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Abstract

A cost-benefit analysis of air pollution control presupposes a policy decision about what isto be
valued: number of premature deaths or years of lifelost (YOLL)? The differenceis more than an
order of magnitude. We argue for a Y OLL valuation on the grounds of economic rationality. For
the implementation there is adifficulty: the relation between E-R (exposure-response) functions
for mortality and YOLL is not clear. Whereas a YOLL calculation needs variations in life
expectancy (inverse of population mortality rate), acute mortality E-R functions (based on time
series analysis) report variations in daily death counts, and chronic mortdity E-R functions
(based on cohort studies) report variations in age-specific mortality. Acute mortality E-R
functions carry no information on YOLL, but we try to estimate a typical vaue based on
plausible upper and lower bounds. Chronic mortality E-R functions, by contrast, dlow a
determination of YOLL at least in principle, athough in practice there are large uncertainties in
the extrapolation from the study population to the general population. We apply our YOLL
estimates to a comparison of mortality costs with morbidity costs, for particles and for ozone.
The costs of acute mortality turn out to be small compared to morbidity. For particles all is
dominated by chronic mortality.
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1. Introduction

In recent years several major studies have estimated the social costs of air pollution [1 - 4, and
others; for areview see 5]. For mortality impacts all of these studies have followed the ssmple
approach of using E-R functions (exposure-response) to cal culate the increase in the number of
deaths and multiplying the result by the value of life V. The resulting numbers are very large, in
some cases implying that the externa costs of energy approach or even exceed the market price.

This approach has been questioned on the grounds that only a small portion of the population,
mostly the old and the very sick, seem to be affected by air pollution to the point of dying; the
life span reduction DT, also called years of lifelost (YOLL), is presumably small compared to
the average human life span T or the typical loss Ty implicit in value of life studies which ison
the order of 30 to 40 years. This highlights a fundamental question about the vauation of
mortality: should we value the number of premature deaths Ngezths

COStNdezths = Ndeaths ™ V (1)
or the number of YOLL
costpT = Ngeaths” DT~ WoLL ? (2

For the cost of acute mortality the differenceisat least an order of magnitude. These two
valuations can be considered extremes, with a continuum of possibilitiesin between.

We argue that the YOLL valuation is more rational. For the practical implementation there s,
however, adifficulty: the E-R functions by themselves contain no information on DT. We



examine therefore to what extent a YOLL vauation is possible. This requires attention to
different definitions of mortality rates. E-R functions for acute mortality report variations in
daily death counts, E-R functionsfor chronic mortality report variations in age-specific mortality,
and aYOLL calculation needs variations in population mortality.

2. Number of Deaths or YOLL?

Thevauevyop of one YOLL isderived fromV by imagining the latter as a discounted series

Ve JWolL  WolL - Woll ©)
=VyoLL 1+r (1+r)2 (1+r)T|

where r = discount rate and T| = number of years of lifelost. For r = 0 one findsvyorL = V/T].
Inther® ¥ limitV approaches vy and the two valuation methods become equivalent. For
example, suppose that a policy A can be implemented in two steps, the first, A', which increases
life expectancy by 1 year, and the second, A", which adds 4 more years. For this latter the value
according to costngeaths IS zero. In effect any years beyond the initial extension are discounted
so heavily as to have no benefit. In other words, a policy that increases (decreases) life
expectancy, without changing the number of premature deaths, has zero benefit (cost).

Analysts of public policy lament the shortsightedness of the unreasonably high discount rates
implicit in so many public or private decisions. We believe it is more appropriate to offer rational
guidelines for public policy rather than trying reflect the irrationalities and inconsi stencies of
uninformed decisions.

For these reasonswe usea Y OLL valuation. Valuing ayear of lifeis of course a delicate matter,
even more problematic than an average value of life V as used in EQ.2. Should the value of a
YOLL be higher or lower for old age than for youth? There seem to be no firm data, and a priori
one can think of arguments either way. For collective decision making it might be preferable to
avoid such intergenerational questions altogether by using asingle value per YOLL. That isaso
in the spirit of the general practice of using asingle value of V for all individualsin a population,
without distinction of wealth, health or will to live. For the present paper we take vyoLL as
fundamental unit (see Table 1 below).

