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1 Introduction

Society faces myriad potential catastrophes; nuclear or bioterrorism, an uncontrolled viral
epidemic, or a climate change catastrophe are examples. In Martin and Pindyck (2015) we
explored the policy interdependence of catastrophic events, showed that because they can be
“non-marginal” considering them in isolation can lead to policies that are far from optimal,
and developed a rule for determining which events should be averted and which should not.

In that earlier work, we assumed that a catastrophic event causes “destruction,” i.e., it
reduces consumption by destroying part of the capital stock or reducing its productivity. This
has been the standard way to analyze catastrophes and their impact.! Catastrophic events,
however, can and often do kill people. For example, most of the damage from a pandemic
would be the deaths of a significant fraction of the population.? Nuclear terrrorism would
likely result in both death and destruction. Storms, floods, earthquakes, and other natural
disasters also result in significant numbers of deaths, as well as destruction. In this paper
we show how to incorporate death into a model of catastrophic threats, and we compare the
welfare effects of a catastrophe that causes death to one that causes only destruction.

As before, we measure the benefit from averting a catastrophe in terms of “willingness to
pay” (WTP), i.e., the maximum fraction of consumption society would be willing to sacrifice,
now and throughout the future, to achieve a policy objective. The WTP is thus society’s
reservation price for that achieving that objective. Of course whether achieving the objective
makes economic sense also depends on its cost. To make comparisons with the WTP measure
of benefits, we express cost as a permanent tax 7 on consumption, the revenues from which
would just suffice to pay for whatever is required to avert the catastrophe.

We want to find the WTP to avert a catastrophe that would kill some fraction v of the
population (chosen at random), leaving the consumption of those who live unchanged, as
opposed to reducing the consumption of everyone by 1. As one would expect, the WTP to
avert the death of a fraction ¢ of the population is much greater than the WTP to avert
a drop in consumption by the same fraction; most people would pay far more to avoid a
5% chance of dying than they would to avoid a 5% drop in consumption. The difference in

WTPs is large because a reduction in consumption causes a marginal loss of utility, whereas

!Barro and Jin (2011), Martin (2008), and others refer to (generic) catastrophes as “consumption dis-
asters.” The literature on climate change always utilizes consumption-based damages, i.e., climate change
reduces GDP and consumption directly (as in Nordhaus (2008) and Stern (2007)), or reduces the growth
rate of consumption (as in Pindyck (2012)).

2The Spanish flu of 1918-1919 infected roughly 20 percent of the developed world’s population and killed
3 to 5 percent. Because populations today have greater mobility, a similar virus could spread more easily.



death causes a total loss (albeit for only a fraction of the population).

The actual difference in WTPs depends on the value of a life lost, which is often proxied
by the “value of a statistical life” (VSL). The VSL is the marginal rate of substitution
between wealth (or consumption, or discounted lifetime consumption) and the probability
of survival. Thus it is a local measure, and is highly imperfect in that we would expect an
individual or society to be willing to pay much more than the VSL to avoid certain death or a
high probability of death. Nonetheless, the VSL is used widely in public policy applications,
so we will use it here as an input to our WTP calculation. Many studies have estimated the
VSL using data on risk-of-death choices made by individuals, and typically find numbers in
the range of 3 to 10 times average lifetime income or consumption.

In our previous paper we assumed that there are N types of potential catastrophes, all of
which would cause “destruction,” and that we know for each type the cost (7;) and WTP (w;)
of averting it. Now we allow for two types of catastrophes, one of which causes “destruction”
and the other causes death. Thus the WTP to avoid the second type results from lives saved,
as opposed to consumption saved. We determine the WTP to avert each type of catastrophe
and the WTP to avert both types. Although our focus is on specific types of catastrophes
(e.g., a pandemic), our approach can also be applied to the generic catastrophes that are
part of the “consumption disaster” literature.?

Because they are non-marginal in nature, major potential catastrophes cannot be eval-
uated independently of each other. Here we will see that catastrophes that result in death
can have higher w;’s, and thus are even more “non-marginal” than catastrophes that only
reduce consumption. As a result, a catastrophe that causes death can have a substantial
impact on the decision to avert a consumption catastrophe. Averting a major pandemic, for
example, might crowd out a policy to avert an extreme climate change outcome.

In the next section we lay out our VSL-based framework for measuring the welfare loss
from catastrophes that kill people, but leave the consumption of survivors unchanged. In
Section 3 we present a fully dynamic model that allows for two types of catastrophes, one
that causes a (random) drop in consumption and the other a (random) number of deaths.
These catastrophes arrive independently as Poisson processes with known arrival rates. In
Section 4 we specify distributions for the random impacts of each type of catastrophe, and
we solve for the WTP to avert each type, and to avert both. We then provide some numerical

examples and discuss their policy implications.

3As is clear from Barro and Urstia (2008), some of the greatest “consumption disasters” during the past
century were the result of major wars. Those wars caused vast numbers of deaths (military and civilian),
the welfare losses from which were likely much greater than the losses from reduced consumption.



