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In this paper we develop a model for the problem of (a) locating appropriate levels and types of cleanup capability to
respond to oil spills and (b) allocating such capability among points of high oil spill potential. The model takes into
account frequency of spill occurrence, variability of spill volumes, different cleanup technologies, equipment efficiency
and operability, fixed costs to open a facility, equipment acquisition, transportation and operating costs, and costs of
damage as functions of spill volume and level of response. The model can also accept policy stipulations on response
times. We present an illustrative application of the model in the New England region and discuss its possible uses within

existing and alternative policy environments.

Oil spill response concerns the emergency action
that must be taken to mitigate damages caused
by an oil spill. Governments, industry and society in
general are concerned about massive spills such as the
Torrey Canyon spill off the coast of Britain, in 1967
the Amoco Cadiz spill off the French coast, 1978; the
Ixtoc-1 spill in the Gulf of Mexico, 1979; and about
smaller spills that occur on a day-to-day basis. Part
of the emergency action to mitigate damages con-
cerns the dispatching of specialized cleanup equip-
ment to the spill site in order to contain, recover
or disperse the spilled oil.

This paper deals with the strategic aspect of the oil
spill response problem, that is, with the problem of
deciding where to locate adequate capability to re-
spond to potential oil spills. In addition to locational
considerations, the strategic oil spill response problem
generally calls for decisions concerning the proper
levels and types of equipment to be stockpiled, as well
as for policies regarding the allocation of such capa-
bility among points or zones of high oil spill potential.
The purpose of the paper is to formulate a model for
the strategic oil spill response problem, present some

illustrative applications, and discuss uses of the model
within the existing or alternative policy and regulatory
environments.

Strategic oil spill response decisions typically in-
volve planning horizons of considerable duration (e.g.,
5-15 years). Since decisions must be made before
actual spill incidents, the strategic planners must base
their decisions, among other things, on probabilistic
information about the number and volume of spills,
as well as on assessments of the potential consequences
of any particular spill event under a prescribed re-
sponse. Of course, not all oil spill response decisions
are strategic in nature. Tactical (or operational) deci-
sions deal with aggregate (or detailed) actions that are
taken after the occurrence of a particular spill, such as
what equipment should be sent to the scene, what
facility should dispatch that equipment, how long it
should stay on the scene and how it should be oper-
ated. As Anthony (1965) points out, such a multilevel
hierarchical decomposition is desirable (in fact, often
necessary) whenever a decision problem possesses a
structure that lends itself to natural separation into
several decision levels. Decomposition is equally
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imperative whenever the problem cannot be formu-
lated or solved by simultaneously capturing all of its
facets, from the most aggregate to the most detailed,
into a single, monolithic model. The oil spill response
decision problem possesses such a structure.

Detailed analytical modeling of tactical and opera- .

tional decisions is beyond the scope of this paper and
can be found elsewhere (see, for instance, Psaraftis
and Ziogas 1985, and Ziogas 1982). Still, since such
decisions are connected with strategic decisions, and
for the sake of making this paper self-contained, we
shall also include some simplifying assumptions re-
garding spill response tactics, which will be repre-
sented in a fairly aggregate (but realistic) fashion. It is
also important to stress that the emphasis of this paper
is on model formulation, assumption justification and
discussion of illustrative examples, rather than on a
detailed description of the solution algorithm. All the
algorithmic details can be found elsewhere (see, for
instance, Tharakan 1982).

The rest of the paper is organized as follows: Section
1 provides some background on this problem to mo-
tivate our modeling philosophy. Section 2 models the
strategic oil spill response problem and formulates it
as a Mixed Integer Programming (MIP) problem. The
model, despite its simplicity relative to the real world,
accounts for the following problem features: spill fre-
quency of occurrence, variability of spill volumes,
different equipment types, fixed costs to open a facil-
ity, equipment acquisition, transportation and oper-
ating costs, equipment efficiency and operability as a
function of weather conditions, and damage costs as
functions of spill volume and level of response; the
model can also accept policy stipulations on response
times. To our knowledge, no other model in the
OR/MS literature to date has attempted to integrate
all of these features of this problem and explicitly
evaluate trade-offs between system and damage costs,
as they affect locational decisions. Section 2 also out-
lines briefly the solution approach used to solve the
problem and discusses computational experience with
the procedure. Section 3 discusses an illustrative ap-
plication of the model in the New England region.
This analysis seems to indicate, among other things,
that (a) it i1s generally less cost-effective to invest in
expensive, large-scale cleanup technology that would
be used only rarely for large (>50,000 gallons) spills
than to acquire capability to cope with smaller spills
that occur on a daily basis, and (b) equipment to
combat small spills should be geographically dispersed
across many small local response sites, whereas capa-
bility to respond to large spills should be consolidated
at one or a few large-scale strike centers. Finally,

Section 4 comments on the results of this work and
suggests directions for further research.