3. Acute Mortality E-R Functions

Most E-R functions for health impacts of air pollution are of the acute type, i.e. they have been
determined by analyzing short term (at most a few days) correlations between ambient
concentrations and incidents of the health impact under consideration. This approach has the
great advantage of being easy to implement and insenditive to the confounders (such as
smoking) that plague the determination of chronic E-R functions, which requires long term or
cross sectiona studies. By analogy the terms acute and chronic are also applied to mortality even
though the attributes appear strange in that context.

E-R functions for acute mortality are obtained from correlations between ambient concentrations
and daily death counts. If one examines the formal relation between fluctuations of concentration
and of death counts, one finds that the resulting E-R function is independent of DT. One would
find the same acute mortality E-R function even if DT were negative, i.e. if the pollutant were an
elixir that prolongs people'slife by DT. It isdifficult to obtain any datafor DT, short of being
either god (i.e. omniscient) or devil (i.e. willing to perform unlimited human experiments).

If, as seems plausible, the processes that determine DT are mostly multiplicative rather than
additive, the distribution of individua DT's is approximately lognorma. To estimate the
corresponding geometric standard deviation s, let us examine plausible upper and lower limits
for DT. The lower limit is at least afew days, otherwise the effect could not be observed by time
series studies. The upper limit seems unlikely to be more than afew years. Taking 4 days and



1024 days as 95% confidence interval, one obtainsasg of 4 if the distribution is lognormal; the
corresponding median DT is 64 days = geometric mean my,. For the calculation of the population
total YOLL one needs the ordinary mean m The relation between mand my of a lognormal
distributionis

iy = exp(In(s g)2/2) (4)
With asg of 4 thisratio is 2.6. That would imply amean DT on the order of 0.5 years.

4. Chronic Mortality

It isunlikely that air pollution causes only short term effects detectable by time series studies.
Imagine trying to measure mortality from cigarettes by restricting smoking to certain days and
observing the variationsin daily mortality during the following days. One would see the effect
on afew hypersensitive individual s who are pushed over the edge by that extra puff. The loss of
life expectancy would be negligible compared to long term effects such as emphysema and lung
cancer which cause very significant shortening of life without being detectable by short term
studies.

In recent years several prospective cohort studies of chronic mortality from particulate air
pollution have been published [6 - 8]. Abbey et a [6] found no significant increase in general
mortality, although female cancers appeared correlated with air pollution. By contrast, the other
two studies found a statistically significant increase of mortality with particulate and/or sulfate
concentration. Pope et al [8] studied a very large population, about 550000 adults (in 151
metropolitan areas, followed during 7 years), by contrast to about 6000 (followed during 10
years) in Abbey at al and over 8000 (in 6 cities, followed during 14 - 16 years) in Dockery et a
[7]. The E-R function of Pope et a has approximately half the slope of Dockery et a; here we
use the one of Pope et a becauseit is based on the largest population by far.

In these studies cohorts in regions with different pollution levels were selected and observed
over many years. The observation time islong enough that differences in the number of deaths
between different regions can be seen. The analysisis carried out asif conditions were steady
state; thus no information is provided on latency or the ability of the body to repair damage after
exposure stops. In particular, thereis no information on the effect of air pollution on age groups
not included in the studies (younger than 25 years). Therefore we also assume steady statein the
present paper; at the end we apply a correction factor f for the fraction of the population that is
affected.

The age-specific mortality nt) is defined as the number of deaths per year in a cohort of aget.
In the range of 30 to 90 years this rate follows, to an excellent approximation, the Gompertz
formula

m(t) = a exp(b 1) ©)

wherea and b are constants. The precise values of the constants depend on the population, but
the general form has been found among all human populations and even most other species|[9].
For the US population the data on p.5 of that reference, together with the life expectancy at birth
of T =75years[10] can befit by

a = 4.57E-05 and b=00921 (6)

Before 30 years the pattern is different, with ahigh rate at birth, dropping to a minimum around
10 years, then rising slightly to a plateau around 20 years, and then increasing again. For the
present purpose the precise form in this age range does not matter because nft) is so low that the
contribution to the resultsis negligible. For this paper we use areference rate ny(t), obtained by
taking a constant value for al t < 30 yr, with continuous transition to the Gompertz formula at 30



yr, with a and b of EQ.6. Let F(t) be the fraction of a population that survivesto aget. It is
related to the mortality nt) by

dF = - F(t) nt) dt . @)
With theinitial condition F(0) = 1 onefinds

t (8)
In(F(t) = - 8 n(t) dt .

