of sources responsible 
for smog formation and their relative 
responsibilities thereof. 

-Recommendation of specific technical 
and legal measures for air pollution 
control. 

Adapted from: PAKOE, Pamphlet on «World Day of Environmental Protection», Athens, 
June 1980; and, VRADINI (newspaper), «Identical to the LA Smog», April-18-1981. 

4.3.1. Stationary sources 

The main elements of the LA rules and regulations include:31 

a. General provisions. These present typologies of the air pollution apparatus, 
the specific pollutants emitted, the geographic sections where pollutants are 
emitted and dispersed, and the responsible control authority. 

51. South Coast Air Quality Management District, Rules and Regulations, El Monte, 
California (Series, 2/4/77-9/3/81). 
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b. Permits. The permits chart includes various issuance procedures, fees, ap
peals, exemption of equipment, sampling and testing facilities, etc. 

c. Prohibitions. These concern items such as fuel sulfur contents and the ex
ecution of polluting activities under specified instructions. 

d. Procedures before the control authority. Basically they refer to petitions sub
mitted by polluters requesting hearings on a concrete issue (temporary ex
emption, rule amendment, etc.). 

e. Orders for abatement. They are issued to individual polluters following hear
ings, and specify the rule being violated, the necessary equipment to be in
stalled, or directives to take action to accomplish the necessary abatement. 

f. Source specific emission standards. Those apply on specific types of 
stationary-source activities (metal castings, pharmaceuticals manufacturing, 
fertilizer production, dry-cleaning, degreasing operations, and the like). 

g. Emission standards for specific air pollutants. Specific pollutants are 
covered, such as vinyl chloride, beryllium, mercury, asbestos, etc. 

h. New source provisions. New sources must demonstrate their ability to comply 
with all regulations pertinent to their activity and types of pollutants emitted. 

According to these ordinances, the sulfur content of liquid fuels is not al
lowed to exceed 0.5 percent by weight. Some of the activities subject to the 
rules aiming at smog control include: the use of solvents containing 
photochemically reactive materials; inappropriate gasoline dispensing, organic 
liquid loading, and storage of organic liquids; improper spray coating opera
tions; careless and uncontrolled use of solvents in the dry-cleaning industry; 
and finally, various NOx emitting processes. 

4.3.2. Mobile sources 

Some of the more outstanding mobile source emission control programs in
troduced by the relevant legislation have been outlined in Chapter 1, section 
2.3 — such as the «Certificate of Compliance», and the Mandatory Vehicle 
Inspection and Qualified Mechanics programs. 
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4.3.3. Emergencies 

The principal control actions and related criteria during episodes in LA in

clude:52 

a. Stage 1, health advisory. Voluntary reduction in physical activity and vehi

cle operation is sought; open burning is prohibited. Among the monitored 

pollutant concentrations — as criteria — are: 0.20 ppm (hourly average) of 

ozone, or the same combined with equal S 0 2 concentrations; and 0.50 ppm 

(hourly average) of S0 2 . 

b. Stage 2, warning. Control action ranges from voluntary to mandatory when 

concentrations for ozone are 0.35 ppm (hourly average), or the same com

bined with equal S 0 2 concentrations; and 1.0 ppm (hourly average) of S0 2 . 

c. Stage 3, emergency. While open burning is prohibited, a reduction in vehicle 

operation is requested, and industrial operations are curtailed. Ozone must 

be 0.50 ppm (hourly average) or the same with equal concentration of S0 2 , 

and S0 2 must be 2.0 ppm (hourly average). During any stage, a 24-hour, 25 

μg/m3 of sulfate in particulate matter combined with a 0.20 ppm (hourly 

average) of ozone is an episode criterion. 

4.3.4. Organization and environmental groups 

The organizational structure of the SCAQMD is illustrated in Figure 11. 

Regarding conservation, there exist many groups, but the most powerful 

one seems to be the Sierra Club which operates at the national level. Its major 

strategies include lobbying, expertise development, a legal defense fund and 

political education.53 Lobbying refers to attempting to influence public policy; 

club members, individually and collectively, lobby all levels of government in 

an effort to restore environmental quality. While expertise development aims at 

offering technical information on environmental issues, the legal defense fund 

provides legal representation for public interest groups and conservation-

minded, individuals in environmental litigation and related proceedings. Most of 

the club's work consists of civil lawsuits, primarily in federal courts, but it also 

engages in administrative proceedings before federal, state, and occasionally, 

52. South Coast Air Quality Management District, Summary of Air Quality in the South 
Coast Air Basin of California, El Monte, California (May 1981). 

53. Personal communication with Ms. E. Byrne, Sierra Club, Information Services, San 
Francisco, California. 

- I l l -



υ υ 

û u 

Ο J 

Q 

α < 
υ 

ι- Ο 
u — 

tu 

H û 

m 
c 
h 
l> 

Ο 
Ol, 

ί> 

U 

Ο 

I? 
< 

2 U 
υ 

(Λ 

— «Ν 

m 
ο 

ο 
«υ 

>, 
Ο. 
ν 

Ο 

U ΕΛ 

5 D 
< ΰΐ 55 

S -

£ £ ·-

CS 

oc 
C ' 

ω 

< 1-
S

up
. 

A
Q

 
E

n 
1-

S
r.

 
A

Q
 

E
ng

 
5

-A
Q

 
E

ng
in

ee
i 

1
-A

Q
 

E
ng

in
ee

i 

.!= u — — 

ο 

Q 
S 
α 
< 
υ 

ü 

I 
3 
Ο 

U 

- 1 1 2 -



local agencies. Political education programs are restricted to providing informa

tion to the members of the general public on a representative's environmental 

record. Urging voters to choose over representatives, however, is not part of 

such programs. 

5. Brief Evaluation of Air Quality Management In the GAA 

The introduced control measures have brought about only marginal im

provements in the air quality of Athens. These measures cannot serve as a sub

stitute for appropriate government action. Simultaneously, the enforcement of 

«incidental» and/or purposeless legislation does not aim at the target correctly. 

The use of pieces of legislation enacted seventy years ago, short-term 

management through a variety of ministerial orders, mandates, documents, 

cabinet orders, and presidential decrees cannot form a positive lead to air pollu

tion control. Mere prohibitions accompanied by financial and imprisonment 

penalties (without gradations or qualifications of specific limits and respon

sibilities) are ineffective. For instance, order Γιγ/6001 and laws 614 and 894 

are simply legalities, their target being too far to reach. Furthermore, the non

availability of the most basic inspection devices (such as an rpm meter) looks 

hopeless.54 

Stationary-source emission standards based on the Ringelmann Chart, 

although not perfect, can be justified on the sole reason that actual stack 

sampling tests are as expensive as $5.000 per test. EPA has specially trained 

inspectors whose testimonies — based on the Ringelmann Chart — are accepted 

in court procedures. 

The sole mobile-source emission standard of CO, which applies on 

automobiles, seems to be a smog control variable and not CO per se.55 

Specifically, a 5.0 percent CO by volume indicates a 12.63 air to fuel ratio 

which is still on the rich side but close to best Brake Mean Effective Pressure 

(engine power). Decreasing idle CO from 5.0 to 4.0 percent would imply an ap

proximate 30 percent increase in NO x , while the HC reduction would be very 

small. At the same time, since the engine is running rich, the possibility of mis

firing during deceleration (which is common in Athens) is reduced in view of 

54. Rpm meters are available at SEARS stores for only $20.00 a piece. 
55. Lower CO implies combustion mixtures away from the rich flammability limit and closer 

to stoichiometric ratios; this produces less exhaust HC emissions. 
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the fact that the GAA automobiles are not equipped with deceleration emission 
control systems. It looks, therefore, acceptable to enforce such a standard 
derived from general internal combustion engine (ICE) operation principles. 
Table 24 shows typical exhaust CO, HC, and NOx concentrations in a normal 
LA driving schedule. It should be observed, however, that the effects of emis-

TABLE 24 
TYPICAL EXHAUST CO, HC, AND NOx CONCENTRATIONS 

Operational Mode CO Volume HC (ppm) NOx(ppm) 
(Percent) 

Idle 
Cruise 
Acceleration 
Deceleration 

5.2 
0.8 
5.2 
4.2 

750 
300 
400 

4,000 

30 
1,000 
3,000 

60 

Adapted from: E. Starkman, «Vehicular Emissions and Control», in Combustion-
Generated Air Pollution, ed. E. Starkman (New York: Plenum Press, 1971). 

sion-related variables are not unique across ICEs. According to an outstanding 
study in the field, the following engine design and operating variables affect 
tailpipe emissions: air-fuel ratio; power level (load); speed; spark timing; ex
haust back pressure; valve overlap; intake manifold pressure; combustion 
chamber deposit build-up; surface temperature; surface to volume ratio; com
bustion chamber design; stroke to bore ratio; displacement per cylinder; and 
compression ratio.56 The aim here is not to address these variables. 
Nevertheless, it is clearly understood that controlling the CO parameter at idle 
does not sufficiently address ICE emission control in the GAA. An increase in 
spark timing and valve overlap variables, for instance, reduces HC and NO 
without any side effects on CO. Conversely, combustion chamber deposits, too, 
will increase both HC and NO, leaving CO unaffected. 

Regarding the organizational framework, the diffusion of responsibilities 
among many government agencies often creates miscommunications among 

56. D. Patterson and N. Henein, Emissions from Combustion Engines and Their Control 
(Ann Arbor Science Publishers, 1980). 
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them.57 It has been repeatedly emphasized that a single agency, responsible for 
environmental protection, should be set up.58 

Finally, the incompleteness of the monitoring network has been addressed 
earlier. Unfortunately, important species such as HC are not covered by this 
network. Some allowance is granted considering that in U.S. areas (e.g., San 
Diego) monitoring of HC began only in 1972. Still, such requirements are now 
highly demanded for the GAA. 

57. It is not uncommon for government officials to blame smog on either industry or trans
portation. 

58. See for instance, KEPE, The Environment, Committee Report for the Five-Year Develop
ment Plan of Greece, 1976-1980 (Athens, 1976). 
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CHAPTER IV 

AIR POLLUTION CONTROL METHODS AND COSTS: 
A PRELIMINARY ASSESSMENT 

This chapter provides an assessment of total air pollution control costs, 
their distribution over air pollution sources, and the control methods required 
to reduce total S02, particulates, HC, and NO χ emissions in the G A A. The 
estimates apply to groups of both stationary and mobile sources operating in 
the area at the end of 1975. Owing to the limited technical information on the 
sources' features — necessary to establish the magnitude and feasibility of con
trol method application — these sources have been lumped under various 
groups on the basis of some common feature (e.g., various types of private pas
senger cars under private automobiles). Consequently, the findings of this 
chapter are subject to the character of these includible aggregations at this 
time. 

The methodology is grounded on the Kohn Linear Programming (LP) 
model whose solution — among other things — indicates the annual incremental 
least-costs for reducing the total emissions of a number of pollutants to levels 
lower than those generated by the current activity volumes of a number of 
source-groups. The principal element of the model is that it does not allow any 
of the included sources to reduce their current industrial or transportation ac
tivity level in order to assist total emission reduction. Instead, it forces a chosen 
number of control methods to be selectively applied to the sources so that the 
total pollutant load decrease is achieved at least-cost. Each control method im
plies different control costs and also has — on the average — different impacts 
on the level of pollutants associated with each activity. Among theife methods 
is fuel substitution, which was (and still remains) the government's major con
trol measure. Control costs are incremental since their baseline equivalents are 
assumed to be zero. In the process of discussing the elements of the 
methodology, various information is provided in the hope that it will shed ad
ditional light on policy-making issues. 
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Before proceeding to details, the model formulation is first outlined. Subse
quently, section 1 explains the set of implicit and explicit assumptions made, 
section 2 offers an extensive presentation of the model's components. 
Specifically, the material relating to Vector [b] provides the basis for estimating 
«optimal» air pollutant levels in Athens; Vector [zl addresses the issue of defin
ing source-activity concepts for the examined groups of polluters; Matrix [A] 
analyzes a number of control methods utilized to reduce the emissions 
generated by the considered regional sources; Vector [c] assesses the incremen
tal financial costs experienced with the application of each control method; 
and, Matrix [D] provides the requirement that the level of industrial and tran
sportation activity be maintained at its existing (1975) levels. Finally, section 3 
indicates the results obtained with the aid of the standard MPS/360 computer 
program stored by IBM in the Michigan Terminal System (MTS) at the 
University of Michigan. 

Based on the 1975 conditions, the quality/quantity of data utilized, and the 
present grouping of GAA sources, the major findings of this chapter include: 

a. Percent total pollutant-load reduction requirements to achieve acceptable air 
quality in Athens are: S02 , (56); particulates, (75); and, no qualified conclu
sions could be arrived at for NO x and HC. · 

b. Substitution of cleaner for heavier residual fuels in external combustion ac
tivities cannot meet the demand for cleaner air. 

c. The annual incremental costs for the groups of sources examined are close 
to three billion drachmas per year. 

d. There are comparative financial advantages in using specific control 
methods for specific emitters in the attempt to reduce total annual emission 
loads. 

e. It is more expensive to control NOx , as opposed to the rest of the pollutants 
examined. 

f. The insight provided by this type of analysis may be of substantial impor
tance to management strategy planning in the GAA. 

