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Introduction 

This paper describes a methodology for estimating energy externalities? These externalities are environmental, 
health, and other damages and benefits that traditionally have not been considered as part of the cost of producing 
and consuming goods and services. An example of externalities is the effect on human health from exposure to ozone 
formed from NO, and other emissions from electric power plants. These damages are valued adversely by individuals 
(and by society), but are not reflected in the price of electricity. The damage function approach is a methodology 
which is used for developing quantitative estimates of externalities. This paper describes the five major steps in the 
damage function approach, focuses on the use of ozone models in that framework, and points out the effects of 
meteorological variables on estimates of ozone concentrations. 

Damage Function Approach 

The damage function approach is applied to estimate the incremental effects of constructing and operating 
an electric power plant at a particular location. The power plant and location may be reference points for illustrative 
analysis; they may be among a number of representative technologies and sites for general planning purposes; or they 
may be an actual option for a power plant. Externalities associated with this plant include those associated with the 
full fuel cycle. A fuel cycle includes fuel extraction and processing, transportation, power plant construction, el&c 
power generation, electricity transmission, waste disposal, and plant decommissioning. 

As a practi&l matter, there are too many activities, processes, and associated discharges from all fuel cycle 
activities to study all of them in detail. Thus, a set ofpriority impact-pathways are selected for detailed ana@&. An 
impact-pathway is defined as a sequence with: (a) a fuel cycle activity or process (such as electric power generation); 
a discharge@) (such as NO, and hydrocarbon emissions); transport and transformation of pollutants (such as ozone); 
and an impact on some environment, species or population (such as asthma attacks). The major criterion for selecting 
a priority pathway is an a priori judgment that it potentially leads to large damages. 

Figure 1 depicts the application of the damage function approach to impact-pathways The mUhdobgical 
framework consists of five steps: (1) characterizing the energy technology (e.& a pulverized coal-hred p e r  plant, the 
stages of its fuel cycle, and their emissions); (2) modeling the dispersion and chemical transformation of pollutants; 
(3) estimating the impacts associated with the additional concentrations of pollutants; (4) translating UxsehpaUs into 
monetary values; and (5) identiwng the portion of the damages (or benefits) that are not presently reflected in 
electricity prices. Step 1 involves engineering analysis to estimate the more important discharges from the various 
stages of the fuel cycle. Step 2 consists of transport, dilution, and transformation modelling to estimate the changes 
in concentrations of pollutants due to the fuel cycle activity. Step 3 involves the use of exposure-response functions 
to estimate ecological and health effects from exposure to increased concentrations. Step 4 uses economic valuation 
functions which estimate the monetary value held by individuals toward the impacts estimated in Step 3. Step 5 
involves analysis of market, legislation, tax, regulatory and other conditions that affect the extent to which damages 
are already reflected in the price of electricity. In the United States, for example, the national limit on SO, emissions 
and the trading of emissions allowances has internalized many of the externalities associated with SO, 

' Oak Ridge National Laboratory is managed by Marietta Energy Systems, Inc. for the U. S. Department of Energy under 
contract DE-AC05-840R21400. Views expressed in the paper are solely those of the authors. 

This paper reflects analysis from an ongoing study whicb is dcvelopiPg metbods to quantify externalities smog dif€crcnt 
electric power technologies, using two locations in thc U. S. as reference sites (Cantor, Lee et aL 1992). 
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Ozone Modelling and the Importance of Meteorological Variables 

This section of the paper focuses on the second step of the damage function methodology as applied to ozone 
transport, dilution, and transformation. Five major factors account for the formation of excess ozone in power plant 
plumes: (1) ambient ozone concentrations, (2) reactive hydrocarbons, (3) a favourable ratio of ambient hydrocarbons 
to plume NO, (4) atmospheric mixing, and (5) sufficient photochemical activity @e., sunlight and temperature). Figure 
2 shows the strong correlation between maximum daily temperature and the measured peak daily one-hour ozone 
concentration. 

- Modelling ozone transport, dilution, and transformation is done using the U. S. Environmental Protection 
Agency’s Ozone Isopleth Plotting Mechanism (OZIPM-4) model (US EPA 1989) and the Mapping Area-Wide 
Prediction of Ozone (MAP-0,) model developed by McIlvaine for her forthcoming Ph.D. dissertation. Figure 3 
illustrates how the OZIPM-4 model’s results are used in the W-03 model. In the OZIPM-4 model, a column of 
air contains initial concentrations of ozone, non-methane organic compounds, and NO, The column is transported 
along a trajectory. The column is assumed to extend from the earth’s surface to the mixing height. The mixing height 
is defined as the top of a surfaced-based layer of air. Air within the column is assumed to be uniformly mixed due to 
mechanical and thermal turbulence. As the column moves along the trajectory, its mixing height increases, and 
concentrations of ozone and precursors are simultaneously diluted due to the rise in the mixing height and increased 
due to entrainment of pollutants transported aloft (above the mixing height) and addition of fresh emissions from 
ground level. Thirty-four chemical species are modelled according to the Carbon Bond-IV mechanism (Gery et al. 
1989). 