1. Background, Structure of the Strategic
Problem, and Modeling Philosophy

1.1. Prior Research

Although the general oil spill literature is very rich, it
is fair to say that this topic has received to date far
less attention on the OR/MS literature than it really
deserves. However, several related studies are worthy
of note. These include Charnes et al. (1976, 1979),
TSC (1979), Bellardo, Karwan and Wallace (1984a),
and Belardo et al. (1984b). Of these studies, only TSC,
Belardo et al. (1984b), and, to a lesser extent, Charnes
et al. (1979) addressed the locational aspect of the
strategic problem. Charnes et al. (1979) developed a
“chance-constrained, goal programming” model to
aid U.S. Coast Guard (USCG) managers in formulat-
ing policies with respect to planning for various types
of equipment required to control oil spills. However,
they simultaneously considered strategic and low-level
operational decisions and applied their model only to
a small illustrative example (3 equipment sites, 3
equipment types, 3 spill sites). TSC investigated how
much equipment should be stockpiled by the USCG
in order to satisfy the Presidential directive set forth
by Jimmy Carter (1977) in his message to Congress,
March 1977: “the goal is to respond adequately to a
100,000-ton spill within 6 hours.” TSC used a rather
“ad hoc” procedure, which began by determining
“optimal” equipment locations solely from informa-
tion on spill frequencies across the United States, and
then estimated “optimal” equipment /evels at those
locations by taking spill vo/ume information into ac-
count. As a result, this study recommended that the
overwhelming bulk of cleanup equipment in the
United States should be stockpiled in the port of
Philadelphia. Belardo et al. (1984b) developed a “par-
tial covering” approach to siting response resources
for major maritime oil spills, and applied their model
to a case study of a spill in Long Island Sound. Their
model considered a multiple objective function con-
sisting of the probabilities of covering spills of various
“groups” (in terms of environmental/economic
harm), subject to some relatively simple cleanup re-
source availability constraints. The model’s basic lim-
itation was that equipment needs were determined on
the basis of a single (standard) spill volume (300,000
gallons for the Long Island case). They thus neglected
the large variability of the volume of an individual
spill, which is perhaps one of the most important



probabilistic features of this problem (see the following
subsection). Finally, none of these studies explicitly
considered spill response and damage costs, or ana-
lyzed the trade-offs between these two on a cost/
benefit basis.

1.2. Large Variability of Spill Volumes

The probabilistic characteristics of oil spills exhibit
certain peculiarities that ultimately play a major role
in the structure of the strategic problem. Such pecu-
liarities have been reported by various researchers who
analyzed oil spill statistics in the past—Devanney and
Stewart (1974), among others. For instance, it is gen-
erally accepted that the distribution of the volume of
an individual spill is extremely skewed. In that respect,
it becomes meaningless to consider statistics such as
average spill size, let alone base strategic decisions on
such statistics. To state one example, the average spill
size of all spills in and around U.S. waters in 1982
was reported by the USCG to be 2,290 gallons (USCG
1982). However, 55% of these spills were at least 20
times smaller than this average, while 61% of all oil
spilled was spilled in just two spills, each of which was
over 4,000 times the average (USCG 1982). It there-
fore becomes obvious that in strategic planning for
future spills, one should devise a method that explic-
itly accounts for the large variability of spill volumes,
rather than their average values.

1.3. Nonsimultaneity of Spills

It 1s reasonable to assume that a simultaneous occur-
rence of two (or more) spills that would cause
queueing or congestion in the use of the response
resources of a particular geographical area is very
unlikely (although not impossible). The general valid-
ity of the nonsimultaneity assumption was tested in
TSC, which estimated that the probability of one
overlap of two or more spills of 50,000 gallons or
more within a year and within the entire United States
was on the order of 0.01-0.001 for a typical spill
duration of 5 days.The same study indicated that there
were only about 20 spills in this size range each vear
during the 1974-1977 period. Similar observations
can be made about smaller spills (they are of much
shorter duration): the total number of spills (all sizes)
reported by the USCG for the five maritime New
England states in 1981 and 1982 was 566 and 455,
respectively, that is, in the neighborhood of 1-2 spills
per day for the entire region (USCG 1982). Similar
orders of magnitude can be observed in other U.S.
areas. Under such circumstances, queueing or conges-
tion considerations concerning equipment utilization
become minor.
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1.4. Complementarity of Response

History has shown that it is not at all unlikely that a
particular spill be responded to from more than one
facility. In particular, for very large, catastrophic spills,
the response typically originates from more than one
mutually supportive {(or “complementary”) location
because each facility is rarely able to handle such spills
by itself. Notice that this situation contrasts with the
usual assumption in more “classical” facility location
problems (e.g., K-median, K-center), for which only
one facility serves each demand point (typically its
“closest” median or center). In strategic planning for
oil spills, one should therefore pay attention to the
complementary nature of the response.

1.5. Objective(s) of the Strategic Problem

In this paper we shall assume that the objective of the
strategic problem is to minimize the expected sum of
response system costs and the costs due to damages
from spills that may occur in the area, the latter costs
multiplied by a user-specified “weight.”

The consideration of both system costs and damage
costs as part of the problem objective makes sense
intuitively, because any response system requires
funds and one would like to know not only how much
a system would cost, but also how much damage that
system would avert. However, it is clear that such an
objective function implies not only risk neutrality on
the part of the decision maker, but equally important,
that oil spill damage costs can be evaluated with some
confidence. We have assumed risk neutrality both for
analytical convenience, and because very little or
nothing has been reported to date regarding the risk
preference structure of “society” regarding oil spills
(the possible exception is the recent work of a Nor-
wegian research group, who seem to have obtained
some insights on this issue—see Fredrikson 1983). At
the same time, and for reasons similar to those dis-
cussed earlier regarding expected volumes, we need to
introduce constraints that somehow capture the deci-
sion maker’s risk aversion, particularly when it comes
to very large, very rare, catastrophic spills. This re-
quirement will be discussed in Section 1.6.

Regarding the evaluation of damages, despite the
general consensus that “oil spill cleanup and damage
assessment are not, and are never likely to be precise
arts” (White and Nichols 1983), researchers /have
made some progress in this area in recent years. In
this paper we shall take advantage of recent related
work at MIT, the purpose of which has been to
quantitatively evaluate the damage costs of an oil spill
under a variety of scenarios. Such an approach takes
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as input spill-specific information (location, size, sea
state, wind, oil type), area-specific information (inven-
tory of environmental and economic resources), and
information about the response, and produces esti-
mates of damages, broken down into several categories
(value of lost oil, organisms, beaches, marshes, recre-
ation, and so forth). The description of the damage
assessment algorithms is beyond the scope of this
paper and can be found elsewhere (see, for instance,
Baird et al. 1982 for the original version, and Demis
1984 for a more recent version). This paper assumes
that these damages can be predicted as a function of
several spill parameters and of the response to the spill
and describes how such information can be used in
the strategic decision making process. We shall see
that this approach exhibits considerable flexibil-
ity with regard to possible future improvements in
damage assessment.