MODEL FORM, ANALYSIS, AND RESULTS 

The LP model in matrix notation is expressed as: 

Minimize c'x 
Subject to Ax<b 

Dx=z 
x>0 
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where, 

c— an (Ν χ 1) vector of air pollutant control-method incremental costs, 
b— a (Ρ χ 1) vector of emission loads allowable in the airshed — lower 

than those generated by the current source-activity levels, 
τ— an (Μ χ 1) vector of current source-activity levels, 
x= an (Ν χ 1) vector of non-negative control method source-activity 

levels, 
A— a (Ρ χ N) matrix of technological coefficients whose typical element ay 

indicates the amount of pollutant i emitted per unit of source-activity 
with control method j in operation, 

D= an (Μ χ Ν) matrix of «reference coefficients» whose typical element dmj 
is unity when method j is applicable for source m and zero otherwise. 

1. Assumptions Pertaining to the Formulation 

The implicit assumptions made here are that air quality standards may be 
achieved through an overall reduction of total emission loads and that, dis
regarding pollutant chemical behavior, the set of constraints is sufficient. Suf
ficiency of the constraint set may, for example, be violated upon nonavailability 
of resources to satisfy source operating requirements (inadequate low sulfur 
fuel for substitution, etc.). 

The explicit assumptions refer to those made in every linear programming 
model and are interpreted below in the context of this formulation, drawing 
from R. Deininger.1 

1.1. Deterministic coefficients 

It is assumed that all of the coefficients (cij, ay) are known as constants 
which may be estimated to a reasonable degree. S02 emissions per unit of 
source dutput, for instance, may be approximated in the fraction of total S02 

emitted by a specific source-group over total output generated by that group. It 
must be admitted that it is possible for such constants to be only guesstimates 
or even random variables with known or unknown distributions. The solution 
depends highly on these constants. 

1. R. Deininger, «Lecture Notes on Linear Programming», prepared for the PAHO Inter
national Seminar on Systems Analysis for Environmental Pollution Control (Caracas, Venezuela, 
December 8-12, 1975). 
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1.2. Proportionality 

A fundamental requirement of linear programming is that the specified 
functions must be linear — implying that the measure of effectiveness and 
resource use is proportional. For instance, employing one unit of a certain 
technological control method to a source will have the same effect on that 
source's emissions per unit of output, no matter how many units of that 
method will be employed. This may not be true in practice. Inadequate 
maintenance of fabric filters, for example, will eventually lead to their 
diminished efficiency. The same is true for fuel substitution when combustion 
equipment is malfunctioning and/or operating off proper stoichiometric condi
tions. 

1.3. Additlvity 

In order to have a linear objective function it is required that the activities 
are additive. If there are interactions between the species which are subject to 
control, linearity may no longer hold; for example, if control of ΝΟχ from a 
certain source influences greatly the cost requirements for controlling HC emis
sions. The same is true for the constraints; installation of a catalytic after
burner on an automobile eliminates HC, but increases ΝΟχ. Such 
requirements, though, can be met through appropriate adjustments in the 
respective fluctuations of emissions and control costs. 

1.4. Divisibility 

Of prime significance are the unknowns or decision variables which must 
have integer values. This requirement is interpreted here as follows: manufac
turers of air pollution control equipment usually provide general estimates of 
equipment purchase costs in the form of S/ACFM. When the model solution 
indicates the volume of source activity which must be pursued using, say, 
scrubbers, half a scrubber may be needed to control a related particulate load, 
indicated by the value of the decision variable. To avoid complications this 
figure would have to be rounded off to one — a thing that is going to affect the 
optimal solution. 
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2. Analysis of the Model Parameters 

2.1. Vector [b] 

The dimensions of this vector are (4 χ 1), and the values of its rows indicate 
the residual emission loads of the selected air pollutants which are sufficient to 
maintain acceptable air quality levels in Athens. Qualification and assessment 
of these loads are a monstrous task; reliable source-receptor relationship es
timates are required. Once these estimates are available, the relationship func
tions may be solved reciprocally in order to determine the optimal emission 
loads. 

Ideally, the mass balance equation portrays the best source-receptor 
relationships; but due to the fact that its usefulness depends highly on reliable 
estimates, it may not be suiting ideally the GAA. The approach to consider is 
based on the premises of proportionality. This notion is supported by: 

a. The relative simplicity of applying proportional relationships. 
b. The scarcity of detailed and accurately quantified diffusion models for the 

area; this is attributed to the high contribution to overall emissions by area-
wide sources and the inappropriateness of the area topographical 
characteristics and meteorological complexities that are prevalent — as out
lined in Chapter III. 

c. The ongoing research for more comprehensive and estimable relationships 
between oxidant formation and precursor species. 

d. The use of proportional approaches in countries experienced in air pollution 
control, such as the United States. 

2.1.1. Background concentrations 

Complete background level concentrations of air pollutants for the GAA 
are nonexistent. In the U.S., such concentrations have been estimated for only 
a few pollutants; the American Chemical Society provides 37 μg/m3 of TSP, 
0.0002 ppm of S02, and O.OOl.ppm of N0 2. 2 Regarding HC, one paper in
dicates that emissions from free foliage sources, on a global basis, are six times 
greater than those from man-made sources. The fate of these gaseous olefins, 

2. American Chemical Society (ACS), Cleaning Our Environment: The Chemical Basis for 
Action (Washington, D.C., ACS, 1969), p. 24. 
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however, in the atmosphere is undetermined.3 Another paper asserts that while 

HC concentrations from plants depend on meteorological conditions, density 

and activity of plant cover, total emissions tend to increase during summer and 

decrease in winter.4 Various other natural sources contribute to the HC pool. 

Whatever the HC background level may be in the GAA, it can be assumed 

equal to zero; trees, at least, are sparse in the area. 

2.1.2. Pollutant concentrations, emission rates, and permissible loads 

In estimating permissible loads in an area through any approach, the 

observed pollutant concentrations are crucial. Table 25 indicates such con

centrations in the GAA, in 1975 average values. 

It is immediately observed that whereas HC values are not available, the 

NOx values are very close to the U.S. air quality standard. In both cases, some 

arbitrary judgement is inevitable. With respect to HC especially, such a judge

ment proves to be more painful than with ΝΟχ. Table 26 presents ranges of 

HC values expected in urban air masses. It is possible to convert the table 

values into a μg/m3 value and accept that as an average concentration to be 

considered. Nevertheless, the following are observed: 

a. The minimum and maximum Non-Methane Hydrocarbon (NMHC) values 

estimated from Table 26 are 43 and 4,489 μ^πι 3 respectively. 

b. The usual HC concentrations in large urban areas, such as Chicago, Vien

na, Tokyo, etc., are within a range of 3-6 mg/m3. 

c. The U.S. national standard for HC (as CH4) is 160 μg/m3, while California 

does not have an equivalent standard. 

The foregoing lead to the conclusion that no rule of thumb can be applied, 

in view also of the varying degrees of HC reactivities. Therefore, proper HC 

reduction requirements are extremely complex to estimate. 

Table 27 presents the estimated «permissible» loads of the selected pol

lutants in the GAA. 

3. R. Rasmussen, «What Do the Hydrocarbons from Trees Contribute to Air Pollution?», 
Journal of the Air Pollution Control Association (July 1972). 

4. R. Rasmussen and F. Went, «Volatile Organic Material of Plant Origin in the At
mosphere», Proc. U.S. National Academy of Sciences, vol. 53(1965), pp. 216-220. 
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108 
112 
113 
84 
74 
67 

307 
419 
254 

80 
286 
288 

168 
221 
182 
191 
206 
185 
115 
340 
116 
43 
85 

165 

ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 

87 
119 
111 
78 
83 
55 

ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 
ΝΑ 

TABLE 25 

AVERAGE MONITORED POLLUTANT CONCENTRATIONS IN THE GAA, 
1975, fog/m3) 

Station* S 0 2 Particulates HC NO χ 

Voulis 
Ministry 
Amalias 
Nea Smirni 
Rendis 
Drapetsona 
Observatory 
University Club 
Agricultural College 
Océanographie Institute 
Tzanion Hospital 
School of Nursing 

Adapted from: AMI, Air Pollution Bulletin, Athens, 1975; and, data courtesy of EPCP. 

* First six stations operated by the EPCP and the remaining six by the AMI. 
Ν A: not available. 

TABLE 26 

RANGES OF HYDROCARBON VALUES EXPECTED IN URBAN AIR MASSES 

_ Range, PPM in Air 
Component 

Methane 
Ethane 
Propane 
Isobutane 
n-Butane 
Isopentane 
n-Pentane 
Ethylene 
Propene 
Butène-1 
Isobutylene 
Trans-2-butene 
Cis-2-butene 
1,3 Butadiene 
Acetylene 

Source: P. Mueller, «Detection and Analysis of Atmospheric Pollutants», in Combustion-
Generated Air Pollution, ed. E. Starkman (New York: Plenum Press, 1971). 

Minimum 

1.2 
0.005 
0.003 
0.001 
0.004 
0.002 
0.002 
0.004 
0.001 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

Maximum 

15 
0.5 
0.3 
0.1 
0.4 
0.2 
0.2 
0.3 
0.1 
0.02 
0.02 
0.01 
0.01 
0.01 
0.2 
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TABLE 27 

«PERMISSIBLE» EMISSION LOADS IN THE G A A, 1975 (tons) 

3,685 

neg 

0.0497 

1,609 

55,956 

56 

1,212 

37 

0.1271 

299 

10,393 

75 

856 

neg 

NE 

NE 

18,920
 + 

40 

1,011 

2.5 

0.1152 

846 

29,409* 

16 

Relative Parameter S 0 2 Particulates HC NO χ 
or Variable 

Present Emission Rate 
(g/sec) 

Background Concentration 
^g/m3) 

Proportionality Coefficient 
[^g/m3)/(g/sec)l 

«Permissible Emission Rate» 
(g/sec) 

«Permissible Load» 
(tons/year) 

Percent Reduction 
from Baseline 

* Likely unrealistic value derived by using the highest ΝΟχ concentration observed at the 
Ministry station. 

+ Arbitrary value. 
NE: not estimable, 
neg: negligible. 

2.2. Vector [z] 

The dimensions of this vector are (21x1), incorporating twenty-one air pol

lution source-groups in the area. These groups are: 

— SIC: 20 (a), combustion 

— SIC: 20 (b), grain handling 

— SIC: 21, 23, 25, 29, 35-39, combustion 

— SIC: 31 (a), combustion 

— SIC: 31 (b), acid and fertilizer manufacturing 

— SIC: 32 (a), combustion 

— SIC: 32 (b), oil storage and processing 

— SIC: 33 (a), ceramic clay manufacturing 

— SIC: 33 (b), glass manufacturing 

— SIC: 33 (c), cement manufacturing 

— SIC: 34 (a), combustion 
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— SIC: 34 (b), steel making 
— unclassified industrial activity 
— power generation 
— space-heating 
— sea vessels 
— dry-cleaning 
— gasoline marketing 
— private automobiles 
— taxicabs 
— city buses and trucks. 

Regarding the foregoing source-group listing, each industrial group was 
separated into two or more source-groups based on process-emission data 
availability. The lumped one was assembled as such because combustion is its 
outstanding feature; here, surface coating operations are included, but the HC 
emissions from those processes are rather insignificant (0.28 t/d). Also, groups 
listed by industrial code are represented only by the EPCP surveyed plants 
which utilized about 76 percent of the total industrial residual oil consumption 
in the area. «Unclassified industrial activity» includes the remainder and non-
surveyed plants. Vehicles do not include tourist buses (domestic or foreign) and 
foreign visitor automobiles. The rest of the groups are as defined in Chapter 
III. 

2.2.1. Source-activity concepts 

Activity for the above groups may be defined and estimated in various 
ways. Regarding industrial sources, since precise figures of units of physical 
output produced (by the surveyed plants) are not available and each group's 
output is not uniquely measured (tons of food, m2 of clothing material, etc.), 
the concept of value-added could be used. One way of deriving value-added 
figures would be to hypothesize that output volume is proportional to fuel con
sumption. The quantity of fuel consumed by each GAA group is then es
timated as a percentage of the total consumed by the entire industrial group in 
the country. The value-added by each GAA group is equal to the value-added 
by the entire industrial group times this fuel percentage. Another way of fulfil
ling the same task would be — looking at the labor input side — to estimate the 
average value-added per worker employed in the entire group, and then multip
ly it by the number of workers employed in that group in the GAA. A variety 
of other unique activity concepts may be used, such as total value of produc
tion, quantity of fuel consumed, and BTUs generated per year. 
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In relation to «unclassified industrial activity», only BTUs per year can be 
accepted due to incomplete information about this group. MWH or KWH elec
tricity is probably the ideal concept for the Keratsini power plant. However, 
other forms of activity may be selected, such as the quantity of fuel consumed, 
BTUs per year, etc. The same applies for the vessel electrical generators. 

Concerning domestic and commercial space-heating, although the typical 
thermal unit is kcal generated per year, alternative concepts (as in power 
generation above) are also appropriate. Alternative activity form utilization will 
simply alter the names of Matrix [A] and Vector [cl constants (e.g., kgs of 
S02/1,000 drachmas of value-added, drachmas/106 BTUs per year, etc.). 