2 Framework

We assume that at time ¢ there are N, identical consumers who, barring a catastrophe,
remain alive indefinitely. As in our earlier work, we use a constant relative risk aversion
(CRRA) utility function to measure the welfare accruing from a consumption stream, and
denote the index of relative risk aversion by n and rate of time preference by . Unless noted
otherwise, we will assume that 7 > 1 (so utility is negative). This is consistent with both the
finance and macroeconomics literatures, which put 7 in the range of 2 to 5. We also assume
that the occurrence of a catastrophe is a Poisson event with a known mean arrival rate.
Without any catastrophe, real per-capita consumption, C;, will grow at the constant rate
g, and we normalize so that at time t = 0, Cy = 1. Likewise the population, N;, grows at
the constant rate n, and we normalize so that Ny = 1. Utility for each individual comes only

from consumption, and total welfare for society is proportional to the population:

%:E/xl N,C e 0t (1)
o 1—17

We consider two general classes or “types” of catastrophes. The first class, which we
examined in our earlier paper, consists of those catastrophes which result in “destruction,”
i.e., a permanent drop in log consumption by a random fraction ¢ for the entire population
(so that ¢ is roughly the fraction by which the level of total consumption falls). Thus if the
catastrophic event first occurs at time t;, C;, = €9 for t < t; and then falls to C; = e~ ?19¢ at
t =t,. Let \. denote the mean arrival time of this type of event.

The second class consists of catastrophes which result in the death of a fraction 1 of
the population, where 1 is a random variable, and where the distribution of deaths is also
random, i.e., each individual has a probability 1 of dying.* This type of catastrophe, however,
leaves unchanged the consumption path for those who remain alive. Thus the first occurrence
of a “death” event causes the population to fall to N, = e~%™ but leaves C; unchanged.
Let A\g denote the mean arrival time of this type of event. For now we make no assumptions
regarding the distributions for ¢ and ¢ (and these distributions need not be the same).

We will want to calculate the WTP to avert each type of catastrophe (and the WTP

to avert both).® To do this, we must consider whether the type of catastrophe at issue can

4Thus lives lost are “statistical” rather than identified. The WTP for a specified mortality risk reduction
to an identified person is often greater than for a statistical life. See, e.g., Hammitt and Treich (2007) and
Pratt and Zeckhauser (1996).

®We focus on completely averting a catastrophe, but as shown in Martin and Pindyck (2015), our frame-
work also allows for partially alleviating the catastrophe, e.g., by reducing its mean arrival rate.



occur once and only once, or can occur repeatedly. For some catastrophes (e.g., a climate
catastrophe), it is probably reasonable to assume it will occur only once. For most others,
however, it is more reasonable to assume it can occur multiple times. In this paper, as in
our earlier one, we assume that each type of catastrophe can occur multiple times.

To handle catastrophes that cause death, we must aggregate the welfare of those who
remain alive after the event and the welfare of those who die. How should we evaluate the

welfare of those who die? We address this problem below.

2.1 The Welfare of the Living and the Dead

What is the welfare loss for a person that dies? Can we simply assume that the utility of
those who die falls to zero? This might make sense for CRRA utility with n < 1, because
then u(C) = C'™"/(1 —n) = 0 when C' = 0. But we have assumed that n > 1, so utility is
negative, and unbounded as C' — 0. Thus simply assuming that upon death the individual
loses the utility she enjoyed while alive can underestimate the welfare loss.

To see this, suppose an individual who lives two periods enjoys the same consumption
Cy = 1 in each period. Ignore discounting and assume 1 = 2, so her welfare is V = —2C; ' =
—2. But what if she dies just before the second period? Does she simply lose the utility
she otherwise would have gained from consuming 1 unit? Upon death her consumption goes
to zero and U(0) = —oo, which implies a loss far greater than —1. To see why the loss
must be greater than the utility she otherwise would have received in Period 2, suppose her
consumption in Period 2 fell by 75%, i.e. to 0.25. Then Period 2 utility would be —4 and
her welfare change would be —4 — (—1) = —3, a much greater loss than the utility otherwise
gained from consuming 1 unit. But consuming only 25% of “normal” consumption is still
(for most people) far preferable to death.

A common approach, used, e.g., by Hall and Jones (2007) in their study of the value of

life-extending health expenditures, is to add a positive constant to the utility function:

1
u(C)=——C"""+b .

For Hall and Jones (2007) the constant b is essential because it allows them to show that
as income and consumption increase, the marginal utility of an extra dollar of consumption
falls relative to the marginal benefit (in terms of an increase in the probability of survival)
from an extra dollar of health care spending.® In their case, “death” corresponds to a drop

in consumption from Cj to some value €, such that u(e) = 0, i.e., e = [(n — 1)b]/0=),

6Becker, Philipson and Soares (2005) also use this formulation, normalize utility at death to be zero, and
take n &~ 0.8 so that b < 0. With 5 > 1, a value of b sufficiently large so that u(C) > 0 over any relevant
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We are interested in the loss of welfare resulting from death, but not a comparison of
marginal benefits from additional health care spending, so we can retain the CRRA utility
function without adding a constant. We want to treat death using the same framework
that we use to treat destruction, i.e., as a utility loss from a drop in consumption. Thus
we assume that “death” results in a percentage drop in consumption from C; to eC}, with

e << 1, which implies a large (but finite) drop in utility. At issue is what value to use for €.