Finally, the role of the damage weight is twofold:
first, it can be used to represent how much the decision
maker is willing to pay in system costs in order to
reduce damage costs by $1 (and, in that respect, a high
value of that weight increases the relative importance
of damage costs vis-a-vis system costs). Second, the
weight can be used to perform sensitivity analysis on
the value of damages, which, as mentioned before, is
never likely to be precisely known. We shall see the
effect of weight variations in Section 3.

1.6. The “Benign Neglect” Response and Policy
Stipulations on Response Times

The following sections will show that our model as-
sumes that a “benign neglect” response to a spill is a
permissible response. Of course, this assumption is
patently false in the real world, where “benign ne-
glect,” or, essentially “doing nothing,” is likely to be
not only politically unacceptable, but also illegal under
existing regulations. Nevertheless, and since oil pol-
lution combat funds are by no means unlimited, we
feel that one cannot reject such an assumption a priori,
particularly if a “benign neglect” response can be
Justified on a cost/benefit basis (if the latter is the case,
one can essentially rename that response as “surveil-
lance and monitoring” so as to make it politically
more palatable). Our model will give us the flexibility
to examine the merits of such an option.

At the same time, there are constraints that the
decision maker may wish to impose so as to guarantee
some minimum level of response. An example of such
constraints is the 1977 Presidential directive to “re-
spond adequately to a 100,000-ton spill within 6
hours,” provided of course that the phrases “respond
adequately” and “within 6 hours” are unambiguously

defined. In this paper we shall have the option to
consider similar “policy stipulations,” which will be
seen to translate into probabilistic constraints on re-
sponse times. Such policy stipulations reflect the de-
cision maker’s risk aversion in an indirect way, not
only in terms of insuring against the adverse conse-
quences of a catastrophic spill in a particularly vul-
nerable area, but also in cases for which the risk is a
“political” one—for example, when the system might
be unable to handle a very large spill.

2. The Model

In generic terms the strategic oil spill response model
can be described as follows:

1. Let J be a known and finite set of oil spill “risk
points,” that is, points in the area of interest where oil
spills are likely to occur. At each j € J, oil spills occur
according to a Poisson process of known parameter f.
The volume of any spill at j € J has a known proba-
bility mass function defined over a finite set K: the
volume is equal to vy with probability p, with k € K,
and Yex pi = 1 for all j € J. Each spill of volume vy,
at j € J has a known duration 7}, measured from the
beginning of the discharge to the end of the event, the
latter being the time beyond which no events related
to that spill are significant enough to be accounted for
(typically, T, is longer than the duration of the dis-
charge). Assume that spill occurrences and volumes
at j € J and j' € J are mutually independent for
Jj #J’, and that the probability of simultaneous occur-
rence or overlap is negligibly small.

2. Let I be a known and finite set of candidate
stockpiling facilities, none of which has any initial
response capability. Opening [ € I entails a fixed cost
of FC; (equivalent annualized value). There is a known
and finite set F of equipment types that may be used
to comprise the response capability at each i € 1.
Assume that the acquisition cost of e € E stockpiled
at i € I'is a, per annum and per unit of capability
stockpiled. FC; and «,, include all committed fixed
and variable annual costs once i is opened or e is
acquired (such as manning or maintenance), but do
not include spill-specific costs (see item 3 to follow).

3. The capability u; of an equipment package of
type ¢ € E located at i € I is defined as the maximum
volume of spill that the package is capable of fully
recovering in the hypothetical situation in which (a)
the package can operate on scene for the entire dura-
tion of the spill, and (b) its recovery efficiency (ratio
of oil volume recovered versus encountered) is equal



to 1.0. We assume that capability is infinitely divisible
(u,, 1s continuous).

We note that this definition of capability involves a
fair degree of aggregation and simplification regarding
the cleanup process, for it condenses all four principal
“capability” attributes of a real-world cleanup package
(skimming rate, pumping rate, storage capacity and
containment boom length) into one number (an
equivalent spill volume). It also implies that increased
on-scene time cannot make up for insufficient on-
scene capability. In that respect, we note that aggre-
gating four attributes into one makes sense from a
strategic perspective and was also proposed elsewhere:
in TSC, each of the four attributes was considered as
a linear function of capability. Furthermore, compen-
sating insufficient on-scene capability by more on-
scene time is considered inappropriate (again from a
strategic viewpoint) because oil that cannot be readily
recovered by an insufficient capability is likely to
dissipate by winds and currents, making any pro-
longed application of such a capability ineffective.

4. Conditions (a) or (b) of item 3 will not apply in
general, We assume the following simplified char-
acterization of the performance of types ¢ € E on a
spill at j € J (a more detailed characterization can be
found in Ziogas: first, via a coefficient of “operability”
OP,(0 = OP,; < 1), defined as the a priori probability
that weather conditions at j will allow any operation
of equipment type ¢ (typically, OP,; is the probability
that the sea state at j is below a certain threshold that
depends on ¢). Second, via a coefficient of a “recovery
efficiency” RE.(0 < RE, < 1), which is the fraction of
oil volume encountered by the device that is actually
recovered, given the equipment is in fact, operable.
At first glance, the description of capability and per-
formance by the triplet (4., RE., OP,) may seem
redundant, since an equipment package of such
characteristics would seem exactly equivalent to
another equipment package described by the triplet
(RE, u,, 1.0, OP,). We remove this redundancy by
assuming that if (., RE,, OP,;) is applied to a spill of
size u,., and if condition (a) of the previous paragraph
is satisfied, then the equipment would recover an oil
volume of RE, 1., while the amount (1 — RE,))u,,
would escape and become completely nonrecoverable
by the entire response. In general, if u,., deployed alone
for the entire duration of a spill of volume vy, is
operable, it would recover a volume of oil equal to
RE,.min(v;, u;) (and not min(v,, RE, u;.)). The re-
mainder of the oil, vy — RE.min(v,, u.), would
escape. Of the escaped oil, a volume equal to (1 —
RE,)min(vy, 1) would in fact be nonrecoverable,
while the rest, max(0, vy ~ u:.), could potentially be
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recoverable by other equipment packages. Of course,
if such capability is not operable, then the entire
volume of v, would escape. Finally, if such capability
arrives on scene late, it would be effective only for a
fraction of the duration of the spill (see also item 8 to
follow).