0

Thelife expectancy is readily shown to be

¥ ©)
T=-8 F(t) nt) t ot

0

The above prospective cohort studies employ the Cox proportional -hazards regression model
[seeeg. 11], and the survival data are fitted by assuming that the mortality rate for a cohort with
pollution c isrelated to the rate without pollution according to

nt) = mp(t) exp(@c +K) . (10)

Thus the mortality is multiplied by the same factor for all ages, with the parameter q to be
determined. The factor exp(q c) is reported as mortality risk ratio for air pollution. The term K
serves to account for nonpollution risk factors such as smoking. The reference rates used in the
above studies are based on the specific populations, not the model in Eqg.5. Thisis of no concern
since therelative risk is supposed to be transferable. The largest relative mortality risk reported
by Popeetd is

exp(q Dc) = 1.17 for Dc = 24.5 my/m3 of PM 2 5. (11)

The survival fractions are shown in Fig.1, as solid line F(t) for mp(t) and as dotted line F'(t) for
1.17 np(t). The corresponding life expectanciesare T = 75 yrand T' = 73.4 yr. Thisis an
increase of about 2% in population mortality m = 1/T, much smaller than the change in mortality
risk ratio from 1.0 to 1.17. The reation between DT/T and n{t)/nmp(t) can be caculated
numerically from Eq.9, assuming ny(t) of EQ.5. If one plots the result, one finds it almost
indistinguishable from alogarithmic curve. The logarithm in this fit cancels the exponent in
Eq.11, leaving as net result alinear E-R function for DT/T versus Dc. DT isthelifetime YOLL
per person, the inverse of the life expectancy T is the steady state population mortality rate, and
DT/T isthe annualized Y OLL per person per year of exposure. This allows usto state the slope

of the E-R function of Pope et al [8] as YOLL per person per yr per ng/m3 of PM 2 5 in the form
DT/T . L.eyr/75yr

sope=f oz =f 24.5mg/m? =f” 8.7 104 YOLL/(person-yr) per ny/m3 PM 2 5

(12)

where we have added afactor f to account for latency and the fraction of the population that is
affected. For the calculations below we will take f = 0.5, corresponding to the fraction of the total
population included in the study of Pope et a. Thisfactor isthe mgor uncertainty.
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Fig.1. Fraction F(t) surviving to age t. Solid line = F(t) for np(t) of Eq.5 with life expectancy T = 75 yr;
dotted line = F(t) for 1.17 mp(t) with T = 73.4 yr, corresponding to Dc = 24.5 ng/m3 of PM» 5.

6. Conclusions

It isinteresting to apply these YOLL estimates to mortality costs of particulate and ozone air
pollution, and to compare the results with morbidity. Thisis shown in Table 1, for apopulation

exposed to an increment of 1 ng/m3 of PM 19, assuming linear E-R functions (or equivaently,
that the background exposure is above the threshold, if any). The E-R functions and cost data
are taken from the ExternkE Program [3, 12]; they are comparable to data published in the USA
[1, 2, 5]. Since chronic mortality of Pope et a is based on PM > 5, we have reduced cases/yr and
cost/yr by afactor PM2 5/PM 19 = 0.6. Analogous results for ozone are shown in Table 2.

For particulate air pollution the E-R functions for chronic mortality of Dockery et a and Pope et
a imply that the cost of chronic mortality islarger than the costs of morbidity. Morbidity, in
turn, dominates acute mortality, both for particles and for ozone. The uncertainties of the YOLL
estimation are large, corresponding to as g of perhaps 2 for chronic and 4 for acute.

Acknowledgments

This work has been supported in part by the ExternE Program of the European Commission
DG12, and by the Ministére de I'Environnement. | am grateful for helpful discussions with W.
Dab, B. Desaigues, N. Eyre, R. Friedrich, G. Geniaux, A. Gressmann, M. Holland, F. Hurley, W.
Krewitt, A. Markandya and K. Rennings.

References

[1] ORNL/RFF 1994. External Costs and Benefits of Fuel Cycles. Prepared by Oak Ridge National
Laboratory and Resources for the Future. Edited by Russell Lee, Oak Ridge National
Laboratory, Oak Ridge, TN 37831.