2.2 The Value of Life

We are using the drop in consumption from Cy = 1 to € as a proxy for the welfare loss
resulting from death. To determine the value to use for €, we need to know the value of a life
(or more precisely, the value of a life lost). There is a large literature on this topic, which
focuses on the “value of a statistical life” (VSL), defined as the marginal rate of substitution
between wealth (or income, or consumption, or discounted consumption over a lifetime) and
the probability of survival. Thus it is a local (and imperfect) measure that tells us how much
an individual (or society) would pay in terms of a small decrease in wealth or consumption
in return for a small increase in the probability of survival. It does not tell us how much an
individual or society would pay to avoid certain death, or a significant probability of death,
which we expect would be much more than the VSL. It also need not aggregate consistently;
a VSL estimate applied to a country’s entire population can easily exceed the present value
of the country’s projected GDP over the next, say, 40 years.”

Many studies have sought to estimate the VSL using data on risk-of-death choices made
by individuals, such as the decision to take a riskier but higher-paying job rather than a safer
job. (See, e.g., Viscusi (1993) and Cropper and Sussman (1990).) Those studies typically
find that the VSL is on the order of 3 to 10 times lifetime income or lifetime consumption.
Consistent with those findings, the U.S. Environmental Protection Agency uses a value of

about $9 million for the VSL when it conducts cost-benefit analyses of proposed policies.®

range of C' is also needed to ensure that indifference curves between consumption and life expectancy slope
down. See Rosen (1988) and Pratt and Zeckhauser (1996). Arrow and Priebsch (2014) propose a generalized
hyperbolic absolute risk aversion utility function which is bounded for any value of C.

"For an overview of the VSL and its measurement, see Andersson and Treich (2009) and Hammitt (2007).
Other issues arise with the VSL model. For example, the macro and finance literatures put the coefficient of
relative risk aversion, 7, well above 1. Estimates of the income elasticity of the VSL are around 0.5 to 0.6;
see, e.g., Viscusi and Aldy (2003). Kaplow (2005) shows that this low income elasticity is inconsistent with
n > 1. Also, the VSL is a partial equilibrium measure that ignores transfers across society (if I live to 100,
the young will have to work harder to produce the goods I will consume); see, e.g., Arthur (1981).

8U.S. Environmental Protection Agency (2014), page 7-8: “EPA currently recommends a default central
VSL of $7.9 million (in 2008 dollars) to value reduced mortality for all programs and policies.” This translates



We translate the VSL into a value for ¢ as follows. Let w represent wealth or lifetime
consumption, which we will take to be a multiple of current consumption, and let p be the
ex ante probability of death (so 1 — p is the probability of survival). We assume that an
individual can reduce p at the cost of some reduction in w. Let u(w) be the individual’s
utility if alive, and v(w) be her utility if dead, with u(w) > v(w) and u'(w) > v'(w). The
VSL measures the trade-off between wealth (or lifetime consumption) and the probability of

survival, i.e., it is the marginal rate of substitution between w and 1 — p:

dv — dw u(w) — v(w)

Vb= =) " & A=pw) + o)

(2)

Note that u(w) and v(w) are measured in utils, and v/(w) and v'(w) are measured in utils per
dollar, so that the VSL is measured in dollars. The VSL is a cardinal measure, invariant to
linear transformations of u or v. Doubling the VSL implies a doubling of the compensation
required to incur an incremental increase in the risk of death.

The VSL is increasing in the ex ante probability of death p; if p is high there is less
incentive to limit spending to reduce p because it is unlikely the individual will survive
and have the opportunity to enjoy whatever wealth remains.” In our case, the ex ante
probability of death, whether from natural causes or a catastrophe, is low. Likewise, most
empirical studies of the VSL are based on the behavior of populations for which p varies,
but over a small range and a very low base value. Thus it is reasonable to evaluate the VSL
at p = 0, which we do below.

As is often done in the VSL literature, we take lifetime consumption to be a multiple
m of current time-t consumption C;. Annual consumption when dead is assumed to be a
fraction € << 1 of what it was when alive, so the equivalent “lifetime” consumption when

dead is meC}. Then u(w) = u(mC) and v(w) = u(meC'), so eqn. (2) becomes:

VSL = 17”—0[1 o 3)

Empirical studies usually express the VSL as a multiple s of lifetime consumption, with s in

the range of 3 to 10. Because lifetime consumption is multiple m of annual consumption C,

to $9.3 million in 2015 dollars. In 2015, U.S. per capita consumption was about $38,000, which corresponds
to lifetime consumption of roughly $1,500,000 (i.e., a factor of 40). The average estimate of the VSL is
around 7 times lifetime consumption, which yields $10.5 million, and is close to the EPA number. A recent
study by Rohlfs, Sullivan and Kniesner (2015), using airbag regulations during the 1990s and used car prices,
finds a median VSL between $9 and $11 million.