5. The dispatching time of equipment ¢ € E from
i €Itoj € Jis equal to dy, and the equivalent
transportation cost is TC,,; per unit of capability trans-
ported. d;,; (and TC,,) include duration (and costs) of
mobilization and set-up delays at i as well as of
deployment delays at j. TC,; does not include on-
scene operational costs, which are equal to b, per
unit of capability if spill volume is vj.

6. The model assumes that escaping oil from a spill
of volume vy at j € J that cannot be recovered creates
damage of cost equal to DP, per unit volume of
nonrecoverable oil, with the “damage potential” DPj,
being a known function of j and k (and, in general, a
nonlinear function of v;). The ratio wy. = DP;/Tj is
defined as the “damage rate” for (j, k) and reflects the
rate at which damage costs accumulate through time
per unit volume of nonrecoverable oil and throughout
the duration of the event. Notice that this formulation
assumes (a) that damage costs vary linearly with the
volume of nonrecoverable oil (although the factor of
proportionality is a general function of vy), and (b)
that wy; is constant through time. Both (a) and (b) may
be false in the real world, for obvious reasons. It turns
out that assumption (b) is nonbinding in the formu-
lation of the model and can easily be relaxed. As-
sumption (a) is more drastic {(despite the fact that DP;,
and wj are general functions of vy), and can poten-
tially cause significant approximation errors if
damages are highly nonlinear. We have tested this
assumption with realistic damage cost data and have
concluded that although nonlinearities do exist, the
error introduced by this approximation is not signifi-
cant. DPys are computed by the MIT Damage
Assessment subroutine (Demis) after averaging over
all possible oil types, wind directions and seasons
corresponding to vj.

7. The response to a spill of volume v; and duration
Ty at j € J consists of capabilities r;.; (some or all of
them zero) of various equipment types ¢ € E being
dispatched from various locations { € I, arriving on
scene at various times, and recovering oil until the
end of the event (if, in fact, such capabilities can
operate on scene). Note that since 7, and d,,; are
typically longer than the actual duration of the dis-
charge, this response scheme implies that equipment
on scene would essentially recover oil gffer the latter
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is released, in a cumulative fashion. We assume that
Fiex 1S continuous.

8. Focusing for the moment on the contribution of
an individual equipment e € E (dispatched alone from
i € I'to vy at j € J), we can note the following: first,
it would not make sense to have r,x > vy, hence
rijw < Uy (no excess capability on scene). Second,
irrespective of whether e is operable at j or not, a spill
volume of vy, ~ RE,r.,;x would certainly escape recov-
ery and create damage of cost equal to DPj (vy —
RE.r.i). The remainder of oil volume RE,r, would
either fully escape recovery (with probability 1 — OP,;,
if e cannot operate) and create damage of cost equal
to DP,RE. 1., or would be partially recovered (with
probability OP,,). In the latter case, the recovery would
be partial because ¢ cannot arrive on scene earlier
than d,,;. The additional damage cost in the latter case
would be equal to wuRE.dlrix, where diy =
min(d,;, 7). Hence, the total expected damage costs
for this scenario are equal to

Dij(U/k - RE(»r,p,'k) + (1 - OPE/)DijREer,‘yk
+ OPW Wik REgd,,(,,k Viejk
= DPyuy — OP,RE(DPy — wd/lu)Fici. 1)

Since the first term 1n (1) is the damage cost under no
response, the second term 1s the expected damage cost
averted due to r.;. It is possible to verify that, if
d.;, = Ty (equipment cannot arrive on scene before
the end of the spill), the second term is equal to zero
(as expected).

9. Now generalizing expression (1) to more than one
equipment package dispatched to vy at j € J (where,
again, we have no excess capability on scene, that is,
Yier Yeer Fior < Uy), and defining X = vy — Yier Deer
i (= 0, “unsatisfied demand” from v; when the
response is defined by array r.;), we find that the
total expected damage costs are equal to

Dij_Xjk (2)

+ Y Y [OP4RE.wydlx + (1 — OP,RE.)DPy]rigi.
i€l ¢€E
Expression (2) has the following intuitive interpreta-
tion: its first term, DP,.x;., can be considered as the
damage cost due to any unsatisfied demand, that is,
the damage cost that would certainly occur whenever
the total on-scene capability is less than the volume
of the spill. The second term, represented by the
double summation, is the expected damage cost due
to (a) delays and (b) inefficiencies in response, both of
which would allow some additional oil to escape.
Without loss of generality, we shall call the first and

second terms of (2) the “cost of damage due to un-
satisfied demand” and “cost of damage due to delay
and equipment inefficiency,” respectively.

Based on the previous discussion, we are in a
position to formulate the strategic oil spill response
problem as an optimization problem. The decision
variables are (fori€ I, e € E,jE€ J, k € K):

_ )1 if candidate location i is opened

Y= <|[0 otherwise

u,. =response capability of equipment of type e
stockpiled at i

T = response capability of equipment of type e,
stockpiled at i, that is designated to respond to
a spill of volume vy at j

x; = unsatisfied demand at j when spill volume is v.