[2] Rowe, R.D., C.M. Lang, L.G. Chestnut, D. Latimer, D. Rae, S.M. Bernow, and D.White. 1995.
The New York Electricity Externality Sudy. Oceana Publications, Dobbs Ferry, New Y ork.

[3] EC 1995. ExternE: Externalities of Energy. Vol.2: Methodology. ISBN 92-827-5211-9.
Published by European Commission, Directorate-General Xll, Science Research and
Development. L-2920 Luxembourg.

[4] Rabl, A., P. S. Curtiss, J. V. Spadaro, B. Hernandez, A. Pons, M. Dreicer, V. Tort, H. Margerie,
G. Landrieu, B. Desaigues and D. Proult. 1996. Environmental Impacts and Costs. the
Nuclear and the Fossil Fuel Cycles. Report to EC, DG Xl1, Version 3.0 June 1996.

[5] Krupnick, AJand D Burtraw. 1996. "The social costs of electricity: do the numbers add up?'.
Discussion paper 96-30. Resources for the Future, Washington DC 20036.



[6] Abbey D E, P K Mills, F F Petersen, and W L Beeson. 1991. "Long term ambient
concentrations of total suspended particulates and oxidants as related to incidence of
chronic disease in Califormina Seventh-Day Adventists’. Environmental Health
Perspectives, Vol 94, p43-40.

[7] Dockery, D. W., et al. 1993. "An association between air pollution and mortality in six US
cities'. New England J of Medicine, vol.329, p.1753-1759 (Dec. 1993).

[8] Pope, C. A., et a. 1995."Particulate air pollution as a predictor of mortality in a prospective
study of US adults'. Amer. J. of Resp. Critical Care Med. vol.151, 669-674

[9] Ricklefs RE and CE Finch 1995. Aging: a Natural History. Scientific American Library, New
Y ork.

[10] USDOC. 1992. Satistical Abstract of the United States. 1992 edition. Published annually by
the US Department of Commerce, Washington, D.C.

[11] Fleming TR and DP Harrington 1991. Counting Processes and Survival Analysis. John
Wiley, New Y ork.

[12] EC 1997. ExternE: Externalities of Energy. Updates to be published by European
Commission, Directorate-General X11, Science Research and Development.

Table 1. Comparison of incremental costs of morbidity and mortality for PM 10, according to the E-R functions

and costs of ExternE Program [3, 12]. 1 ECU = $1.25

Particles PM1g Cases/yr per person per pg/m3 | ECU/case | ECU/yr per person per pg/m3
HA for Respiratory Infections 1.87 " 106 6015 0.011
HA for COPD 2977 106 6015 0.014
ERV for COPD 7.2 106 170 0.001
ERV for Asthma 12.9° 106 170 0.002
Croup 29.1° 106 9 0.000
Restricted Activity Days 49900 ° 106 48 2.395
Asthma short breath 4200 106 38 0.159
Respiratory Symptoms 465000~ 106 6 2.620
Total morbidity 5.20
Acute mortality YOLL 4.68° 10-6 116000 b 0.54
Chronic mortality YOLL |f° 87" 104 * PMo5/PM19d 84000 P 21.9

COPD = Chronic Obstructive Pulmonary Disease, ERV = Emergency Room Visit, HA = hospital

admission

aE(.12, multiplied by factor f = 0.5 for latency and by PM2 5/PM 19 = 0.6
b VyoLL = 116 KECU for acute and 84 KECU for chronic (different because of discounting, with rate 3%)

Table 2. Comparison of incremental costs of morbidity and mortality for O3, based on E-R functions and costs
of ExternE Program [3, 12]. There are no data for chronic mortality of ozone. Same assumptions as Table 1.

cases per person: ppb- yr ECU /case | ECU/(yr-person-ppb) %
Acute mortality YOLL 5.9E-06 116000 & 0.679 28%
Respiratory HA 1.42E-05 6600 0.093 4%
Restricted Activity Days 1.95E-02 62 1.209 50%
Symptoms Days 6.60E-02 6.3 0.416 17%
Total ECU/(yr:-person-ppb) 2.362 100%

assuming average life span reduction of 6 months and vy | = 110 KECU for acute mortality