9This is what Pratt and Zeckhauser (1996) call the “dead anyway” effect. The VSL is also increasing in
wealth w, because a wealthier individual has more utility to lose should she die.



smC'is the VSL that goes on LHS of eqn. (3). Cancelling mC' from both sides, ¢ is
e=[stn—1)+1]77. (4)

Although estimates of s vary, the most common ones put it at around 7, and we will use
that value in what follows. Thus if n = 2, ¢ = 1/(s + 1) = .125, i.e, death is equivalent in
welfare terms to an 88% drop in consumption. If n = 3, ¢ = .27, and if n = 4, ¢ = .42. Note
that ¢ is increasing in 7 because a larger value of 7 implies a larger utility loss from any
given reduction in C'. The utility loss in (2) is fixed by the VSL, so the welfare-equivalent

reduction in consumption upon death must be smaller if n is larger.

2.3 Welfare Loss

Initially, static welfare is Uy = NOC’é_”/(l —n). With n > 1 so Uy < 0, it might appear that
a drop in Ny raises welfare, but that is not the case. Setting Cy = Ny = 1, if a fraction ¢ of

the population dies, welfare becomes

Uy = ﬁ[(l — 1/)) _’_¢51—77] < Uy

Note that the first term, (1 — )/(1 — ), is the welfare of the people still living, and
1e!™"/(1 — n) is the welfare of those that have died. This last term ensures that Uy < Up.
From (4), e'™ = s(n—1)+ 1, so Uy = ﬁ[l + (n — 1)¢s] < Uy as long as s > 0. And if
instead consumption falls by a fraction ¢, welfare becomes Uz = (1 — ¢)177/(1 —n) < Uy.

We can also compare the welfare loss for an event that kills a fraction ¢ of the population
with the loss for an event that reduces the consumption of everyone by the same fraction ¢.
Let LR denote the ratio of the first welfare loss to the second. Using (4), the (annual) welfare
loss for each person who dies is Ly = u(e)—u(Cp) = [¢'77—1]/(1—n) = —s. Since a fraction ¢
die, the total loss is —¢s. This is independent of 7, because the drop in consumption (from 1
to €) is constrained by (3) to yield a welfare loss equal to the VSL. If instead the consumption
of everyone falls by the same fraction ¢, the welfare loss is L. = [(1 — ¢)'™" — 1]/(1 — n).
(This loss depends on 1 because the drop in consumption is fixed.)

The ratio of the welfare loss from death to the loss from reduced consumption is then:

LR = /L= (_”(;)11),?8_ - (5)

If s=7and n =2, for “low” values of ¢, e.g., ¢ = .1, the welfare loss from death is more
than six times the welfare loss from destruction. (As ¢ — 0, LR — s, i.e., LR approaches

the VSL.) The ratio is large because compared to a drop in consumption, death causes a

7



much larger loss of utility, albeit for only a fraction ¢ of the population. This result depends
on the VSL parameter, but s = 7 is near the center of the range of VSL estimates.

How large would the drop in consumption for all members of society have to be to yield
the same welfare loss as an event that kills a fraction ¢? Denoting the equivalent drop in
consumption by ¢., using (4), and setting u[(1 — ¢.)Co| — u(Cy) = ¢[u(eCy) — u(Cy)],

be=1—[sg(n—1)+1]77 (6)
If s =7and ¢ = .05, when n = 2, ¢, = .26, and when n = 4, ¢. = .21. (Setting ¢ = .05
corresponds roughly to the Spanish Flu of 1918-19, which killed some 4 to 5 percent of the
population in the U.S. and Europe.) If ¢ = .1, ¢. = .41 when = 2 and .31 when n = 4.
So ¢, is 3 to b times as large as ¢ when ¢ < .10. However, the multiple is smaller when ¢ is
large, and can be less than 1 if ¢ is sufficiently large. (If ¢ = .8 and n = 4, ¢. = .62.) Once

again, the VSL constrains L4, but L. is unconstrained as ¢, increases.

3 Dynamic Model

We turn now to a fully dynamic model, and begin by specifying the processes for per-
capital consumption C; and population N;. We assume that catastrophic events that reduce
consumption occur as Poisson arrivals with mean arrival rate ., and the impact of the kth
arrival, ¢y, is 1.i.d. across realizations k. Thus the process for consumption is:
Q(t)
c=1logCy=gt =Y o (7)

k=1
where g is the normal growth rate of per capita consumption, and Q(t) is a Poisson counting
process with known mean arrival rate A.. When the kth catastrophic event occurs, per-capita
consumption is multiplied by the random variable e~?*. (We are scaling consumption so that

Co =1 and hence ¢y = 0.) We can then define the cumulant-generating function (CGF),
Koi(0) = logE e? = logECf.