The objective function Z of the problem is equal to
(Zi+ 2>+ Z5 + Zy) + W(Zs + Z;), whose terms are
defined as follows:

Z, = cost to open new facilities = Y. FC,y,

el

Z> = cost to acquire capability = Y, Y. @it

i€l ¢€E

Z; = expected cost to mobilize and transport equip-
ment to the spill site

=Y 2 X X /pxOP,TCiyricn

i€l eEE jeJ kEK

Z, = expected cost of cleanup

=Y X X X /pxOPybiutiuu

i€ ¢EE jEJ kEK

Zs = expected cost of damage due to unsatisfied de-
mand

=Y Y /pxDPuxu

JjeJ kEKX

Z, = expected cost of damage due to delay and equip-
ment inefficiency

= E E E E f]pjk [OPLV'REé’wj’\'d;(f/’\’
i€l e€E jeJ kek
+ (1 — OP,RE,)DP,]ru
and
W = user-specified damage weight.
The constraints of the problem are of four types:

1) No capability can be acquired unless the corre-
sponding facility is opened:

y,-M—u,-(,ZO lEI,é’EE (3)

where M = max vy
Jik



2) No facility can dispatch more than its capability:
U.—ru=0 i€leeE je] kek 4)

(Notice that this constraint differs from its equiv-
alent in “warehouse location” formulations that
typically require that #;,, — 3 jes Yuex tigx = 0. The
nonsimultaneity assumption is the main reason for
this difference.)

3) Definition of unsatisfied demand:

2 2 r,-q-k+ Xik = Ui jEJ, keKk.
IE] eEE (5)

4) Nonnegativity and integrality:
Ui 2 0, Viejk = 0, Xik = 0, Vi S {0, ] } (6)
i€l,e€E je] keEK

Collecting terms in the objective function, we arrive
at the following Mixed Integer Programming (MIP)
formulation:

minimize Z = 2 FC,'y,' + 2 2 Aiclje

i€l €] ¢EE

+ 2 2 Guxp

JEJ kek

+ 2 2 2 2 Hmjkrivjk; (P)
i€l ceE jeJ k€K
subject to expressions 3, 4, 5 and 6. In this formula-
tion, we have made the following transformations for
notational convenience:

Gy = f,psDPy - W Y
H:ejk Efjp,k[OPe,-(TC,q + bi(}k + REngdj,(yk . W)
+ (1 — OP,RE)DP; - W]. (8)

It is clear that this formulation explicitly allows a
“benign neglect” response to some (or even all) spills,
a policy that may be difficult to justify politically. One
way of guaranteeing some minimum acceptable level
of response is via what we call “policy stipulations on
response times,” which are defined as follows: for each
J € J, let @, and R; be user inputs satisfying 0 < o; <
| and R; > 0. Define Qi(«;) as the “a;-percentile” of
the spill volume distribution at j (that is, Q(«a;) =
CDF;'(«;), where CDF;! is the inverse of the cumu-
lative distribution function of the discretized spill
volume at /). A strategic response plan is said to satisfy
an (a, R) policy stipulation if it guarantees a response
capability of at least Q;(«)) to every j € J, and if all
equipment designated to comprise such capability can
be dispatched to arrive on scene in no more than R;
time.

Such stipulations can be handled as follows: for a
given («, R) stipulation, define the following two
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classes of sets of all j € J:
(a) The “covering set” COVERK(R))
={leyi€l e€FE, dy;< R} %)
(b) The “volume index set” VOL;(«))
= {k: k € K, vy < Q). (10)

COVER/(R;) consists of those equipment location-
type pairs that lie within a time radius of R; from j.
VOLj{(¢e;) includes all indices k& € K of the spill volume
distribution at j that correspond to volumes within
the a-percentile of that distribution.

Notice that an («, R) stipulation need not be feasi-
ble. A necessary condition for feasibility is that
COVER/(R)) # @ for all j € J. If this is not the case,
there will be at least one j that cannot be responded
to within a time of R;, and the overall problem be-
comes infeasible. Of course, that condition alone is
not sufficient for feasibility, for there may not be
enough capability within COVER(R;) to satisfy a
demand of vy for those volumes k belonging to
VOL/(«)).

Within (P), such stipulations can be handled easily
without the imposition of further constraints. Indeed,
if we reset G = + for all j € J and k € VOL(q,),
and H,; = +x for all j € J, k € VOL{«;) and (i, e)
& COVER,(R}), we effectively prohibit any unsatisfied
demand at those (J, k)s for which vy < Q)(«)), and, in
addition, we consider any response originating outside
the appropriate covering set as infeasible. In that
respect, (P) is infeasible whenever min Z = +oo,

The fact that parameters «; and R, can be chosen to
depend on the risk point j provides considerable flex-
ibility to the decision maker, who can thus design a
response system that best reflects his own aversion to
catastrophic spills in certain areas by a judicious
choice of these parameters. For instance, certain risk
points may be particularly “sensitive” from an envi-
ronmental viewpoint (high damage potential), and for
those, one would typically wish to set «; close to 1.0
and R, relatively low. Other risk points may be less
sensitive, and hence receive more relaxed stipulations,
if any. This flexibility permits the model to capture
(albeit indirectly) the decision maker’s potential risk
aversion, which cannot be reflected in the assumed
objective function of (P).

Our solution approach, so far, has consisted of a
fast, “network synthesis” heuristic that solves for i,
Xy and 7., given a combination of ys, and of an
implicit enumeration procedure that embeds this heu-
ristic and solves with respect to the y;s. Thus far, the
worst-case performance of the algorithm, as well as its
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average-case behavior on random instances, are un-
known. However, we do have some experience on
how the solutions produced by the network synthesis
heuristic compare with those produced by solving the
associated linear program exact/y. Such a comparison,
made on a set of realistic oi/ spill instances, revealed
an average deviation from optimality of about 1-2%.
Furthermore, the network synthesis heuristic proved
about 4-6 times faster than the exact, simplex-based
procedure. Further details about the algorithm can be
found in Tharakan.