Finally, with regard to motor vehicles, the number of km run serves as a 
more appropriate concept. Fuel consumption, BTUs generated, etc. could be 
alternative forms of activity. 

2.2.2. Estimation of source-group activity 

Since definition of activity across sources in different ways will greatly af
fect the dimensions of matrices [A] and [D], BTUs generated per year are 
selected for the industrial sources, space-heating, power generation, and vessel 
electrical generators. Km run per year by motor vehicles are retained, while for 
gasoline marketing and dry-cleaning the quantity of gasoline marketed and tons 
of clothes cleaned per year are utilized. This choice is more or less compatible 
with emission standard concepts. 

Tables 28 and 29 show the estimated source-activity per group. 

2.3. Matrix [A] 

The dimensions of [A] are (4x420). 
Estimation of the technological coefficients, i.e., the matrix elements defined 

as the amounts of emissions generated per unit of source-activity upon applica
tion of various control methods, requires extensive data. In engineering prac
tices, selection of abatement equipment as methods to control specific pollu
tants is handled on a case by case basis. In many instances an attempt to 
restrict equipment selection quidelines to only a number of major polluting 
sources might* result in a volume with the magnitude of Encyclopedia Britan
nica. Thus, realistically, one can only use general principles in selecting such 
equipment and thereby estimating the resultant emissions for each emitter 
source-group. 
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TABLE 28 

CURRENT ACTIVITY FOR STATIONARY SOURCE-GROUPS IN THE GAA 
(IO9 BTU), 1975 

Source-Group 

SIC: 20(a) 
SIC: 20 (b) 
SIC: 21,23,25,29,35-39 
SIC: 31 (a) 
SIC: 31 (b) 
SIC: 32(a) 
SIC: 32 (b) 

SIC: 33 (a) 
SIC: 33 (b) 
SIC: 33 (c) 
SIC: 34 (a) 
SIC: 34 (b) 
Unclassified Industrial Activity 

Power Generation 
Space-Heating 
Sea Vessels 
Dry-Cleaning 
Gasoline Marketing 

*103 kg of clothes. 
**103 liter of gasoline. 

KILOMETERS 

Type of Vehicle 

Private Passenger Cars 
Taxicabs 
City Buses 
Trucks 

TABLE 29 

RUN 1 

(in 

BY GAA VEHICLES, 
1,000s) 

km/Vehicle 

12.8 

90.0 
74.5 

8.4 

Activity 

351.4 
247.5 

4,793.8 
2,195.9 
1,637.2 

49.7 

8,029.2 
216.4 
691.4 

10,416.4 
69.3 

759.2 
8,920.5 

18,884.0 
18,797.0 

1,054.0 
9,600.0* 

569,333.0** 

1975 

Total km Run 

3,331,904 

983,610 
129,020 
43,427 

Adapted from: NSSG, Transportation and Communications Statistics, Athens, 1979; J. 
Frantzeskakis and Co., Ltd., Operational Costs per km Run by Buses, Trucks, and Taxicabs in 
Greece, Reports: 726/1-27, 726/2-28, 726/3-29, compiled for the General Federation of Profes
sional Vehicle Operators in Greece (ΓΣΕΑΕ), Athens, (April, May, and June, 1974); and, R. 
Gakenheimer, ed., The Automobile and the Environment, (Cambridge: MIT Press, 1978), Appen
dix VID, p. 491. 
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2.3.1. Survey of control methods for stationary source-groups 

Among the appropriate methods to be considered are those included in a 
1973 OECD study where member countries have reported techniques and 
strategies — along with related costs — to reduce future air emission levels.5 In 
the list of techniques are included: fuel substitution, fuel oil desulfurization, flue 
gas desulfurization, particulate collection equipment, combustion control, tall 
stacks, and fluid bed combustion.6'7 Additionally, U.S. data utilization seems 
includible in the absence of any other available at this time. 

2.3.1.1. Fuel substitution 

Basically, three types of liquid fuels are available in the market: 

— Residual oil 3,500", 4.0 percent sulfur by weight 

— Residual oil 1,500", 3.5 percent sulfur by weight 
— diesel oil, 0.5 percent sulfur by weight 

The State-owned refinery of Aspropyrgos also produces small quantities of 
residual oil 360" with a likely lower sulfur content. According to the Ministry 
of Commercial Shipping, various types of residual oil ranging from 250" to 
800" are also available.8 Oil with a 1.0 percent sulfur is marketed in EEC 
countries. 

The previously quoted OECD study cites data in the form of $/ton of sul
fur removed per year when desulfurizing and substituting to lower sulfur oils. 

The Greek Government has only recently considered the possibilities of 
desulfurizing residual oil to 2.5, 2.0, and 0.7 sulfur oil, and also, 0.5 diesel to 

5. OECD, Environment Directorate, Report and Conclusions of the Joint Ad Hoc Group on 
Air Pollution from Fuel Combustion in Stationary Sources (Paris, 1973). In this study, control 
methods applied and/or air pollution control costs undertaken were not reported by the Greek 
Government. 

6. Combustion controls refer to modifications of operating conditions such as low-excess air, 
flue gas recirculation, and steam and water injection. 

7. Fluid bed combustion consists of burning the fuel on a noncombustible bed consisting 
mainly of limestone or dolomite particles. About 90 percent of the fuel-sulfur is retained and 
beneficial effects for ΝΟχ are realized due to lower combustion temperatures. 

8. Personal communication with Mr. Berketis, Ministry of Commercial Shipping, Vessel 
Inspection Board. (This piece of information could not be traced.) 
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0.3 sulfur diesel. Unfortunately, only the last piece of this information became 

accidentally available for this study. 

Regarding the use of «cleaner» fuel oils in stationary source combustion, a 

major improvement expected is the reduction of S 0 2 and particulates with 

almost insignificant effects on HC and ΝΟχ emissions. 

Concerning N O x specifically, its loading will depend on the chemically 

bound nitrogen in the fuel. Data from one study indicate that 50 to 90 percent 

of this nitrogen is converted to NO in the combustor exhaust gases.9 Another 

study asserts that switching to a paraffinic, «low sulfur» fuel with a low 

nitrogen content could reduce ΝΟχ emissions by 50 percent, in public utility 

boilers.10 Asphaltic fuels, in general, contain higher percentages of chemically 

bound nitrogen (which most probably is the case in Greece). Nevertheless, an 

assessment of N O x emissions requires full information on the fuel nitrogen 

content.11 Finally, G. Martin and E. Berkau assess the effects of atmospheric 

and fuel nitrogen in combustion, by stating: 

Fuel nitrogen conversion produced 2 to 15 times the NO produced by 

thermal fixation for the furnace studied. Hence, both sources of NO 

must be considered significant in any combustion processes using fuels 

at high nitrogen content.12 

The above citation leads to the belief that, at least, with switching from 

heavy to distillate oil in space-heating furnaces, one would expect total N O x 

from this source to decrease. 

With reference to particulates, their emission loading as a function of 

residual oil, sulfur content is given by the following equation, where S stands 

for the fuel sulfur content:13 

kg/103 liters = 1.25 (S) + 0.38. 

9. H. Hazard, «Conversion of Fuel Nitrogen to ΝΟχ in a Compact Combustor», American 
Society of Mechanical Engineers (ASME), paper No. 73-WA/GT-2 (November 1973). 

10. G. Martin and E. Berkau, «An Investigation of the Conversion of Various Fuel Nitrogen 
Compounds to Nitrogen Oxides in Oil Combustion», paper presented at the American Institute 
of Chemical Engineers (AIChE) National Meeting, (Atlantic City, New Jersey, August 30, 
1971), unnumbered page of original draft. 

11. W. Bartok et al., Systems Study of Nitrogen Oxide Control Methods from Stationary 
Sources, NAPCA, contract No. PH-22-68-55 (Washington, D.C., May 1969). 

12. Personal communication with Mr. Bartok, Exxon Research and Engineering Company, 
Lynden, New Jersey. 

13. Compilation of Air Pollutant Emission Factors, supplements 1-10, EPA AP-42 (1980). 
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2.3.1.2. Flue gas desulfurization 

According to the same OECD study, a few countries have reported the use 

of a gas cleaning process which reduced S0 2 , particulates, and ΝΟχ by 98, 90, 

and 20 percent respectively. Sweden, especially, operates such methods since 

1969. A U.S. report presents basically four methods for desulfurizing flue gas

es: the alkalized allumina process, which uses a dry metal oxide to contact and 

absorb S0 2 ; the limestone-based injection process, operating on the basis that 

S0 2 can be reacted with calcinated products of limestone or dolomite to 

produce removable calcium-sulfur salts; the catalytic oxidation process, where 

first S0 2 is converted to S 0 3 by passing gases over a vanadium pentoxide 

catalyst, then S0 3 combines with water vapor to produce sulfuric acid — 

subsequently cooled and condensed; and the Beckwell process, using a potas

sium sulfite scrubbing solution where S0 2 gets absorbed.14 

2.3.1.3. Particulate collectors 

Various reports discuss particulate collection equipment1 5 - 1 7 

Among particulate collectors marketed internationally by Joy Industrial 

Equipment Company (Western Precipitation Division), with subsidiary firms in 

Italy, France, England, Germany, and Spain, are:18 

a. Cyclones. Mainly applicable-to industrial processes for larger particle size 

collection. Except for the device itself, basic auxiliary equipment needed in

clude some support, hoppers, and scrolls. Regarding combustion par

ticulates, cyclones are known as «nuisance» or «soot blowing» collectors; 

they collect soot deposited in the boiler tubes and forced out by high steam 

14. NAPCA, Control Techniques for Sulfur Oxides Air Pollutants (Washington, D.C., 
January 1969). 

15. American Conference of Governmental Industrial Hygienists, Committee on Industrial 
Ventilation, Industrial Ventilation, A Manual of Recommended Practice (Lansing, Michigan, 
1980). 

16. NAPCA, Control Techniques for Particulate Air Pollutants (Washington, D.C., January 
1969). 

17. Capital and Operating Costs of Selected Air Pollution Control Systems, EPA-450/3-76-
014. 

18. Personal communication with Messrs. Hollum and Fox, JOY International Project Divi
sion, Los Angeles, California. 

- 1 2 9 -



pressure at tube cleaning operations. They have a 70-90 percent rated ef
ficiency (PRE) and operate at temperatures up to 750°F. 

b. Fabric filters. Made from various types of cloth (depending on exhaust gas 
temperatures) and collect finer particles. The pulsing type are usually made 
of dacron or nomex cloth and can resist 275°F and 375°F respectively. The 
reverse air type are made of fiber glass cloth with teflon coating and are 
resistant to 550°F. Except for the cloth used, fabric filter units include 
various other components such as suctions, carbon steel elbows, radiant 
coolers, fans, motors, etc. They have a 98-99.9 PRE. 

c. Scrubbers. Operate commonly on a wet basis. Venturi scrubbers are more 
efficient than other types. Auxiliary equipment usually include capture 
devices, quenchers, fans, dust removal systems, etc. They operate at almost 
all exhaust gas temperatures and have a 95-99 PRE. 

2.3.1.4. Fuel oil additives 

The use of certain additives may reduce particulate loadings with minor 
beneficial effects on other pollutants. The following results have been obtained 
with mere use of such additives, disregarding boiler stoichiometric conditions: 

TABLE 30 
EMISSION REDUCTION THROUGH FUEL ADDITIVES 

Additive 

Calcium Napthenate 
Barium Napthenate 
MC-7 Soluble 

Experimental Percent Reduction of Particulates 

1% S Fuel Oil 

46 
36 
37 

2% S Fuel Oil 

37 
36 
30 

Adapted from: Experimental Evaluation of Fuel Oil Additives for Reducing Emissions and 
Increasing Efficiency of Boilers, EPA/600-2-77-0086. 

2.3.1.5. HC specific methods 

The majority of HC emissions from stationary sources in the GAA are 
generated by oil storage and processing operations, metallurgical coke plants, 
gasoline marketing, dry-cleaning, and to a lesser extent by surface coating 
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Operations. The brief discussion of control methods provided here will therefore 
center around these activities, based on a few U.S. reports.19-21 

a. Oil storage and processing. Most of the emissions come from breathing and 
working losses of fixed roof storage tanks, which consist of cylindrical steel 
shells topped by coned roofs. There exist various control approaches which 
may reduce total tank emissions by about 90 percent and over. These in
clude: substituting with floating roof tanks — consisting of welded cylindrical 
steel walls equipped with roofs that are free to rise or fall according to the 
depth of the stored liquid; adding floating roofs on the existing tanks; ad
ding vapor recovery systems; and using conservation vents, which are 
vacuum relief valves venting only when a set pressure differential is ex
ceeded. 

b. Metallurgical coke plants. Emissions from coke-ovens occur during the 
three cycles of oven operation — charging, coking, and discharging. Basical
ly, individual coke manufacturing operations have individually unique 
problems, depending on many factors — such as equipment age, size of the 
coke-oven battery, etc. Thus a variety of control approaches suitable to the 
individual steel company problem are possible. 

c. Gasoline marketing. Emissions from the gasoline marketing network (from 
the refinery to the individual consumer) occur at storage tanks, terminals, 
bulk plants, and truck and car refuelling stations. While a variety of control 
approaches exist, only Vapor Balance Systems (VBS) are mentioned here. 
Mainly, a VBS achieves a closed system, permitting the vapor spaces of the 
tank being filled and the tank being emptied to balance with each other. Ap
proximately 85 percent of the released HC may be controlled. 

d. Dry-Cleaning. Emissions occur from the evaporation of solvents at storage 
tanks, dryers, etc. There exist a few technological approaches to control 
these emissions, such as adsorption and incineration systems. However, they 
havç proven to be uneconomical, mainly due to the low value of the 
recovered solvents. The method practiced most by the U.S. dry-cleaning in
dustry — operating on petroleum-based solvents — is good housekeeping. It 

19. NAPCA, Control Techniques for HC and Organic Solvent Emissions from Stationary 
Sources (Washington, D.C., March 1970). 