We showed in Martin and Pindyck (2015) that since log consumption follows a Lévy process,

the CGF is linear in ¢—that is, k¢ (0) = Kc1(0)t—and we can write
ke(0) = kep(0) = g0+ A (Ee - 1), (8)

where ¢ is a representative of the (i.i.d.) ¢.1°

0We could easily make the normal growth of consumption stochastic, i.e., replace gt in (7) by any Lévy
process ¢; (e.g., a Brownian motion). Then g6 in (8) becomes ¢(#), the CGF of g;. The normal rate of
population growth can likewise be stochastic. For simplicity, we limit uncertainty to catastrophic events.



We assume that N, the population alive at time ¢, follows an analogous process:

X(®)

log Ny = nt — iy, (9)
k=1

where n is the natural rate of population growth, X (¢) is a Poisson counting process with
arrival rate Ay that determines how many “death events” have happened by time ¢, and ¥y,
measures the size of the kth event. Thus when the kth event occurs, /NV; is multiplied by the

random variable e~%*. We scale N, so that Ny = 1, and we define the corresponding CGF,

ki (0) = logEe’loe N,

Once again, the CGF scales linearly with ¢, so we write
kn(0) = kni(0) =nf+ Ag (Ee ™ — 1) (10)

where 1) is a representative of the (i.i.d.) 1. Thus

EN, = e (Dt _ entJr)\d(]Ee_’/’fl)t _ entfj\,jt'

The term A\g = Ag(1—E e~¥) can be interpreted as the adjusted death arrival rate, taking into
account that only a fraction of the population dies when there is a death event. Depending on
the relative sizes of n and A4, the population may grow or shrink in expectation: if disasters
are sufficiently frequent (large \g) or cataclysmic (small Ee~?), and population growth n is
sufficiently low, then the expected population is declining in ¢, in which case ky(1) < 0.
We will use an asterisk to denote the absence of catastrophes. So if there are no death
catastrophes (A\; = 0), the population evolves as N;* = €™, and the CGF for N, is k% (6) = nf.
Recall that death implies a drop in consumption to a fraction ¢ of what it was before,

i.e., from C; to to eC;. So if no catastrophes are averted, total welfare is

[e'e} 1-n * 1-n1-m
1% :IE{/ e~ thn + (V; ]1\@577 Ci } dt}, (11)
; _ _

where (N — N;) is the number of people that have died.
Because C; is an exponential Lévy process, it evolves independently of N;. This makes

it easy to calculate the expectations inside the integral above. In particular,
E(N,Ci™") = EN,EC}™" = exv(Dt . grc(i=nt

and
E [(Nt* . Nt>€1—ncvt1*77} _ (en’]‘v(l)t i eK,N(l)t) gl—nenc(l—n)t'

9



Substituting these expressions into the integral above,

1 1 el=n el=n
Vo= 1—77{5—'€N(1)—"60(1—77)+ §—ky(l) —ke(l—n) 06— rn(l) —ke(l— )}

1 1—e™ gl=n
_ { - } | (12)
1= 0= rn() — re(l—1) 6 —ry(l) —ra(l—n)

To interpret this equation, note that the second term captures the welfare associated with
the guaranteed consumption stream C; (which is received even after death). We can think
of § — ki (1) = § — n as the social rate of time preference (i.e., discount rate on future
utility) associated with this consumption stream: it adjusts, via k(1) = n, for the fact that
the population is increasing (so that the larger is n, the greater is future total utility, and
thus the lower is the discount rate). The first term captures the welfare associated with the
ongoing consumption stream (1 — ¢)C; received by those who are still alive (i.e., those alive
receive (1 —e 4+ €)C = (). Since there is a risk of death, this latter consumption stream is
discounted at the higher rate § — Ky (1) > § — ki (1).1!

We want to find the WTPs to avert each of the two types of catastrophes individually,
and the WTP to avert both. If consumption C; is exposed to a “destruction” catastrophe,
then averting that catastrophe corresponds to setting A. = 0, and thus replacing ko (1 — )
by ki (1—n) = g(1 —n). What is the WTP to avert this type of catastrophe? If it is averted

at the cost of a permanent loss of a fraction w,. of consumption, then welfare is

(T —we)t 1—gl gl
Ve = 1—n {5—nwﬂ%—ﬁal—nf+5—%%0%—Ral—m}' (13)

The WTP to avoid this catastrophe is the value of w, that equates (12) and (13):

(1—-w)'""=AxBxC (14)

where

d—kn(1) —KL(1—n)
0 —kn(1)et=1 — (1 —et"Mry(1) — k(1 —n)

6 —ky(1)et™ " — (1 —e"Mri(1) — ke(l — 77)'

¢ = 5 —kn(l) — ke(l—1)

UThe expressions 1/[6 — kn(1) — kc(1 —n)] and 1/[6 — &% (1) — ko (1 — n)] can be interpreted as the
valuation ratios of the two consumption streams, as shown by Martin (2013).