To date, we have been able to handle problems
involving up to 8 facilities, up to 5 equipment types
at each facility, up to 19 risk points and up to 3 spill
volumes at each risk point. Computationally, the most
sensitive parameter seems to be the number of equip-
ment locations  for which FC, # 0, that is, the number
of new facilities to be established. In realistic problems,
one can generally expect that number to be small (say,
no more than 10). The running time of a typical
application involving 8 facilities, 4 equipment types,
12 risk points. 3 volumes and no response time
stipulations is a little over 1 CPU minute on a VAX
11/782 if all 8 fixed costs are zero (Run 4 of Section
3.1). However, the same run takes about 3 CPU
minutes if a// 8 fixed costs are nonzero (Run 5 of
Section 3.1). Response stipulations generally tend to
reduce the running time, because many arcs of the
network are then assigned infinite costs and essentially
eliminated. For instance, the previous run takes only
about 45 CPU seconds if a stipulation is used (and if
fixed costs remain zero—Run 8 of Section 3.1). The
running times suggest that even larger problems can
be tackled with no considerable difficulty, particularly
if the codes implementing the model are further
refined.

3. An lllustrative Example

This section presents an application of our model in
the New England area. The main goal of this investi-
gation is to demonstrate the versatility of the model,
perform sensitivity analysis on various parameters,
and, generally, provide insights into various issues in
strategic planning for oil spill response for this geo-
graphical area. In that respect, it is important to
emphasize that, although a significant attempt was
made to use input data that were as realistic as possi-
ble, this exercise should be considered only as an
Hlustration of the potential of the model and not a
description of its actual implementation in the New
England area. The scenario that we examined had the

following main features:

1. There are a total of 19 risk points. Their locations
and frequencies are displayed in Table 1. Frequencies
have been derived using information on oil through-
puts in the area and the methodology outlined in
Devanney and Stewart. The risk points can be divided
into two major categories, each of which is further
divided into two subcategories. The two major cate-
gories are “small” spills (up to about 50,000 gallons)
and “large” spills (50,000 gallons and above). “Small”
spills are denoted by asterisks. “Small” spills are fur-
ther divided into harbor spills (risk points 1, 3, 5, 7,
10 and 13) and platform operational spills (risk point
18). “Large” spills are further divided into tankship
spills (risk points 2, 4, 6, 8,9, 11, 12, 14, 15, 16, and
17) and platform blowout spills (risk point 19). The
locations of tankship spill risk points have been se-
lected along tanker traffic lanes feeding into major oil
terminals in the area, the risk points usually located
about 50-100 miles off the corresponding ports. Spill
volume distributions have been discretized to 102, 10°
and 10* gallons for small spills and to 10°, 10° and 10/
gallons for large spills. The corresponding probabilities
(pis) have been set to 0.895, 0.0855 and 0.0195 for
harbor spills, 0.989, 0.01 and 0.001 for platform op-
erational spills, 0.25, 0.60 and 0.15 for tankship spills
and 0.61, 0.32 and 0.07 for platform blowout spills.
These figures have been calculated so that the corre-
sponding probability mass functions match the parent

Table I
Risk Points and Frequencies®
J Location (Spillsf;Year)
1*  Penobscot Bay, ME (harbor) 7.00
2 Penobscot Bay, ME (offshore) 0.04
3*  Portland, ME (harbor) 55.00
4 Portland, ME (offshore) 0.35
5*  Portsmouth, NH (harbor) 6.75
6 Portsmouth, NH (offshore) 0.04
7*  Boston, MA (harbor) 60.00
8 Boston, MA (offshore 1) 0.19
9 Boston, MA (offshore 2) 0.19
10*  Providence, RI (harbor) 66.75
11 Providence, RI (offshore 1) 0.21
12 Providence, RI (offshore 2) 0.21
13*  New Haven, CT (harbor) 44.25
14 New Haven, CT (offshore 1) 0.14
15 New Haven, CT (offshore 2) 0.14
16 Cape Cod Canal, MA (offshore 1) 0.06
17 Cape Cod Canal, MA (offshore 2) 0.06
18*  Georges Bank, MA (operational) 56.00
19 Georges Bank, MA (blowouts) 0.02

@ Asterisks denote small spills.
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Table 11
“Basic” Dispatching Time Matrix (in Hours)*
. . J
i Location
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
! Portland, ME 3 7 1 2 2 4 3 5 13 6 8 10 7 10 9 7 6 15 15
2 Portsmouth, NH 4 7 2 4 1 2 1 3 11 5 6 8 6 9 8 6 5 13 13
3 Boston, MA 5 7 3 5 1 4 1 2 10 4 6 8§ 5 8 7 5 4 12 12
4  Woods Hole, MA 6 7 5 7 3 6 2 4 8 2 3 7 4 7 7 2 4 10 10
5 Providence, RI g8 10 7 9 5 7 4 6 10 1 2 7 6 7 7 2 3 11 11
6 New Haven, CT 9 11 8 10 6 8 5 7 11 2 2 7 1 5 5 1 3 13 13
7  Provincetown, MA 5 7 3 7 4 8 3 7 7 3 3 S 6 7 7 3 2 9 9
8  Penobscot, ME 1 7 2 3 3 5 4 6 14 7 9 7 1110 9 8 16 16
“ Does not include mobilization and on-scene delays, which vary with scenario (see text). All times are independent of equipment
type deployed.
Table 111
Equipment Cost and Performance Data“
. s Cleanup Cost i
Equipment Acqg(l)sslttnon Tracnossplort ($/gal) at Volume: Recovery Operability
Category /il Efficiency
($/gal) $/gal/mile)  jo2 103 10*  10° 105 107 Harbor  Non-Harbor