20. Control Techniques for Volatile Organic Emissions from Stationary Sources, EPA-
450/2-78-022. 

21. Hydrocarbon Control Strategies for Gasoline Marketing Operations, EPA-450/3-78-017. 
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is very simple, and with little effort emissions occurring at valves, seals, tank 
covers, and other sources can be controlled at a rate of 80 kg per ton of 
clothes cleaned. A minimum of 20 kg/ton of clothes is achieved in any 
petroleum-based system, 

e. Surface coating. Emissions vary across coating activities (metal, can, coil, 
paper, fabrics, adhesives, and wood coating). Variation is due to the spray 
or dip method used — i.e., spray, flow, dip, and roller coat. Carbon adsorp
tion and incineration methods range from a 90 PRE in metal furniture 
coating, up to 95 PRE in fabric coating, and up to 98 PRE in can and coil 
coating. 

2.3.1.6. NO χ specific methods 

Significant NO x emissions from stationary sources in the GAA occur in 
fuel combustion activities and to a lesser extent in industrial processes such as 
chemical, metallurgical, and minerals manufacturing. Various discussions are 
presented in a number of reports.22-26 

The most popular methods in stationary NO x control are: low excess air, 
where a low proportion of air is provided to oxidize the fuel, thus permitting a 
lower formation of NO x; and flue gas recirculation, where a portion of the 
stack gas is refumed to the flame zone, effectively reducing temperatures and 
ΝΟχ formation. Both methods have an average 30 PRE but different side ef
fects; low excess air increases smoke levels, while flue gas recirculation 
decreases boiler thermal efficiency. 

Regarding low-excess air specifically, HC emissions are expected to in
crease by a magnitude of two or three. Nonetheless, this increase is pending 
only with air fed to the boiler exceeding some lower bound limit — dependent 
on boiler specification and other variables (boiler age, etc.).27 With respect to 

22. NAPCA, Control Techniques for Nitrogen Oxides from Stationary Sources 
(Washington, D.C., March 1970). 

23. NATO, Committee on the Challenges of Modern Society, Control Techniques for 
Nitrogen Oxides from Stationary Sources, NTIS, PB-240578 (October 1973). 

24. ACT (Available Control Technology) for Stationary ΝΟχ Sources, EPA-909/9-79/002. 
25. OECD, Report and Conclusions of the Joint Ad Hoc Group. 
26. S. Hunter et al., Application of Combustion Modifications to Industrial Combustion 

Equipment, EPA-600/7-79-015A. 
27. A. Sarofim et al., «Strategies for Controlling Nitrogen Oxide Emissions During Combus

tion of Nitrogen-Bearing Fuels», AIChE, vol. 74, No. 175 (1978). 
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industrial combustion equipment (petroleum process heaters, steel furnaces, 

etc.), the implementation of combustion modifications does not necessarily in

crease HC emissions above baseline levels.28 Finally, as indicated in a field 

report, low-excess air influences both fuel and thermal ΝΟχ.29 This view is also 

supported by a more recent paper.30 

2.3.1.7. Control methods and generated emissions 

The following list of control method combinations has been selected for 

GAA's stationary sources, with list numbers indicating the specific method in 

relevant subsequent tables: 

(1) Baseline 

(2) 1.0 S residual oil 

(3) 0.5 S diesel 

(4) 0.3 S diesel 

(5) Flue gas desulfurization 

(6) Particulate collector 

(7) Particulate collector and (2) 

(8) Fixed roof tank modification 

(9) VBS 

(10) Good housekeeping 

(11) Combustion modifications 

(12) Combustion modifications and (2) 

(13) Combustion modifications and (5) 

(14) Combustion modifications and (6) 

(15) Combustion modifications and (7) 

Fuel oil additives are ruled out as a candidate control method; although the 

evidence regarding particulate reduction is conclusive, the possible increase in 

metallic particle emissions is not known.31 Trace metals have been held respon

sible for severely impairing human health. 

The tables to follow present general features of the stationary source-groups 

28. Personal communication with Mr. S. Hunter, KVB, Inc. Researcher, Invine, California. 
29. Personal communication with Mr. S. Cherry, KVB, Inc. Research Analyst. 
30. D. Turner et al., «Influence of Combustion Modification and Fuel Nitrogen Content on 

Nitrogen Oxides Emissions from Fuel Oil Combustion», paper presented at AIChE Meeting (San 
Francisco, California, December 1-2, 1971). 

31. Combustion Additives for Pollution Control: A State-of-the-Art Review, EPA-600/2-77-
008a. 
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considered, as well as the estimated emissions per unit of activity for each 

group. Specifically, Table 31 shows their fuel consumption and emission 

profile; Table 32 outlines selected control equipment for process-type emis

sions; and finally, Tables 33-36 present the estimated emissions/method/unit of 

source-group activity. The control method percent efficiencies as applied, in

clude: particulate collectors except baghouses, particulates (90); baghouses, 

particulates (95), and when applied to cement plants, S0 2 (75); flue gas 

desulfurization, S 0 2 (90), particulates (80), N O x (20); VBS, HC (85); good 

housekeeping, HC (20); combustion modifications, ΝΟχ (30), combustion HC 

(-100); and, floating-roof tanks, HC (90). 

2.3.2. Vehicle emission control 

Basically, three methods of controlling in-use vehicle emissions are discus

sed in this section: fuel substitution, retrofit approaches, and vehicle 

maintenance. 

2.3.2.1. Fuel substitution 

Substitution of gasoline with LPG is one viable method to be applied main

ly to taxicabs in Athens.32 The idea is not new; it has gathered momentum 

since the mid-60s in many countries where common applications have been 

with fork-lift trucks, tractors, generators, and increasingly, with taxicab fleets 

and commercial vehicles. 

Conversion to LPG may be achieved either in a single-mode system — 

where the vehicle is operated solely on that fuel — or in a dual-mode system — 

where the driver may switch from LPG to gasoline. In the dual-mode systems,. 

which are more popular, various equipment must be retrofitted to the vehicle, 

including: fuel tank, carburetor, fuel vaporization converters, etc. 

It is expected that conversion to LPG will result in lower emissions — 

although as indicated in an EPA document in some cases, which were ex

pedited through Federal Test Procedures (FTP), either very small reductions or 

even large increases were measured.33'34 A Greek contracted report compiled 

32. LPG (Liquified Petroleum Gas) is a name given to propane and butane, the lightest of 
crude oil products, which being gaseous in normal atmospheric conditions are liquified under 
moderate pressure. 

33. Exhaust Emissions from Seven LPG Powered Vehicles, NTIS, PB-218648 (1970). 
34. Control Strategies for In-Use Vehicles, EPA APTD-1469 (November 1972). 
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TABLE 32 

SELECTED CONTROL EQUIPMENT APPLICABLE TO SIGNIFICANT 
INDUSTRIAL PROCESSES IN THE GAA 

Type of Activity Major Pollutants Control Equipment 

Emitted 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

8) 

9) 

10) 

Π) 

Grain Mills and 
Elevators 

Sulfuric Acid 
Plants 

Phosphate Rock 
Grinders 
Asphalt Batch 

Plants 
Asphalt Roofing 

Operations 
Brick Manufac

turing 
Castable Refrac

tories 
Cement Manufac

turing 
Glass Manufac

turing 

Steel Making 

Gray Iron 
Foundries 

particulates 

S0 2 , particulates 

particulates 

particulates 

particulates 

particulates 

particulates 

particulates, S 0 2 

particulates 

particulates 

particulates 

cyclones, baghouses 

electrostatic pre
cipitators, 
sulfite scrubbing 
baghouses 

scrubbers, baghouses 

cyclones, baghouses 

cyclones, scrubbers, 
baghouses 
cyclones, scrubbers, 
baghouses 
cyclones, scrubbers, 
baghouses 
baghouses 

cyclones, scrubbers, 
baghouses 
cyclones, scrubbers, 
baghouses 

Adapted from: Compilation of Air Pollutant Emission Factors, EPA AP-42, March 1975; 
Air Quality Control: National Issues, Standards ά Goals, National Association of Manufac
turers, 1975; and EPCP, «Wastes from Industry and Air Emissions from Space-Heating for the 
GAA», Athens, 1977. 

for the Panhellenic Federation of Taxicab Owners states significant reductions 
of ΝΟχ and hydrocarbons from a BMW 518 car converted to run on LPG 
and tested through Economic Commission of Europe (ECE) procedures by the 
Institut voor Wegstransportmiddelen.33 

35. P. Karamitsos, Technical and Economic Features of Using LPG for Taxicabs in Greece 
(Athens, 1976). 
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The issue of emissions generated from gasoline/LPG automobiles centers 
around one engine-functional detail. When the engine is tuned-up, the ignition 
timing is set to achieve proper burning of the fuel-air mixture — whose 
characteristics for gasoline and LPG are individually different. This necessitates 
that when the vehicle operator switches from LPG to gasoline, the ignition tim
ing should be reset by a trained mechanic so that proper combustion is 
achieved in the chambers. A U.S. manufacturer will market, by the end of 
1981, a device which may be easily retrofitted to the vehicle and will execute 
automatic reset of the ignition timing in the dual-mode systems.36 

Table 37 presents emission reductions through conversion to LPG. 
An additional fuel switching may take place in buses and trucks; that is, a 

switch from 0.5 to 0.3 sulfur diesel. 

2.3.2.2. Retroßt approaches31 

Technological controls of air pollutant emissions from gasoline-powered 
automobiles in the U.S. and compliance with the standards set each time have 
followed engineering ingenuity and manufacturers' adaptability in new proces
ses. Prior to emission controls, crankcase HC were estimated to be 2.5 g/km, 
evaporative losses were estimated to be 2.7 g/km, and tailpipe emissions 6.6 
g/km. In the early 1960s, nearly 100 percent of the crankcase emissions were 
controlled with Positive Crankcase Ventilation (PCV).38 This achieved a 20 
percent reduction of total HC emitted by uncontrolled cars. In 1968, a 40 per
cent reduction of exhaust HC was required, and some manufacturers were ad
ding air pumps to promote HC reactions in the exhaust ports and manifolds; 
the air pumps simply allowed continued use of rich mixtures. Other manufac
turers developed systems appropriate for lean mixtures. In 1971, carbon 
canisters were added nationwide to control evaporative losses; fuel tanks and 
carburetor bowls were vented to carbon canisters. ΝΟχ control of about 24 
percent was called for in 1973 and was achieved through a combination of Ex

haust Gas Recirculation (EGR) and spark retard.39 

36. Personal communication with Air Quality Products, Inc., California. 
37. Retrofit implies the installation of a device onto an engine to control emissions, not 

originally specified by the automobile manufacturer. 
38. A closed loop in which the gases of the blowby are turned back into the engine, thus 

becoming part of the air supplied to it. 
39. EGR consists of recirculating a portion of the exhaust gases into the combustion 

chambers. This effectively reduces peak combustion temperatures which are the main variable in 
ΝΟχ formation. 
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TABLE 37 

EMISSION REDUCTIONS THROUGH CONVERSION TO LPG 

Numbers and/or Types Pollutant in g/km 
of Vehicles 

N O x HC 

One, Stock 1968 Buick 350 
One, Converted 1968 Buick 350 

Percent Reduction 

Ten, Stock 1970 Ford 250's 
Ten, Converted 1970 Ford 250's 

Percent Reduction 

Ten, Stock 1970 Rebel 232's 
Ten, Converted 1970 Rebel 232's 

Percent Reduction 

One, 1970 Ford 26 
One, Converted 1970 Ford 26 

Percent Reduction 

1970 Plymouth and Dodge 
Converted 1970 Plymouth and Dodge 

Percent Reduction 

One, Unknown Model Year BMW 518 
One, Converted Same BMW 518 

Percent Reduction 

Adapted from: references 33-35. 
* Minus indicates an increase. 
** Grams per test. 

In 1975, the use of catalytic converters enabled manufacturers to achieve 

lower HC emissions from the tailpipe.40 

Finally in 1980, when stricter HC and NOx standards were introduced, 

2.48 
5.53 

-123* 

5.84 
1.61 
72 

4.28 
1.92 
55 

2.22 
1.11 
50 

2.25 
1.79 
20 

4.60** 
2.98** 
35 

1.18 
2.17 

-84* 

2.30 
.43 

81 

1.67 
.32 

81 

1.94 
1.50 
23 

2.11 
1.47 
30 

11.13** 
8.68** 
34 

40. Catalysts are usually made of a noble metal which transforms hydrocarbons into C02. 
They require the use of unleaded gasoline since lead «poisons» (destroys) the noble metal. 
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most model cars were equipped with three-way or dual catalyst systems. These 
systems are very much sophisticated and require the use of computers to con
trol the engine parameters very closely. They also require advanced garage in
strumentation for maintenance. 