10



What is the WTP to avoid only the death catastrophe? If a fraction wy of consumption

is sacrificed to avert this catastrophe, welfare is

e B (= e S

Equating (12) and (15), w, satisfies

(1 — wg)i-n = = renll)e 5_77—;1(;(1_) i:glav(_l??)— kol —mn) (16)

Lastly, if a fraction w.q of consumption is sacrificed to avert both types of catastrophes,

welfare is
(1 — wcjd)lfn

1
: 17
) o
Equating (12) and (17), w,. 4 satisfies

Vea =

cd=n) d—rky)e""— (1 -e"Mkri(1) — ke(l—7)
co(1—n) 0 —kn(1) = ke(l —n) '

(18)
Now we can compare expressions (14), (16), and (18) for the WTPs w., wy, and w, 4,
respectively. Using the three factors A, B, and C that are multiplied together in (14), we
have (1 —w.)'™" = ABC, (1 —wg)' ™" =C, and (1 —w.4)""" = AC.
We assumed that n > 1,s0 (i) A > 1, (ii) B <1 < C, and (iii) BC' > 1, using the facts
that k5(1 —n) < k(1 —n), Ki(1) > kn(1), and 177 > 1 (for > 1).'? These inequalities
imply that w4 > max {w,, wg} and, more interestingly (using the fact that BC' > 1),

(1-— wc,d)l_77 < (1 —w )" "1 —wy)™™", or (equivalently) We,q < We + Wy — WW,.

Note that the WTPs do not add, and the two catastrophes are interdependent.!3

4 Applying the Model

Our results so far are quite general. Here we show how the model can be parameterized and

used to evaluate the WTPs to avert one or both types of catastrophes.

12This implies, for example, that kx(1)e' ™7 + k3 (1)(1 — ' 77) < kn(1).

13The inequality in Martin and Pindyck (2015) (page 2957) that applied to two types of consumption
catastrophes (1 and 2) said only that w2 < w1 +we; in fact the stronger result that wy o < wq 4+ wa —wrwo
also applies in that context.

11



The CGF's of eqns. (8) and (10) apply to any probability distributions for the impacts
¢ and . In order to explore some numerical examples, we will assume that ¢ and v are

exponentially distributed:*
fo(z) = Bee™™* for x >0 and  fy(z) = Bae " for x > 0.

Note that E(¢) = 1/8, and E(z.) = Ee™® = 3./(8. + 1), and similarly for ¢ and z;. Thus
large values of 3, and 3; imply small expected impacts, i.e., small values of E(¢) and E(¢))
and large values of E(z.) and E(z4). Given these distributions for ¢ and 1, the CGFs are

_ )‘6(1_77)
ke(l—n) = 9(1—77)—m
ke(l=n) = g(1—n)

A
kn(l) = n_ﬂdil
kKy(l) = n

We can substitute these CGF's into the expressions for the three factors A, B, and C that
are multiplied together in (14) to determine each of the WTPs. Define p = —n+g(n—1).
One can think of p as the discount rate on future total consumption (as opposed to § — n,
the discount rate on future utility). It accounts for the growth of total consumption via n

and also the decline in marginal utility of per capita consumption via g. Also define
e = Aln—=1)/(Be+1—n) (19)
Ao = Aa/(Bat1) (20)

One can think of X, and X, as risk- and impact-adjusted arrival rates for the two types of
catastrophes. For example, increasing 3, reduces the expected impact of a death catastrophe,
which is welfare-equivalent to reducing its expected arrival rate. And M., further adjusts
for risk aversion; increasing 7 increases the utility loss from a catastrophe that reduces
consumption, which is welfare-equivalent to increasing the expected arrival rate.
Substituting in the CGFs, p, AL and X, the factors A, B, and C in eqn. (14) become:

P
A =
p— A
B p+ N
Pt NE
o p+Net=m— X
P+ A=A

14This is equivalent to assuming that z, = e~? and z4 = e~ ¥ follow the power distributions b(z.) = B.z2~*
for 0 < z. <1 and b(z4) = 6dzdd71 for 0 < z4 <1.
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4.1 WTPs

Recall that (1 —w.)'"™ = ABC, (1 —wy)"™" = C, and (1 — w.q4)'™" = AC. Using the
expressions above for A, B, and C, the WTPs are:

1

o — 1 [P= 2+ X (o 4+ Xy = X)) (21)
c p(p+ X (p + Ng=1 = X))
_ (p+N,—X) Tit

e {(p + e = X)) (22)

Y N AT
cunr- [

From eqn. (4), e'™" = s(n—1)+1. Note that w. < 1 (and w.4 < 1) only if p > \.. Recall
that p is a discount rate on future consumption, but ignoring consumption catastrophes. One
can think of )\, as a depreciation rate that accounts for the risk- and impact-adjusted arrival
rate of consumption catastrophes, and thereby reduces the expected future welfare from
consumption. If the net discount rate p — X, is zero, the welfare loss from the catastrophes
is unbounded, pushing the WTP to avoid the catastrophes to one.