1 5.0 0.0015 30 15 8 8 8 0.75 1.0 0.3

2 7.0 0.0015 30 15 8 8 8 0.80 1.0 0.4

3 1.0 0.00015 40 20 10 5 2 0.6 0.80 1.0 0.6

4 1.2 0.00015 40 20 10 5 2 0.6 0.85 1.0 0.7

7 Notice that transportation costs are given in $/gal/mile. These figures should be multiplied by the appropriate dispatching distances

to obtain TC,,;.

continuous distributions in terms of mean and vari-
ance, as per Devanney and Stewart’s statistical analy-
sis. Notice the dramatic frequency difference between
small and large spills.

2. There are a total of 8 candidate equipment stock-
piling facilities. Table II displays the locations of those
facilities as well as the dispatching times (in hours)
from those points to each of the 19 risk points. This
table does not include mobilization and on-scene de-
ployment delays, which vary with each case examined.
In this example, we assume that all times are inde-
pendent of equipment type deployed.

3. We assume a total of 4 candidate equipment
types, all in the mechanical removal category. Table
III shows information on acquisition, transportation
and on-scene operational costs for those types, as well
as efficiency and operability, the latter for harbor and
non-harbor spills. For illustration purposes, Table III
reflects the basic breakdown among oil spill cleanup
hardware, with categories 1 and 2 essentially asso-
ciated with small spills in protected areas, while
categories 3 and 4 consist of heavy-duty equipment,
typically used in large high-seas spills. Category 2 (4)
differs from category 1 (3) only in acquisition costs,
efficiency and operability. Notice the economies of
scale in on-scene cleanup costs realized by all cate-

gories (up to 10* gallon spills for categories 1 and 2
and throughout the range for categories 3 and 4).

4. Finally, Table IV displays the values of the “dam-
age potentials,” DPj, obtained by running the MIT

Table IV
Damage Potential (DP)¢
J DP, DP;, DP;
1* 10.88 7.86 16.30
2 1.39 1.08 1.06
3* 59.20 68.39 51.60
4 1.34 1.18 0.98
5* 10.04 3.67 1.39
6 2.22 1.28 0.99
T* 89.34 91.28 75.90
8 1.32 1.19 1.03
9 1.15 112 1.04
10* 66.74 79.87 60.19
11 2.33 1.40 1.08
12 0.96 0.96 1.02
13* 6.87 7.06 41.75
14 1.59 1.03 0.98
15 0.92 0.92 0.94
16 1.14 1.04 0.97
17 1.11 [.45 11.47
18* 0.85 0.85 0.85
19 0.85 0.90 0.95

¢ Damage per unit volume of nonrecoverable oil from a spill
of volume index k at risk point j ($/gallon). Asterisks denote
“small” spills.
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Damage Assessment subroutine. It is interesting to
observe that small spills generally exhibit significantly
higher damage potentials than large spills, quite prob-
ably because these spills occur much closer to shore
and are likely to impact the environmental and eco-
nomic resources along the coast more severely.

In an early application of the strategic model in
New England, we examined both categories of spills
(small and large) simultaneously (see for instance
Tharakan, and Psaraftis, Nyhart and Betts (1983)). In
this paper we examine these classes of spills separately.
Indeed, Tables I and IV already provide sufficient
evidence that these two categories of spills are dra-
matically different. Given this result, and in addition
the classical set of questions to be addressed by the
strategic model, a whole host of new issues become
important: Which portion of the overall system
and/or damage cost is attributable to each category?
How do system/damage cost trade-offs differ between
the two? Which of the two categories of spills is most
cost-effective to clean up? How do strategic response
policies between the two categories compare? How
valid or invalid are currently stipulated policies for
these two classes? Insights regarding these and other
questions were difficult (or impossible) to obtain from
our earlier analysis, which lumped together both spill

categories. As the rest of this section shows, a separate
investigation sheds more light on these issues.

3.1. “Large” Spill Analysis

Table V summarizes the results of 12 variants of the
“large” spill problem. The table contains information
on the damage weight chosen, the six objective func-
tion components Z, to Zs (as per Section 2), which of
the eight facilities are opened, and which risk points
are served by each facility, as well as the level and type
of response capability stockpiled at each of the facili-
ties that are opened. Notice that the table does not
include disaggregate information on how to allocate
the capability associated with each facility and equip-
ment type among risk points and spill volumes. Since
this output—which essentially defines the optimal
response policy for the problem at hand—is fairly
voluminous (array r.; has a dimension of 1,152 here),
we shall refer to it only on a selective basis, so as to
obtain insights into the structure of the problem and
the behavior of its solutions. Table V contains the
following results:

1. Run 1 is the “basic” scenario, with the damage
weight being equal to 1.0, no fixed costs to open a
facility, no response time stipulations, and a “stand-

Table V
“Large” Spill Analysis for New England?