During that period, the State of California had to adopt additional 
measures to control automobile emissions due to its severe photochemical pol
lution problems. Since 1964, they already had a crankcase control retrofit 
program. Early in 1971, it was deemed necessary to reduce emissions from 
cars already on the road rather than await the arrival of the 1975 and later 
model cars, which would be equipped with advanced control systems.41 

In September 1972, the Air Resources Board implemented the exhaust 
emission control retrofit program for 1955-65 model year Light-Duty Motor 
Vehicles (LDMV). Later in April 1973, the same Board implemented the NO x 

retrofit program for 1966-70 LDMV. All programs above were effective upon 
initial registration and transfer of car ownership. 

Regarding these experiences, at the time when California instituted the re
quirements for 1955-65 LDMV the percentage of foreign cars in the total fleet 
was small. The additional air quality benefit, which could be achieved by 
retrofitting imports, was estimated to be insignificant. The device manufacturers 
therefore were not willing to undertake the capital investment to produce 
devices for such a small market. The NO χ retrofit program, however, was 
designed to reduce emissions from a larger and newer portion of the in-use 
foreign fleet. Simple approaches, such as Vacuum Spark Advance Disconnect 
(VASD), could be used on foreign vehicles included in the control program. 
Also, because of the larger foreign fleet, manufacturers did invest in such 
device manufacturing processes. 

In May 1980, CARB proposed to the Legislature to consider a repeal of all 
retrofit requirements on LDMV.42 Presumably, some of the major factors that 
contributed to this decision were the high replacement rate of cars in the State, 
the stricter standards imposed on the automotive industry, and the intent to 
make their Mandatory Vehicle Inspection Program (MVIP) more palatable. 

Through the years of California's experiences, various countries have ex-

41. CARB, Technical Advisory Committee, Emission Control of Used Cars; Available Op
tions: Their Effectiveness, Cost and Feasibility (June 1971). 

42. CARB, Staff Report (May 1, 1980). 
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pressed interest in retrofit control of used vehicles.43 These countries have in
cluded Brazil, Mexico, Spain, Korea, Iran, the Philippines, and Chile. 

There follows a brief presentation of retrofit devices that have been ac
credited by CARB and marketed in California: 

a. The Dana Corporation — Retronox device. Dana Corporation was able to 
manufacture a device featuring different configurations for air and water 
cooled engines.44 For water cooled engines the device consists of an EGR 
valve with a vacuum delay valve installed between the vacuum source and 
the EGR valve and distributor. For air cooled engines, it consists of an 
EGR valve, an electronic speed switch, an air bleed installed between the 
EGR valve and the intake manifold, and a vacuum relief valve installed 
between the EGR valve and the electronic speed switch. Exhaust emission 
tests were conducted on 1969-70 Toyota, Datsun, and Volkswagen models. 

b. The S.T.P. Corporation device (presently Grancor). This device utilizes 
EGR through a valve and metering means responsive to differentials of ex
haust system pressure, intake manifold vacuums and atmospheric pres
sures.45 Tests were conducted on both air and water cooled engines, but it 
seems that it works more efficiently on Volkswagen 1967-70 bugs. 

c. The Carter Corporation — Emission Reduction Kit. The major components 
of this kit include: an electronic speed sensor switch, an electrically operated 
vacuum solenoid valve, a temperature sensing switch and hoses.46 It applies 
only on water cooled engines. 

d. The Air Quality Products, Inc. — Pure Power. The Pure Power device in
cludes an emission control system and a capacitive discharge ignition 
system.47 The former reduces emissions through selective control of the igni
tion timing, whereas the latter was designed to improve engine performance 
and fuel economy and also to increase the durability of spark plugs and ig
nition points. Both systems are packaged in a single unit. 

Table* 38 indicates selected emission reductions achieved upon proper instal-

43. Personal communication with Air Quality Products, Inc., Orange, California. 
44. CARB, Staff Report (August 15, 1973). 
45. CARB, Staff Report (December 20, 1972). 
46. CARB, Staff Report (November 26, 1974). 
47. CARB, Staff Report (February 7, 1973). 
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làtion of alternative devices. Emission results are based on Constant Volume 
Sampling (CVS) and 96 KPH tests.48 

Of all the above devices, only the Air Quality Products and Grancor ones 
are still marketed in California to date. Nevertheless, manufacturers are willing 
to lease their patents and/or modify existing devices to completely suit non 
U.S.-made vehicles (some foreign models were exempt from California's retrofit 
programs). 

It should be added that retrofitting diesel operated vehicles is technically 
unacceptable. Performing EGR, for example, on a diesel engine will reduce 
operating temperatures at the time that the engine has been designed to fun
ction under high temperatures. This would impair the engine output and in
crease severely the amount of unburnt hydrocarbons and smoke. 

2.3.2.3. Automobile maintenance 

An essential approach toward automobile emission control is periodic car 
maintenance. This consists mainly of engine tune-ups and appropriate repairs 
when needed. More than often, a simple spark plug replacement leads to vital 
HC emission reductions. 

Table 39 outlines benefits from engine maintenance tests reported at the 
1980 Champion ignition Conference. 

Additional data on 535 cars whose spark plugs were replaced showed HC 
reductions of about 16 percent at idle, and 27 percent at 2000 rpm. 

A European study cites HC reductions, 40 percent at four hot cycles and 
10 percent at idle tests, upon car maintenance.49 

Table 40 indicates average emission reductions with engine adjustments. 

48. With CVS, the exhaust is diluted with air and the volume of the diluted air is measured. 
A sample is constantly pumped into a small bag. The bag contents are measured and the diluted 
volume is then used to compute mass emissions. 

49. Stichting CONCAWE, The Problem of Gasoline Engine Exhaust Control, Report No. 
12/72. (The Hague, December 1972). 

-146 -



TABLE 39 
ENGINE MAINTENANCE BENEFITS* 

Adjustment 

Spark Plug 
Replacement Only 

56KPH 
88KPH 

105 KPH 

Tune-Up 
56 KPH 
88 KPH 

105 KPH 

% HC Reduction 
at Tested Speed 

37.00 
36.50 
35.00 

60.00 
66.30 
69.80 

% Fuel Economy Improvement 
at Tested Speed 

4.92 

2.61 
3.56 

14.45 
9.27 
8.86 

* Data courtesy of ARCO Petroleum Products Co., Harvey Technical Center, Harvey, Il
linois. 

TABLE 40 

AVERAGE REDUCTIONS IN EMISSIONS DUE TO 
ENGINE ADJUSTMENTS 

Adjustment and Average Percent Reduction 

Pollutant Retrofit Without Tune-Up Without Retrofit 
Tune-Up Retrofit and Tune-Up 

HC 26 15 34 
NOx 22 -4* 20 

Adapted from: Ad Hoc Group to the Environment Committee of OECD, «Automotive Air 
Pollution and Noise: Implications for Public Policy», in The Automobile and the Environment, 
edited by R. Gakenheimer (Cambridge: MIT Press, 1978). 

* Not statistically significant. 

Table 41 presents baseline and control method vehicle emissions in the 
GAA. Control methods are listed — in continuation to the list provided in sec
tion 2.3.1.7. — as follows: 
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(16) LPG 80 percent, gasoline 20 percent 

(17) Retrofit device 

(18) Automobile maintenance 

(19) Retrofit device and automobile maintenance 

(20) 0.3 percent sulfur diesel 

With reference to Table 41, the following considerations were taken into ac

count: 

a. Particulate emissions from taxicabs running on LPG include only tire-wear 

and a small portion attributable to a 20 percent gasoline consumption. 

b. HC emissions for well-maintained passenger cars include evaporative and 

crankcase emissions plus a 70 percent of uncontrolled exhaust HC. LPG-

run taxicab emissions are as presented in EPA, AP-42 series. For main

tained and retrofitted cars, the information cited in Table 40 was used. 

c. ΝΟχ emissions for LPG-run taxicabs were derived from the EPA, AP-42 

series, while retrofit ΝΟχ reductions were assumed to be 35 percent — 

following the information provided in Table 38. 

2.4. Vector [C] 

The dimensions of this vector are (420 χ 1). It incorporates the annual in

cremental financial costs per control method per unit of output of the various 

source-groups. In general, these costs do not include the value of products 

recovered (except for storage tanks), the costs of air pollution damage, and 

transaction costs. For the sake of simplifying calculations, baseline costs will be 

assumed equal to zero. This choice is supported by the fact that air pollution 

control cost information, by source per year and type of control method in the 

GAA, is not available.30 When mere fuel switching occurs, annual incremental 

costs are usually calculated as the product of fuel price differential times the 

quantity» of fuel consumed by the individual group.31 When control equipment 

are examined, the related costs include annual capital charges, operation, 

maintenance and repair costs, and an opportunity cost of capital. 

50. Official communication of the Center of Planning and Economic Research with the 
Ministry of Industry (September 15, 1980). 

51. This may not be exactly compatible with the concept of Potential Heat Energy Output 
(PHEO) but is not expected to alter the results significantly. 
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2.4.1. Survey of stationary-source pollution control costs 

2.4.1.1. Fuels 

Table 42 presents alternative fuel prices in 1975. 

TABLE 42 

LIQUID-FUEL AVERAGE PRICES IN THE G A A, 1975* 
(Drs./ton) 

Type of Fuel Price 

Residual Oil, 4 percent S 2,420 
Residual Oil, 3.5 percent S 2,590 
Residual Oil, 1.0 percent S 3,124** 
Diesel Oil, 0.5 percent S 5,912 
Diesel Oil, 0.3 percent S 5,962+ 

* Courtesy of Mr. Papoulis, Ministry of Commerce official. 
** European market bulk price (includes a 17 percent increment above market price to ac

commodate various expenses and fees). 
+ Includes present desulfurization costs. 

Regarding specifically fuel switching in space-heating systems, incremental 
costs include the cost of a slight furnace modification to allow burning of diesel 
fuel.32 These costs, however, are outweighed by a proportionately higher reduc
tion in maintenance and utility costs. It is estimated that a net annual saving of 
drachmas 13,500/year is realized upon.furnace modification in an average-
sized building (using 200,000 kCal/hour). With modification equipment 
depreciated at the end of a three year period, the annual net saving becomes 
drachmas 17,500/year thereafter. 

During 1975, 94,000 tons of residual oil were consumed for space-heating 
purposes in the GAA. The number of buildings in which furnace modifications 
are required is not available. Given that furnace operation is 840 hours annual
ly, at a consumption rate of 24.546 kg/h in an average-sized building, it is in-

52. EPCP, «Comparison of Operational Costs in Space-Heating Systems Upon Switching to 
Diesel Operated Furnaces», Internal Report (December 1976). 
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ferred that annual fuel consumption is 20.6 tons/furnace/year and the number 
of buildings needing modifications, 4,611. However, despite the fact that 
diesel's heating value per kg is greater than that of residual oil, the space-
heating system features prevalent in the GAA (as outlined in Chapter III) im
pede fuel substitution quantities to equal amounts. 

2A. 1.2. Control equipment 

Capital investment for plant emission control usually includes the following 
components as percentages of the total capital investment:53 major and aux
iliary equipment (50); costs for field installation (20); project management and 
engineering (13); and indirect costs, such as freight, etc. (17). Also, an oppor
tunity cost of capital is present. These costs are distributed over the useful life 
of the equipment; useful life of cyclones is 20 years; of scrubbers, 10 years; 
and of fabric filters, 2-3 years. 

Annual operation, maintenance, and repair costs vary across control 
systems depending on source emission rate, pressure drop, system operation 
time, utility costs (electricity, water, etc.), and mechanical efficiencies of 
motors, fans, and pumps. According to H. Hesketh, annual maintenance and 
repair costs are approximately 7 percent of total capital investment.54 Limited 
information is provided by an EPA report, according to which, fabric filter 
costs in grain cleaning houses, for instance, are: auxiliary equipment, 53 per
cent of the device cost and installation, 180 percent of the device cost.55 

Another EPA report indicates that operation costs per year, as percent of 
equipment purchase price, are: for fabric filters (275°F), 8 percent; for fabric 
filters (550°F), 5 percent; and for scrubbers, 42 percent.56 Installation costs for 
fabric filters are 75 percent and for scrubbers, 140 percent. Maintenance costs 
per year for fabric filters and scrubbers are 2 and 13 percent respectively. 
Mechanical collector (cyclones, etc.) costs cannot be easily approximated. The 
best way for derivation is provided in reference 47. The collector inlet area is 
calculated on the basis of capacity in ACFM, and thereby, the collector price. 

53. H. Hesketh, Understanding and Controlling Air Pollution (Ann Arbor, Michigan: Ann 
Arbor Science Publishers, 1973). 

54. Ibid. 
55. Air Pollution Control Technology and Cost: Seven Selected Emission Sources, EPA-

450/3-74-060. 
56. Capital and Operating Costs of Selected Air Pollution Control Systems, EPA-450/3-76-

014. 
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Additional component costs are approximately 108 percent of collector 
purchase price. 