To illustrate the characteristics of the WTPs, we can compare two catastrophes that
are identical except that one causes a drop in consumption and the other causes death.
We will assume that both catastrophes have the same mean arrival rates and same impact
distributions. We set \. = Ay = .05, so that each type of catastrophe has a 50 percent
chance of occurring in the next 14 years (and there is a 75 percent chance of at least one
type occurring in the next 14 years). We set 5, = [; = 10, so should an event occur,
the mean impact would be roughly a 10-percent reduction in consumption or a 10-percent
fatality rate, and there is a 35-percent probability of an impact greater than 10 percent.

Figure 1 shows the WTPs as functions of n for two values of the population growth rate,
n = .02 and n = 0. The other parameter values are 6 = .02, g = .02, and s = 7. Note that
as 7 is increased, the effective discount rate becomes larger and the WTPs decline. Setting
n = 0 makes the WTPs lower for every value of 1 (because the effective discount rate is
higher). Also, wy > w, for all values of 1, but the percentage difference declines with n (for
all n if n = 0 and for n > 2.5 for n = .02) because w, is constrained by the VSL.

Figure 2 shows the WTPs as functions of the VSL parameter s, for n = 2 and 4. (The
other parameters values are § = .03 and n = g = .02.) When s = 0 there is no value for lost
lives, so wg = 0 and w4 = w.. Once again, increasing 7 reduces all of the WTPs, because

it increases the effective discount rate. As s is increased, wy and w4 increase, but note

13
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Figure 1: Dependence of WTP to Avert One or Both Types of Catastrophes on 7

that w, also increases (though not by as much). This is because life and consumption are
complementary; If nothing is done to avoid the death catastrophe, increasing s has the same
effect as increasing the ex ante probability of death (which we took to be zero). This in turn

increases the WTP to avoid a drop in consumption because expected lifetimes are shorter.

4.2 Example

As an example, we re-consider two of the catastrophes examined in Martin and Pindyck
(2015): a “mega-virus” and nuclear terrorism. A mega-virus is clearly a type of catastrophe
that causes death as opposed to destruction. For example, the Spanish Flu pandemic of 1918—
1919 killed about 4 to 5 percent of the populations of Europe and the U.S., but had a minimal
impact on GDP and the consumption of those that survived.!® As for nuclear terrorism, a
Hiroshima-grade bomb detonated in a major city could kill several hundred thousand people,
but its biggest impact would be economic in nature. It would cause a major shock to the
capital stock and GDP from a worldwide reduction in trade and economic activity, and vast

resources would have to be devoted to averting further attacks.!® Thus in this example we

15Some studies suggest that because of modern travel, another pandemic is likely in the next couple of
decades, and could kill a larger fraction of the population. See, e.g., Byrne (2008) and Kilbourne (2008).

16See, e.g., Allison (2004) and Ackerman and Potter (2008).
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Figure 2: Dependence of WTP to Avert One or Both Types of Catastrophes on VSL Parameter s

will treat nuclear terrorism as a pure “consumption” catastrophe.

In Martin and Pindyck (2015), we presented rough estimates of the mean arrival rates and
impact parameters for these two catastrophes. For a mega-virus, we argued that a reasonable
value for the mean arrival rate is \; = .02, i.e., there is a roughly 10 percent chance of a
pandemic occurring in the next 10 years, and a 50 percent chance of one occurring in the next
35 years. We will assume that the mean impact is the death of 5 percent of the population
(corresponding to the 1918-1919 Spanish Flu), which implies that 5; = 20. For nuclear
terrorism, we argued that while opinions differ, a reasonable value for the mean arrival rate
is A = .04, which implies a 50-percent chance of an occurrence in the next 17 years, and
that the mean impact would be a 5.5 percent drop in consumption, so that £, = 17.

We will calculate the WTP to avert each of these two catastrophes and the WTP to
avert both. We set 6 = n = g = .02, and calculate the WTPs for n = 2 and n = 4. Then
if n =2, p=.02, and from eqns. (19) and (20), A, = .0025 and X, = .0010. If n = 4,
p = .06, A, = .0086 and X, = .0010. Using eqns. (21), (22) and (23), and setting s = 7 so
that e'™" = s(n — 1) + 1 = 7y — 6, we can calculate the WTPs for each value of 7.