- 

Meteorological inputs to the model include hourly temperatures, hourly atmospheric moisture measurements, 
and morning and afternoon mixing heights. Solar radiation is determined by the latitude, longitude, and day of the 
ozone season. Other inputs to the model include anthropogenic emissions of reactive hydrocarbons and NO, as well 
as concentrations of ozone, reactive hydrocarbons and NO, above and within the column of air at the start of a 
simulation. Hourly biogenic reactive hydrocarbon emissions, which are also input to the OZIPM-4 model, are 
calculated with the EPA Personal Computer Based Biogenic Emissions Inventory System (PC-BEIS) program, using 
hourly meteorological observations of sky cover, relative humidity and temperature. The hourly NO, emission flux 
from the plant is another key input to the OZIPM-4 model. This flux is calculated from the NO, emission rate and 
the wind speed. 

Exposure-response functions for estimating the health impacts from exposure to ozone attributable to the 
power plant require estimates of daily maximum one-hour concentrations. However, modelling ozone concentrations 
day-byday for the entire ozone season of about 150 days is extremely laborious. Thus, to simplify the analysis, ozone 
modelling is done for three representative days which are each a composite of the observed average meteorological 
and ambient baseline conditions during high, median, and low ozone days. The circles on the ozone graph in Figure 
2 mark the 10 highest ozone days in the year; the rectangles, the 10 median days; and the triangles, the 10 lowest days. 
Average meteorological and baseline conditions are computed for each of these three sets of days. The OZIPM-4 
model is run separately using the three different input data sets, with and without the power plant. For given 
meteorological and baseline conditions, the differences in the estimates of ozone concentrations, with and without the 
power plant, are attributed to emissions from the plant. Output from the OZIPM-4 model includes estimates of the 
ozone concentrations as a function of starting hour and age of the plume; these estimates are used in the MAP-0, 
model. 

The Mapping Area-Wide Predictions of Ozone (MAP-0,) model uses three sets of input data: (a) changes 
in hourly ozone concentration computed by the OZIPM-4 model for the three composite days, as a function of the 
starting hour and age of the plume; (b) measured baseline daily peak one-hour ozone concentrations for each day of 
the ozone season; and (c) hourly surface observations of wind speed and direction. The MAP-0, model computes 
multiple-hour trajectories from the data on wind speed and direction. A frequency distribution of the trajectories is 
calculated over a polar grid centered at the plant. Figure 4 illustrates two trajectories generated for two different days. 
One is a five-hour trajectory; the other is a four-hour trajectory. As the plume moves along its trajectory, ozone 
concentrations (which correspond to each start hour and age) change. 
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For each day with a low baseline ozone concentration, the incremental change in ozone concentration caused 
by the power plant is estimated by OZIPM-4 using the low-ozone compositeday data. In MAP-03, this change in 
concentration is combined With the plume trajectories generated from the wind data to estimate the changes in ozone 
concentration at each location on a polar coordinate grid on an hourly basis. These calculations result in estimates 
of concentrations due to the plant, which are added to the baseline concentrations. These calculations are done for 
each hourly concentration, using the low-ozone composite-day results for each low-ozone day in the year. Similarly, 
the increment computed by OZIPM-4 using median-day data is added to baseline levels of mid-ozone days; the 
analogous calculation is done for the high-ozone days. From these calculations, one has estimates of the one-hour 
concentrations of each day in the ozone season. Figure 5 summarizes these data with a plot of isopleths of the 
maximum ozone concentration computed by MAP-0, for the year for each location. -. 

Estimation of Impacts and Damages 
- 

This section briefly describes how the MAP-03 results are used in the third, fourth, and fXth steps of the 
damage function approach. For each day, if the daily maximum of the hourly concentration is above some health- 
effects threshold, then the daily maximum concentration is used in an exposure-response function to estimate the 
number of health effects on that day (note that Figure 5 is a summary of the daily ozone concentrations). For example, 
the function used to compute the number of asthma attacks from exposure to ozone is given in Krupnick and Kopp 
(1989). If a given day’s maximum ozone concentration is above the threshold of 80 parts per billion, then the estimated 
number of asthma attacks are computed based on the ozone concentration and on the population at risk in each zone. 
Other exposure-response functions are used with other, similar measures of ozone concentration to compute various 
health effects, as well as effects on crop yields. 

Damages (Le., the monetary value of the impacts) are computed by using unit values (e.g., in dollars per 
asthma attack). These values are from economic studies of individuals’ willingness to pay to avoid these adverse health 
impacts. Different unit values are used for different impacts, and ranges of values are used to reflect the uncertainty 
and variation in economic valuation. Daily damages are summed for ail days in the year and are then divided by the 
total annual electricity generation from the plant to obtain an estimate of the damages on a millsmowatt-hour basis. 
If these damages are not reflected in electricity prices, then the damages are externalities. 

This paper has described a new method for estimating ozone concentrations that are used to calculate fuel 
cycle externalities. Estimates of externalities are important in that they reflect thefull social costs of different energy 
technologies. Within the U.S., Europe and elsewhere, such estimates will be used increasingly in resource planning, 
regulatory, and other energy policy decisions. 
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