Particulate collector purchase prices in drachmas per ACFM are: cyclones 
24, fabric filter (275°F) 82, fabric filter (550°F) 140, and scrubber 41. 

2.4.1.3. Miscellaneous cost data 

The OECD Secretariat suggests that flue gas desulfurization costs are more 
realistic at a high level of capital plus operating costs per ton of sulfur removed 
per year (given as 1970, $1,000 per ton).57 ΝΟχ costs of combustion 
modification controls are $240 per ton controlled at power stations and $830 
per ton at other industries. 

The above costs may at best be adjusted to 1975 conditions using the 
average increase in chemical engineering plant cost indices through the 1970-75 
period.38 These indices include: equipment; engineering and supervision; process 
instruments and controls, etc. The average index increase at the end of 1975 
was 48 percent. 

Average cost-effectiveness of adding floating roofs on coned-roof storage 
tanks depends on tank size.59 For tanks with 55,000 bbl capacity, net savings 
are realized from fuel recovery. For a 10,000 bbl, tank annual costs are around 
$4 per ton of HC controlled. For VBS application at gasoline bulk plants and 
service stations, an average cost of $0.25 per kg of HC controlled is asses
sed.60 Table 43 shows the estimated incremental control costs for each 
stationary source-group (see also Appendix I). 

2.4.2. Vehicle emission-control costs 

2.4.2.1. Conversion to LPG 

Taxicab conversion to LPG will initially require a higher fuel consumption 
at an average increase of about 11 kgs of LPG per 1,000 km run. Given that 

57. OECD, Report and Conclusions of the Joint Ad Hoc Group. 
58. Chemical Engineering, Economic Indicators. 
59. Control Techniques for Volatile Organic Emissions from Stationary Sources, EPA-

450/1-78-022. 
60. Hydrocarbon Control Strategies for Gasoline Marketing Operations, EPA-450/3-78-017. 
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gasoline is more expensive than LPG (a differential of drachmas 13,060/ton, 
regular only) increased LPG consumption does not imply positive incremental 
costs for this item. Furthermore, other beneficial effects are realized due to ex
panded crankcase oil and spark plug use upon conversion to LPG. Rearran
ging data provided in reference 35, Table 44 shows the relevant costs per 1,000 
km run by three groups of taxicabs in the GAA; grouping is based on engine 
displacement in cubic inches (CID). 

TABLE 44 

GASOLINE AND LPG-OPERATED TAXICAB COSTS 
(Drs./1,000 km), 1975 

~CID 

75-85 
90-99 
100 and over 

% of Taxicabs 
in Fleet 

17 
64 
19 

Operational Fuel Costs 
Gasoline 

2,801 
3,488 
3,940 

LPG/Gasoline* 

1,735 
2,019 
2,352 

Net Savings 
from LPG Use 

1,066 
1,469 
1,588 

* An 80/20 percent LPG/Gasoline use module. 

2.4.2.2. Retroßt devices 

California's retrofit control program has stipulated a maximum device cost 
of $35.00 (purchase price plus installation cost), throughout its duration. Also, 
devices should not require maintenance more than once each 12,000 miles of 
operation, and part plus maintenance costs should not exceed a total of 
$15.00.61 

2.4.2.3. Automobile maintenance 

Many parameters affect automobile emissions. Engine adjustments include 
a number of necessary works depending on engine condition. Here, only a 
regular tune-up is considered, three times per year.62 Table 45 shows tune-up 
prices charged at various automobile service stations in Athens. 

61. State of California, Health and Safety Code, chapter 3, Article 1. 
62. A tune-up includes mainly: replacement of ignition points and spark plugs and adjust

ments of engine idle speed, idle mixture, fast idle speed, and choke system. 
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Table 46 shows the estimated incremental costs per unit of vehicle-group 
activity. 

2.5. Matrix [D] 

The dimensions of [D] are (21x420) and its elements are as specified in the 
beginning of this chapter. Each row of this matrix contains as many ones and 
zeros as are applicable and not applicable control methods for each source-

TABLE 45 

TUNE-UP PRICES CHARGED AT GAA AUTOMOBILE SERVICE STATIONS, 
1975, (Drs.)* 

Station Name 

FIAT General Service 
(J. Stathopoulos) 

General Service 
(D. Stefanou) 

General Service 
(P. Asmatzis and 
L. Matsangos) 

General Service 
(Smaragdakis Bros.) 

General Service 
(S. Diamandis) 

General Service 
(T. Frangoulis) 

Address 

360 Kifissias 

3 Ergotimou 

77 Parthenonos 

70 Vouliagmenis 

20 Papazachariou 
A. Varvaras and 
E. Venizelou 

Price Charged 

500 

500 

600 

600 

600 

500 

* Quota sample data, courtesy of Mr. A. Mylonakis, KEPE Technical Services. 

TABLE 46 

CONTROL-METHOD INCREMENTAL COSTS PER UNIT OF GAA 
VEHICLE-GROUP ACTIVITY, 1975 (Drs./1,000 km run) 

Vehicle-Group 

Private Cars 
Taxicabs 
Buses and Trucks 

(16) 

-1,423* 

(17) 

101 
101 

(18) 

129 
129 

(19) 

230 
230 

(20) 

19 

* This figure implies that the cost coefficient for taxicabs is negative in the objective fun
ction. 
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group. Therefore, the sum of the values of the decision variables for each group 
must be equal to the figure of each group's current activity volume. This 
satisfies the condition that no source is allowed to reduce its current activity in 
order to reduce air emissions. 

3. Model Result· 

In presenting the results obtained from the computer runs, first, it should be 
noted that the baseline emissions of the source-groups considered do not cover 
the total loads shown in the emission inventory (Chapter III, Table 17). The 
total emissions considered as percent of the inventory totals are: S02 (86), par
ticulates (76), HC (81), and NO x (91). Even the grouping of some plants 
(which were not surveyed by the EPCP) as «unclassified industrial activity» 
does not perfectly reflect their actual activity — there exist process emissions 
that cannot be inferred. Second, estimation of the optimal HC-ΝΟχ reduction 
levels in the GAA is difficult to pursue with the available data as discussed in 
this chapter, section 2.1.2. Third, the range of control methods or their com
binations and their applicability is limited, thereby restricting the flexibility of 
Matrix [A]. 

In view of these inescapable limitations, the following procedures were pur
sued. 

3.1. H C and N O x control activity tolerance level 

In all cases where the NO x required reduction was close to 30 percent, the 
solution became unfeasible. This is explained by the notion that while combus
tion modification controls were taken to reduce NOx by 30 percent in 
industrial combustion, it is very difficult to efficiently control this pollutant 
emitted from in-use vehicles, stationary internal combustion engines, and 
sources such as space-heating. The same problem was present with an HC 
reduction of over 30 percent due to the bounding which NO x control methods 
exert on HC by doubling their baseline emission level. This is in support of the 
fact that low-excess air methods must be applied carefully to avoid side-effects 
on HC. 

3.2. Negative control coite 

Upon a hypothesized requirement of an up to 20 percent reduction across 
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all four pollutants, the value of the objective function became negative. This is 
interpreted in that since when converting taxicabs to run on LPG actual 
savings are realized, the program made the relevant decision variable very 
basic. The value of the objective function became —915.3 million drachmas. 
Although this is indeed a surprising result, the following thought is inevitable: 
as in Table 46, the average savings in drachmas per thousand km run by tax
icabs are estimated to be 1,423.0 and therefore the annual savings from this 
source become 1,399.7 million drachmas. This sum is sufficient to outweigh 
positive control costs elsewhere at an up to 20 percent reduction across all pol
lutants. Disregarding momentarily the reliability of the cost coefficients which 
were estimated for the remaining source-groups, this figure tends to be a huge 
negative control cost. Not assessing distributional air pollution control policies, 
this realization supports the use of LPG in taxicabs. Additional support is 
provided by the fact that propane has a zero reactivity, and therefore is not 
part of the smog process. 

3.3. The «permissible» pollutant level solution 

3.3.1. Activities, methods, and control costs 

Operating under the HC-NOx activity tolerance levels (as pointed out in 
section 3.1), an optimal solution was obtained when the S02-particulates reduc
tion requirements (i.e., 56 and 75 percent respectively) were applied on the 
source-groups' baseline emission level. With negative control costs neglected, 
the value of the objective function became 2,812.2 million drachmas.63 Table 
47 shows how much of each source-group's activity (as measured by BTUs in 
the production or mileage in the transport process) should be undertaken under 
each of the indicated control methods. In practice it is very difficult for a par
ticular source to switch control methods over its activity schedule. Never
theless, an indication of what types of methods are needed and a proxy of con
trol costs are provisionally derived. 

Table 48 presents the amounts of pollutants controlled at each source-

63. The negative cost coefficient causes the linear program to select LPG substitution 
(method 16) because it lowers taxicab operating costs and hence strongly contributes to minimi
zing the objective function. This is largely independent of LPG substitution as a pollution control 
method. This can be seen by setting the cost coefficient to zero and noting that the program 
only then selects a very limited amount of LPG substitution, as shown in Table 47. 
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TABLE 47 

«OPTIMAL» ACTIVITIES AND CONTROL METHODS 
FOR THE GAA SOURCE-GROUPS, 1975 

Activity 
Source-Group Control Method (109 BTU/Method) 

20 (a) Combustion 
20 (b) Grain Handling 
21, . . . , 39 Combustion 
21, . . . , 39 Combustion 
31 (a) Combustion 
31 (b) Acid and Fertilizers 
32 (a) Combustion 
32 (b) Oil Storage/Process. 
33 (a) Ceramic Clay 
33 (b) Glass 
33 (c) Cement 
34 (a) Combustion 
34 (b) Steel 
34 (b) Steel 
Unclas. Industrial Activity 
Power Generation 
Power Generation 
Space-Heating 
Sea Vessels 
Dry-Cleaning* 
Gasoline Marketing** 
Private Automobiles 
Taxicabs 
Taxicabs 
City Buses and Trucks 

Note: «Optimal» refers to least-cost pollution control to achieve the U.S. Air Quality Standards 
in the GAA; see Table 27. Activity refers to the BTU proxy for industrial output and transpor
tation mileage; see section 2.2.1. Control methods are defined in section 2.3.1.7. Numbers ap
pearing in the source-group column indicate SIC groups (e.g., 20 stands for the food industry); 
see section 2.2 for source-group listing. 

*103 kg of clothes. 
**103 liter of gasoline. 

104 km run. 

12 
15 
11 
12 
11 
13 
12 
8 
15 
11 
14 
12 
11 
14 
12 
12 
13 
2 
1 
10 
9 
19 
16 
19 
1 

351.4 
247.5 
170.4 

4,623.4 
2,195.9 
1,637.2 

49.7 
8,029.2 
216.4 
691.4 

10,416.4 
69.3 

394.0 
365.2 

8,920.5 
6,463.7 
12,420.3 
18,797.0 
1,054.0 
9,600.0 

569,333.0 
333,190.4 

1,056.1 
97,304.9 
17,244.7 
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group as well as the annual control costs. As indicated in this table, the power 
plant will control the largest percentage of S02 compared to the rest of the 
sources. It will also control one-third of the total NO χ. The cement industry 
undertakes the greatest portion of particulate abatement. HC abatement is 
shared by the oil storage and processing industry, vehicles, gasoline marketing, 
and to a lesser extent, by the dry-cleaning industry. Regarding NO χ, controls 
are assigned primarily to the GAA vehicles, the power plant, and the cement 
industry. Finally, the total annual costs are undertaken mostly by the power 
plant and private passenger cars. 

3.3.2. Duality 

The computer printout provides the dual values or shadow prices of the 
various activities (i.e., pollutants and source-activities). Each shadow price in
dicates the change in the total control costs associated with a unit increase in 
the relative activity (e.g., drachmas/additional kg of S02 controlled). For the 
GAA, the pollutant dual values in drachmas/kg of pollutant are: S02, 11.3; 
particulates, 8.0; HC, 1,054.0; and NOx, 1,357.4 (see Appendix II). These 
costs are realized when controlling the respective species in the neighborhood 
of the reduction levels considered (e.g., when controlling S02 a little over 56 
percent). 

A similar study was executed for the St. Louis, Missouri airshed which con
sidered a 71 percent S02, a 55 percent particulate, and approximately the same 
(as in the present study) percent reductions of HC and ΝΟχ in 1975. The dual 
values of the four pollutants in drachmas/kg were found to be: S02, 1.98, par
ticulates, 6.99; HC, 2.23; and, NOx, 29.44.64 

As observed, the costs of controlling each pollutant in St. Louis are much 
lower than those in the GAA for the same year. This discrepancy is explained 
by the facts that: different reduction requirements were considered in the two 
case-studies; large S02 decreases are achieved in St. Louis by replacing coal 
with fossil fuels of lower sulfur content; more methods have been assigned to 
HC and NO x controls in St. Louis; and finally, possible biases in the model 
parameter estimation may be present. 

Regarding NO x specifically, on the one hand, the St. Louis study accepts 
that substitution of natural gas for coal in utility boilers will lead to substantial 

64. R. Kohn, A Linear Programming Model for Air Pollution Control (Cambridge: MIT 

Press, 1978), p. 83. 
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ΝΟχ reductions. However, as indicated in an EPA report, similar substitutions 

have led to N O x increases rather than decreases, in California.65 On the other 

hand, the present study has taken and adjusted the ΝΟχ control costs 

suggested by the OECD Environment Directorate. Also, possible N O x 

reductions after substitution with lower nitrogen-bearing fuels in external com

bustion activities were not included — there is no information available in the 

GAA about this parameter. 