Table 1 shows these three WTPs and how they vary as we change some of the parameter
values. (Note that the constraint w. 4 < w.+wq—w.w, always holds.) In every case, increas-
ing n from 2 to 4 causes every WTP to fall. Increasing n has two off-setting effects. First, it

increases the risk- (and impact-) adjusted arrival rate for the consumption catastrophe, .
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Table 1: WTPs AND NET WELFARE FOR AVERTING TwO TYPES OF CATASTROPHES

Parameters We Wy We,d Wo W, Wy Wea
Base Case n=2 1527 .2654 3572 —-77.8 —69.4 —60.2 —55.4*
n=4 .0626 .1022 1472 —8.96 —8.61 —7.56 —7.55*
n=>0 n=2 .0710 1478 .2010 -31.3 -30.6 —28.1 -27.7*
n=4 .0445 .0781 1123 —5.96 —6.06 —5.44* —5.67
s=3 n= .1390 1341 .2423 —66.0 —59.8 —60.2 —55.4*
n= .0564 .0493 .0969 —7.54 —7.39* —7.56 —7.56
s=10 n= .1605 .3404 14229 —86.6 —76.6 —60.2 —55.4*
n= .0661 1351 1784 —10.02 —9.52 —7.56 —7.55*
A =0 n= .1250 0 .1250 —57.1 —52.6* —60.2 —55.4
n= .0501 0 .0501 —6.48 —6.47* —7.56 —7.55

Note: Base case parameter values: d = g =n = .02 and s = 7. Also, A\, = .04, 8. = 17, A\q = .02,
and [y = 20. Costs of averting: 7. = 74 = .05. Asterisk indicates maximum net welfare.

(but has no effect on the impact-adjusted arrival rate for the death catastrophe, \}), which
increases all three WTPs. Second, it increases p, the effective discount rate on future total
consumption N;Cy, and this reduces the WTPs. Thus in general, Ow/dn is indeterminate.

Which of these catastrophes (if any) should be averted? To answer that question we
need to know the cost of averting each one, expressed as a permanent tax on consumption
at a rate just sufficient to pay for whatever is required to avert the catastrophe. We denote
these costs by 7. and 74. In our earlier work, we argued that a reasonable value for the 74
needed to avert a mega-virus is about 0.02, and for the 7, needed to avert nuclear terrorism
is about .03. Some have claimed, however, that modern transportation, mobility, and access
to enriched uranium have made both costs much higher, so we will set 7, = 7. = .05.

To determine the optimal policy, we calculate the net (of taxes) welfare of doing nothing
(Wh), averting only nuclear terrorism (W,), averting only the mega-virus (W), and averting
both (W,4).'" Using eqns. (12), (13), (15), (17) and the expressions above for the CGFs,

the net welfare for each policy is:

1 —s(n—1) s(n—1)+1

W= e ] 2
_ (A=) [p A Ag(s(n — 1) +1)

R — { plp+Ay) } %)

1"Because a death catastrophe divides the population into two groups with different levels of consumption,
Result 2 of Martin and Pindyck (2015) does not hold. Thus we must calculate the net welfare for each possible
policy to find the optimal one.
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(1 —Td)l_n
(T=n)(p—\)
(1— 1) =7(1 — 7)1
(I=mn)p

Note from (25) that an increase in Ay (and thus X)) raises W, net welfare when the consump-

Wq = (26)

Wea = (27)

tion catastrophe is eliminated. This is an example of the “dead anyway” effect; expected
lifetimes are shorter, so it is less “costly” to devote resources to protecting consumption.
Conversely, from (26), an increase in A\, reduces Wy; the net benefit of avoiding death is
smaller when future consumption is more likely to fall.

Table 1 shows Wy, W,, Wy, and W, 4 for our example of nuclear terrorism and a virus,
with net welfare for the optimal policy noted by an asterisk. Observe that it is usually
optimal to avert both catastrophes. One exception is when we set the VSL parameter s = 3,
which reduces the value of averting the virus, so if n = 4 it becomes optimal to only avert

nuclear terrorism. (The same is true for the trivial case of A\; = 0.)

5 Conclusions

In our earlier work we showed that decisions to avert major catastrophes are interdependent,
and we showed how to determine which ones to avert. We assumed, however, that catas-
trophes only cause a reduction in the flow of consumption. Here we show how catastrophes
that cause death can be incorporated into our framework.

Our approach is to treat death as a welfare-equivalent reduction in consumption, not
to zero but to a small value £ (so we can retain the use of CRRA utility). We rely on an
estimate of the VSL to determine the utility loss from death, and thus the value of €. We
can then find expressions for the WTPs to avert a “death” catastrophe (wy), a consumption
catastrophe (w.), and both (w,4). Our results hold for any probability distributions for the
random reductions ¢ and 1 of logC' and log N. However, by assuming that ¢ and v are
exponentially distributed, these WTPs become very easy to calculate.

Using middle-of-the-road estimates of the VSL, we find the utility loss from a “death”
catastrophe is large, as is the WTP to avert such a catastrophe. Although our model can
be applied to any number of catastrophes (of both the consumption and death variety), we
illustrated our results with just two, nuclear terrorism (which we treated as a consumption
catastrophe) and a mega-virus (a death catastrophe), and showed how the optimal choice of

which ones to avert depends on the VSL and other parameters.
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