The S0 2 and particulate shadow prices, however, seem more realistic. After 

substituting with cleaner fuels in the GAA combustion activities, more expen

sive methods are required to further reduce this pollutant. 

3.4. Sensitivity analysis 

Extensive sensitivity analysis is generally constrained by the low complexity 

of Matrix [Al. 

In gasoline marketing operations, when Vapor Balance System (VBS) ef

ficiency was reduced to 65 percent and the cost coefficient was tripled, this 

method was still selected at the total source-activity level. An increase of good 

housekeeping costs by an order of magnitude of three did not force the 

program to reject this method. It must be noted that HC reductions from these 

sources are essential for a feasible solution, and therefore the only effect 

observed is an increase in the value of the objective function rather than selec

tion of an alternative method. 

On the assumption that flue gas desulfurization does not affect the sources' 

baseline level of combustion particulates and ΝΟχ, (i.e., reduces S 0 2 only), the 

solution was unfeasible. This supports the critical role of sources such as the 

power plant — where this method applies — in the overall pollution magnitude 

(as measured by the amount of emissions of the examined sources) and the 

careful operation of such a method, if pursued. 

An upward adjustment of costs for automobile retrofit devices on the basis 

of increased gasoline consumption as well as possible adverse vehicle 

driveability effects with them — such aspects have been mentioned in relevant, 

previously cited reports — gave preference to simple engine maintenance ap

proaches. 

The trends in the marginal costs (MC) of controlling each pollutant were 

65. NAPCA, Control Techniques for Nitrogen Oxides from Stationary Sources 
(Washington, D.C., March 1970), p. 4-4. 
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derived by altering their levels in Vector [b] — by considering individual pollu
tant emission reductions and observing the change in the value of the objective 
function. The coefficient values which led to Table 47 were utilized. The 
shadow prices cited earlier are themselves MC's, but only in the neighborhood 
of the optimal pollutant reduction levels. Since baseline control costs were as
sumed to be zero, the MC patterns were traced by solving for an original ten 
percent reduction for each pollutant and calculating percent MC changes above 
those costs. Figure 12 depicts MC trends at various percent levels of abate
ment. As indicated in this figure, the MC of S02 and particulates follow a 
smoother pattern compared to HC and NO χ. These patterns are explained by 
the limitations of control-method applications as discussed earlier in section 
3.3.2. Regarding HC specifically, while this species' control is relatively not 
costly in the oil storage and processing industry, the costs realized for private 
automobile servicing exert a multiple increase above the HC MC baseline. 

To check the model sensitivity further, the distribution of control methods 
over source-groups at various joint percent S02-particulate reduction levels was 
traced. HC-NOx were held constant at their activity tolerance levels (see 
section 3.1). The results are shown in Table 49. As observed in this table, the 
higher the reduction level the greater the requirement for more expensive con
trols (e.g., at the 70 percent level, power generation uses more flue gas 
desulfurization, method 13). This is a result which is generally expected. 
Another observation relates to the cement industry. Here, the higher the reduc
tion level the higher the need for particulate controls. The interpretation of this 
finding is seen in the fact that a properly installed particulate collector in this 
industry will also yield an S02 decrease due to the latter's affinity to the ores. 
Such S02 control «bonuses» are reflected in Figure 12 earlier, where the par
ticulate MC line crosses over the S02 MC line. 

In contrast to Greek legislation requiring the use of cleaner fuels, Tables 47 
and 49 show that fuel substitution methods for some source-groups are either 
nonselected or selected only at high percent pollutant level reductions; for in
stance, method 20 (0.3 S diesel) for city buses/trucks appears only at the 70 
percent reduction level in Table 49. 

In an attempt to provide for a preferred selection of fuel-methods in the 
program, various routes of «forcing» such methods in the «optimal» solution 
were tested. These routes included: zeroing the fuel-method cost coefficients, 
overinflating the nonfuel method cost coefficients, and combining the two. The 
relevant computer runs still selected nonfuel methods over the entire activity 
volume of some sources — such as method 14, combustion modifications plus 
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FIGURE 12 
Pollutant Marginal Cost Trends 
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particulate collectors, for grain handling plants. This result is attributed to the 

facts that fuel-methods cannot reduce the levels of combustion HC and NO χ, 

and also that Matrix [A] has a low flexibility. Finally, in one case fuel-methods 

were «forced» mainly onto source-groups 31 (a), combustion; 33 (b), glass 

production; sea vessels; and city buses/trucks. This drove the total control 

costs to 3,069.9 million drachmas — i.e., 257.7 million above the costs of the 

«optimal» solution shown in Table 48 — and produced a slack (or excess) of 

6.7 thousand tons of S0 2 controlled beyond the required level. 
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CHAPTER V 

AIR QUALITY MANAGEMENT IN THE GAA: 
A SUBMISSION OF RECOMMENDED ROUTES 

This last chapter delineates routes to air quality management in the GAA. 
Section 1 summarizes and discusses such routes in light of the work 

presented thus far, while section 2 suggests a more comprehensive way to ad
dress the issue of air pollution control from existing sources in the region. 

STUDY CONCLUSIONS 

Air pollution in Athens is undoubtedly a political theme. It touches upon 
the issues of corporate and private attitudes on any measures undertaken, the 
allocation of authority over the involved government agencies, and finally, 
economic feasibilities. Air quality, however, is desperately needed and 
demanded, hence pursuing comprehensive and effective programs on air con
servation is inescapable. All things considered, the answer to Athens' air pollu
tion question is not an easy one. 

1. A Submission of Recommended Routes 

In the context of a general recommendations framework, the following 
guidelines seem appropriate: 
— Formally redefine the GAA to embrace comprehensively all polluting sour

ces in the area. This will clear out ambiguities and arguments as to the poll
ution potential in the airshed. 

— Closely study the experiences of other similar airsheds. 
— Carefully select a control approach and the organizational structure. 
— Inclusively assess the air pollution magnitude from all sources in the area, 

disregarding size or name, as it is done by qualified management agencies. 
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— Analytically study and present evaluations and feasibilities of every possible * 
control method to be applied on the various sources. 

— From these, select the ones that are most economical and faster to imple
ment. 
In the sections to follow, different routes of action for stationary and 

mobile sources are discussed due to the distinct nature of their features — 
although common practices such as equipment maintenance are equally 
desirable for both. 

1.1. Stationary sources 

1.1.1. Activities following the «optimal» solution 

Assuming that the model results truly represent real world phenomena, the 
control methods shown in Table 47 should be enforced for each stationary 
source-group. This enforcement is based solely on financial criteria. 

Addressing the smog issue, combustion modifications, when properly exe
cuted, may reduce NOx significantly. Even in the case where they increase the 
level of baseline combustion HC, it is worthwhile to pursue such measures. 
Due to the significance of NOx in smog formation and the fact that industrial 
combustion HC are less volatile and reactive, it pays off to reduce 37.2 tons of 
NOx at an increase of 6.0 tons of HC (see Table 48, e.g., glass production). 
Large HC controls may be achieved in the oil storage and processing industry. 
The annual control costs are low due to energy savings realized in that source. 

1.1.2. Various other issues 

Three central issues are discussed below: financial feasibilities, relocation, 
and enforcement. 

Regarding financial feasibilities, the model results indicate that the financial 
burden of pollution control measures may be penalizing industry. The total 
1975 investment (new items and self-constructions) for the steel industry (SIC 
34) in the GAA was 73.6 million drachmas. According to Table 48, its es
timated annual control costs from the surveyed plants are approximately 10.0 
million — i.e., 14 percent of the group's investment. For the cement industry 
(SIC 33) total investment was 233.5 million and the estimated annualized con-
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trol costs are 228.2 million — i.e., 98 percent ofthat investment.1 These percen
tages, although not accurate, seem to be high.2 

The present model cannot inclusively address this issue due to the lumping 
of various industrial plants into aggregate source-groups (e.g., source-group 
21,..., 39, combustion). 

The power plant remains a crucial source in the abatement process and its 
pollution control costs may be significant to the Greek Government (the plant 
is state-owned). 

Turning to the relocation issue, while the annual control costs for the in
dustries considered are estimated (from Table 48) to be slightly over half a bil
lion drachmas in 1975, a government team assessed the problematic-industry 
relocation costs to be one billion drachmas in 1979.3 This crude observation 
would tend to support a plant relocation program which in all aspects is consis
tent with depolarization policies recommended by all drafted Economic 
Development Plans of Greece. The additional merits of this approach are seen 
in the avoidance of transaction costs and pollution damages. It is accurate to 
say that the general public is always paying for pollution costs, either in the 
form of health damages or in the form of higher product prices and taxes to 
support maintenance of profit margins and pollution control programs. Reloca
tion calls for a once-and-for-all payment for clean air, partially eliminating in
dustrial pollution in Athens. However, various other issues enter the picture, 
such as the significance of source location to preserve quick access to delivery 
networks, etc. Transportation costs would be another type of pollution control 
costs. While this issue needs further quantitative substantiation, it is important 
to consider the time-consuming paths through which advanced control methods 
are to be applied and the development of expertise involved in the control 
process at a time when fast action is required. 

Finally, in view of the past air pollution control experiences in the GAA 
and the likely high costs to the industrialists, the enforcement (as opposed to 
the relocation) issue can be patterned after the experiences of other airsheds 
(see Chapter I, section 2). The powerful representative of Greek manufacturers 

1. National Statistical Service of Greece (NSSG), Annual Industrial Survey for the Year 
1975 (Athens, 1980). 

2. The calculated percentages are not representative because investment per group provided 
by the NSSG concerns only those industries located within the borders of the GAA as defined 
by this agency. 

3. Personal communication with EPCP staff. 
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is the Union of Greek Industrialists (ΣΕΒ), located in Athens. Control 
authorities may attempt to establish a nonpublicized network of communica
tions with ΣΕΒ, seeking the endorsement of a Stationary Source Compliance 
Draft. If such an endorsement is not achieved, the issue of industrial pollution 
may be publicized with a subsequent invitation to ΣΕΒ to attend an Official 
State-Industrialist Conference (OSIC). The first OSIC, to be audited by the 
media and prominent Greek individuals, will simply aim at initiating formal 
communications between the authorities and the manufacturers. Once this has 
been achieved, the remaining issue is a compromise of demands by both par
ticipants which may result in a series of laws for «scheduled industrial air pollu
tion abatement». 

1.2. Mobile sources 

While the Athenian city bus network needs substantial improvements, the 
discussion here concerns automobiles of private and public use. Prior to this 
discussion, the use of LPG in taxicabs becomes unquestionable when the ap
propriate modifications needed are made, in light of the technical detail: 
presented in Chapter IV, section 2.3.2.1. 

1.2.1. Automobile maintenance 

In Chapter IV, section 3.4, the issue of automobile maintenance was 
brought up; this method is selected in the sensitivity analysis of the «optimal» 
solution. Here a more thorough discussion is presented. There is not a single 
doubt that maintenance is a powerful method for reducing tailpipe emissions. 
This, however, poses two immediate questions: Can the Greek automobile ser
vice industry do it? How could the authorities enforce such a program? 

A recent OECD study states: 
Investigations have shown that the automobile service industry 
(OECD countries) is in general not adequately trained nor adequately 
equipped with service manuals, diagnostic equipment and special tools 
9or emission control system repair.4 

Automobile emission control systems, such as fuel injection, need careful 
servicing. Furthermore, CARB experiences have indicated that garage stations 

4. OECD, The Cost and Effectiveness of Automotive Emission Control Regulations (Paris, 
1979), p. 8. 
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usually do not pay attention to emission parameter adjustments — they prefer 
to satisfy their customers by ensuring maximum engine power. 

The enforcement of engine maintenance in the GAA can be achieved as fol
lows: 

a. Service-station licensing, mechanic licensing, and directives. Service-station 
licensing/relicensing procedures may provide for conditional approval upon 
inclusion of the appropriate instrumentation and installations. 
Qualified mechanics' training and licensing may be replicated from Califor
nia's programs (see Chapter I, section 2.3). A comprehensive package 
prepared in 1978 by the National Center for Vehicle Emission Control and 
Safety (NCVECS) is available.3 This package has proven helpful for 
mechanics, government instructors, managers' workshops, colleges, and 
other groups. 
Due to the high diversification of the GAA automobiles, directives man
dating engine adjustments to manufacturers' specifications at tune-ups could 
suffice to initially direct the network of service activities. 

b. Annual submission. Under the present system of vehicle licensing and taxa
tion, although the license plates remain the same, an annual tax assessment 
is mailed to the vehicle owner to be paid within the assessment period. It is 
not uncommon for assessees to delay their tax" payment considerably while 
still operating their polluting automobiles. A system that may resolve both 
disturbances would be the introduction of an annual (or semi-annual) tax 
payment plate-sticker, the issuance of which is pending upon a satisfactory 
vehicle maintenance inspection. 

1.2.2. Controls on imports 

As stated in Chapter III, section 2.1.4, used cars are imported and put to 
circulation in Athens. Orders by the Greek automotive import industry usually 
include: used cars, used whole engines, and used engine and body parts. 

A program aiming to discourage continued operation of polluting vintage 
ICEs in the airshed could be initiated. 

As far as imports of new automobiles are concerned at this point in time, 
requirements of exhaust emission control systems might be inappropriate due to 
the high costs of removing lead from gasoline and the sophisticated 

5. Personal communication with NCVECS, Colorado State University. 
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maintenance and instrumentation they call for.6 This, however, may not be 
totally unrealistic since according to the Ministry of Industry, the MOTOR-
OIL refinery at Korinth is supplied with advanced equipment and could 
produce unleaded gasoline at insignificant additional costs.7 

The least that may be aimed at are crankcase and evaporative emission 
systems which do not require the use of unleaded gasoline. This view is again 
supported by the OECD study on automotive emissions which states: 

Governments of OECD Europe should also be considering the ap
plication of evaporative emission control standards as this standard 
has been proven to be very cost-effective in both the U.S. and Japan.8 

The suggestion is to be executed following an inquiry of Greece's obliga
tions now as a full member of the European Economic Community. 

Table 50 summarizes the progress on emission control systems installed 
originally by European and Japanese manufacturers, as of December 1972. 
Figure 13 indicates the progressive reduction of HC and NOx in Europe and 
the U.S. through time, as an effect of automobile emission standards. 

1.2.3. Persuasive communications 

Automobile maintenance, unnecessary trips, proper driving habits, etc. are 
all crucial to excessive automobile emission reductions. Regarding driving 
habits specifically gear-assisted deceleration, for instance, is a tremendously im
portant variable in exhaust emissions.9 Persuasive communications of a 
management agency, therefore, addressing these issues may result in a positive 
effect. The major three components of such actions include: the communicator, 
the message, and the target.10-12 

The decisive features of a communicator are seen in his/her credibility, 

6. California Bureau of Automotive Repair and Department of Consumer Affairs, Motor 
Vehicle Pollution Control Handbook (January 1979). 

7. Personal communication with Mr. Simeonidis, Ministry of Industry, Athens. 
8. OECD, The Cost and Effectiveness, p. 9. 
9. Personal communication with Mr. R. Olree, Ethyl Corporation Research Laboratories, 

Ferndale, Michigan. 
10. P. Second and C. Backman, Social Psychology (New York: McGraw-Hill, 1974). 
11. P. Zimbardo and E. Ebessen, Influencing Attitudes and Changing Behavior (Reading, 

Massachusetts: Addison-Wesley, 1970). 
12. Foundation for American Communications (FACS), Who, What, Where, When, Why, 

and How to Tell Your Story (Los Angeles: FACS, 1981). 
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FIGURE 13 

Automobile HC-NOx reduction in the USA and Europe, 

as a result of emission standards 
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likeabüity, preparedness to deliver the message, and familiarity with the rele
vant operational aspects. 

The contents of the message are to be one-sided, ordered appropriately 
(with pro-arguments first and counter-arguments last), need-arousing, and 
pointing to recency (vs. primacy) effects. 

Regarding the target (i.e., owners and/or vehicle operators), its varying 
characteristics such as distance from communicator, comprehension of mes
sage, exposure to information, and personality characteristics are to be ex
amined. 

1.3. Organization 

In the process of pursuing effective air conservation programs, the 
organizational structure is of crucial importance. This study suggests the dis-
patchment and transference of EPCP to the Ministry of Urban Planning, Hous
ing, and Environment. Also, managers from the various executive and technical 
sections of other environmental agencies may be assigned to the same Ministry. 
Finally, this agency should be authorized and assigned major responsibility for 
environmental protection. 

2. Model Expansion 

Ideally, the use of a methodology — based on linear programming — to be 
applied to in-use air pollution producing installations in Athens would be as 
discussed in the sections to follow. 

2.1. Forecasting pollution levels 

In the process of planning management strategies for the coming period 
(year), the permissible air pollutant loads in the GAA will be estimated from 
the forecasted levels during that period. Usually, these levels are difficult to 
predict accurately. Nevertheless, it can be done within some range of upper and 
lower limits. 

2.2. Source handling 

Consider a large number of sources to be controlled. From these, each in
dustrial plant in the airshed represents a separate source. Gasoline service sta
tions are divided into the ones located in the north, south, etc. section of the 
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airshed, or separated on the basis of alternative features (storage tank size, 
etc.)· The dry-cleaning industry is split into petroleum-based or 
perchloroethylene solvents operated. Boating activity is divided into commer
cial, passenger, and sports-oriented. Mobile sources are arranged into the city-
bus network, taxicabs, private automobiles, and commercial vehicles. A further 
categorization of such sources is executed on the basis of their featuring or not 
featuring emission control systems (PCV, evaporative controls, etc.) or by age, 
manufacturer, or retrofit device applicability. 

2.3. Model Coefficients 

Having a comprehensive list of polluting activities categorized as above, the 
number of applicable control methods is augmented and addresses more in
clusively the issue of technological and control cost coefficients. 

Regarding specifically NOx and HC controls from both stationary and 
mobile sources — thereby addressing the smog issue — several methods may be 
utilized. 

2.3.1. Stationary sources 

Tables 51 and 52 indicate various options available for selected stationary 
sources. Supporting technical information may be obtained by a properly ex
ecuted survey of the GAA sources. 

2.3.2. Automobiles 

An EPA report presents a list of retrofit approaches from which a realistic 
selection may be made. This list includes:13 

— Air Bleed to Intake Manifold 
— Intake Manifold Modification 
— Carburetor Modification 
— Ignition Timing Modification 
— Ignition Spark Modification 
— Alternative Fuel Conversion 
— Fuel Additives 
— Fuel Conditioners 

13. Control Strategies for In-Use Vehicles, EPA No. APTD-1469 (November 1972). 

- 1 7 6 -



—Closed Crankcase Systems 

—Open Crankcase Systems 

—Crankcase Evaporative Emission Storage 

—Canister Evaporative Emission Storage. 

TABLE 51 

NOx CONTROL METHODS FOR SELECTED STATIONARY SOURCES 

Source Methods* 

1. Utility Boiler 
(Gas Fuel 300) LEA, BBF, OA, RL, FGR, LNB, CC 

2. Utility Boiler 
(Liquid Fuel 400) LEA, BBF, OA, RL, FGR, LNB, CC 

3. Industrial Boiler 
(Residual Oil Firetube) LEA, RL, FGR, SC, LNB, CC 

4. Industrial Boiler 
(Distillate Oil Firetube) LEA, RL, FGR, SC, LNB, CC 

5. Industrial Boiler 
(Natural Gas Firetube) LEA, RL, FGR, SC, CC 

6. Industrial Boiler 
(Residual Oil Watertube) LEA, RL, FGR, LNB, SC, ΝΑΙ, CC 

Adapted from: ACT (Available Control Technology) for Stationary Sources, EPA-909/9-79-002. 

*LEA — Low-Excess Air 
BBF = Biased Burner Firing 
OA — Overfire Air 
RL = Reduced Load 
FGR — Flue Gas Recirculation 
LNB - Low NOx Burner 
SC = Staged Combustion 
ΝΑΙ = Non-Catalytic Ammonia Injection 
CC = Combined Controls 
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TABLE 52 

HC CONTROL METHODS FOR SELECTED INDUSTRIAL ACTIVITIES 

1. 
2. 
3. 
4 
5. 
6. 
7. 
8. 
9. 

10. 

11. 

Source 

Chemicals 
Paint, Varnish, Ink 
Surface Coating 
Rubber and Products 
Pharmaceuticals 
Graphic Arts 
Foods 
Dry-Cleaning 
Fibers 
Degreasing 
Cutback Asphalt 

Methods* 

COB, INC, CAC, CAD, REC 
AFB, CON, ABS, SCR, SOR, SUB 
CAD, CON, SCR 
ABS, ADS, CON, INC 
SCR, ΟΖΟ, INC 
LSI, INC or ADS 
INC, ADS, CON 
CAD, INC, REC, WSOT 
CAD, ADS, INC, ABS, REC, VAS, GH 
RECH, CAD, INC, ABS 
EMA 

Adapted from : Control Techniques for Volatile Organic Emissions from Stationary Sources, 
EPA-450/2-78-022. 

"COB 
INC 
CAC 
CAD 
REC 
AFB 
CON 

ADS 
ABS 
SCR 
SOR 
SUB 
ΟΖΟ 
LSI 

VAS 
GH 
RECH 
EMA 
WSOT 

- CO Boiler 
— Incineration 
- Catalytic Converter 
— Carbon Adsorption 
- Refrigerated Condensation 
— Afterburner 
— Condensers 
— Adsorbers 
— Absorbers 
— Scrubber 
— Solvent Reformulation 
— Sublination 
— Ozonation 

— Low-Solvent Ink 
— Vacuum Stripping 
— Good Housekeeping 
- Refrigerated Chillers 
— Emulsified Asphalt 
— Waste Solvent Treatment 

Feasibility of application may be determined upon information on the exact 

number, model year, and automobile manufacturer which can be compiled 
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from Ministry of Transportation files. Then, a systematic communication with 
the individual manufacturers may provide information on the existing emission 
control systems (such as those shown in Table 50) by model year and vehicle 
type of their make. Although these systems are applicable on cars sold in U.S. 
markets, it is worth noting that all systems except for catalytic converters do 
not require the use of unleaded gasoline and some of them have been marketed 
in the European Economic Community as well. 

From the groups of emission control systems cited earlier, the crankcase 
and evaporative ones are more likely to be feasible. There have been sufficient 
investigations on the retrofit applicability of these two systems.14 

2.4. Supplementary targets of an expanded methodology 

The importance attached to an expanded methodology, as above, is seen in 
that the total control costs as well as the costs by each source-group become 
more meaningful. At the same time, two supplementary targets are reached: an 
increase in the abatement level of HC and NO» and the possibility of deducing 
emission standards for each source. The values of the technological coefficients 
of control methods in the optimal solution may be introduced as emission stan
dards; as outlined in Chapter IV, these values are in the form of kgs of 
SO2/109 BTU, etc. Stationary-source emission standards are usually expressed 
as grains/SCF, lbs/103 lbs, lbs/106 BTU, lbs/hour, and the like. 

14. P. Clarke, Investigation and Assessment of Light Duty Vehicle Evaporative Emission 
Sources and Control, EPA contract No. 68-03-3172 (1975). 
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APPENDICES 





APPENDIX I 

ANNUALIZED FINANCIAL CONTROL COSTS 

The following two examples of estimating annual financial control costs for 
each control method are: 

Particulate Collectors 

1. Purchase cost = Atmospheric Cubic Feet per Minute (ACFM) χ 
drachmas/ACFM. 

2. Auxiliary equipment = «x» percent of purchase cost. 
3. Installation, etc. = «x» percent of purchase cost. 
4. Opportunity cost = current interest rate on 1 through 3. 
5. Total investment = sum of 1 through 4. 
6. Annual payment = discounted total investment over the equipment's useful 

life at the current interest rate. 
7. Annual operation = «x» percent of purchase cost. 
8. Annual maintenance = «x» percent of purchase cost. 
9. Total incremental control cost = sum of 6 through 8. 

Stationary NO* Control· 

1. OECD provides data in the form of 1970 dollars/ton of NOx controlled at 
M 

power plants and industrial plants. 
2. Adjust OECD data with the Chemical Engineering Plant Cost Index (CEP-

CI) to the 1975 conditions (multiply dollars/ton by the increase in CEPCI 
between 1970 and 1975). 

3. Multiply the adjusted dollars/ton of NOx by the amount of NOx emissions 
of the individual source. 

4. Dollars are converted to drachmas at the 1975 rate of 41 drachmas/dollar. 
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APPENDIX II 

COMPUTER PRINTOUT 

The computer printout provided in this appendix is interpreted as follows: 

Section 1 — Rows 

«Activity» for OBJ indicates the total control costs in drachmas per year. 
Activity of Rl through R4 denotes the allowable levels of S02, particulates, 
HC, and NOx respectively. Activity of R5 through R25 represents the 
industrial and transportation activity volume (in BTUs, etc.) of each source-
group as listed in relevant tables. 

«Dual activity» of Rl through R4 corresponds to the shadow price of each 
of the four pollutants in the order shown above. Each shadow price indicates 
the change in the value of OBJ associated with one additional unit (kg) of pol
lutant controlled. Dual activity for R5 through R25 represents the shadow 
price of each source-group's activity. Each shadow price indicates the change 
in the value of OBJ upon a unit change of source-activity (IO9 BTU, etc.). 

Section 2 — Columns 

Each source-group is represented by 20 zero and nonzero columns; for in
stance, source-group 20 (a) is represented by nonzero columns CI, C2, Cl l , 
and C12. The number of a column indicates a control method; for example, 
C12 stands for method 12 (combustion modifications and fuel substitution). 

«Activity» corresponds to the amount of source-activity (BTU, etc.) which 
must be undertaken under the method shown in the respective column. 

«Input cost» stands for the cost of the respective method per unit of source-
activity. 

Finally, «reduced cost» refers to the change in OBJ upon a unit change in 
source-activity (BTU, etc.) undertaken with the control method indicated in the 
respective column. 
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