Run Damage Cost Components (as per Section 2) Facilities Risk Points Served Response Fr%g}i&rgfong;{
No. Weight A 7 Z4 Z Z Opened (as per Table I) Capability Type

1 10 — — — — 4651 — — — — —_
2 50 — 1.0 0015 1413 3,109 0.826 Woods Hole All 1,000,000 3
3 100 — 100 0.040 2219 — 2463 Woods Hole All 10,000,000 3
4 15.0 — 102 0.046 2455 — 2292 Woods Hole All 9,000,000 3
Provincetown All 900,000 4

Penobscot All 100,000 4

5 150 0.5 102 0.043 2455 — 2292 Woods Hole All 9,000,000 3
1,000,000 4

6 150 0.5 102 0.045 2455 — 2292 Provincetown All 9,000,000 3
1,000,000 4

7 150 0.5 10.2 0.068 2455 — 2293 NewHaven All 9,000,000 3
1,000,000 4

1.0 — 100 0.040 2219 — 2463 Woods Hole All 10,000,000 3

9 1.0 — 10.0 0.042 2219 — 2463 Provincetown All 10,000,000 3
10 1.0 — 100 0.040 2219 — 2.442 Woods Hole All 10,000,000 3
1l 1.0 — — — 2117 — 2461 Portsmouth 2,4,6,8,9 10,000,000 3*
Provincetown 9,11, 12, 14, 15, 16, 17,19 10,000,000 3*

12 1.0 — 1.0 0015 8133 — 2463 Portsmouth 2,4,6,8,9 10,000,000 3*
Providence 11,12, 14, 15, 16, 17, 19 10,000,000 3*

Provincetown All 1,000,000 3

% All costs are per annum and in millions of dollars. All capabilities are in gallons. Asterisks denote leased equipment.



ard” mobilization delay of 3 hr at each facility, plus a
3-hr deployment delay at each of the spill locations.
Not surprisingly, the optimal solution under this scen-
ario is a “benign neglect” response, with expected
damages totalling $4.651 million per year, all in the
form of unsatisfied demand. Clearly, if the system
must have some “large” spill capability, then one
should be willing either to accept a higher weight on
damage costs, or to impose response time stipulations
(or both). We first present the analysis of what happens
if the damage weight is increased (and everything else
remains the same).

2. The “benign neglect” policy of Run | remains
optimal even if the damage weight is doubled. How-
ever, if the weight becomes 5.0, we begin to see some
capability being stockpiled at Woods Hole (Run 2).
Notice that this capability can respond only to spills
up to | million gallons, leaving an expected damage
of $3.935 million per year, mainly in unsatisfied de-
mand. Notice also that this capability averts only
$0.716 million per year in damages vis-a-vis the
“benign neglect” policy, at an additional expected
system cost of $2.428 million per year. Finally, ob-
serve that the technology (or equipment type) chosen
among the four candidates is type 3, probably because
its low acquisition costs offset the benefits realized by
a higher efficiency and operability (the latter are fea-
tures of technology 4).

3. Raising the weight even further (to 10.0 in Run 3
and 15.0 in Run 4) produces some expected and some
unexpected results. The fact that total system capa-
bility increases to a level capable of handling the
maximum spill size (10 million gallons) is certainly
predictable. One can observe this result in Run 3,
where 10 million gallons of capability (again, of type
3) are stockpiled (again, in Woods Hole). Notice again
the increased price required to reduce damages
($12.259 million/year in system costs to reduce dam-
ages by $2.188 million/year). What happens in Run
4, where the damage weight is raised to 15.0, is less
predictable. Several interesting observations emerge
from this scenario: first, two additional facilities are
established, one in Provincetown and one in Penob-
scot, taking away a small fraction of capability from
Woods Hole, with the total capability remaining con-
stant at 10 million gallons. Second, while Woods Hole
continues to be equipped with type 3 equipment, the
two new facilities introduce technology 4, which is
more expensive, yet more efficient and reliable. This
situation can be explained by observing that the only
way to further reduce damages from those of Run 3
is by reducing Zs (Z; is already zero). But Z; is the
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damage due to delays and inefficiencies in the re-
sponse. Delays can be reduced by “spreading out” the
capability to three locations instead of one. Inefficien-
cies can be reduced by using equipment type 4 instead
of 3. Indeed, this policy results in an additional dam-
age reduction of $0.171 million/year with an addi-
tional system cost of $0.442 million/year.

4. Still, it is not immediately clear from Table V
how the “mix” of equipment technologies shown in
Run 4 is used. In fact, it is not even clear why both
technologies are needed. We can shed more light on
this issue only by looking at the entire response array
r (not shown here). This investigation reveals the
following facts: while all 3 facilities (using both types
of technology) respond to the 10-million gallon spills,
only Provincetown and Penobscot (which are
equipped with technology 4 only) respond to the
1-million gallon spills (which are more frequent).
Finally, either Provincetown (risk points 9, 11, 12, 14,
15, 16, 17 and 19) or Penobscot (risk points 2, 4, 6,
8), using technology 4 only, respond to the smallest
spills (in the range of 100,000 gallons). In other words,
equipment type 3 (stocked at Woods Hole) is acquired
only to respond to the massive, 10-million gallon
spills. Since this technology is used relatively rarely, it
is preferable to type 4, which would cost more to
acquire. By contrast, because of its higher efficiency
and reliability, type 4 is more desirable for responding
to the smaller but more frequent I[-million and
100,000-gallon spills, with no massive outlays.

5. Imposing a fixed cost of $0.5 million per year to
open each of the facilities (again assuming a damage
weight of 15.0 and everything else equal) “shrinks”
the optimal location set to only one facility, located
again in Woods Hole (Run 5). If Woods Hole is
excluded from the candidate location set (Run 6).
Provincetown, which is second best, becomes the lo-
cation of choice. And if Woods Hole, Provincetown
and Penobscot are all excluded (Run 7), then New
Haven becomes the best. Notice the small degradation
of performance in Runs 6 and 7 vis-a-vis Run 5, and
the continuing technology “mix” of types 3 and 4 in
all three cases.

6. Runs 8, 9 and 10 return to the unit damage weight
case, this time with response time stipulations and
without fixed costs. Run 8 examines a (0.99, 18 hr)
stipulation for all risk points, while Run 9 tightens the
stipulation to (0.99, 15 hr). Finally, in run 10 we
assume that mobilization and deployment delays are
reduced by 3 hours everywhere, and then impose a
{0.99, 12 hr) stipulation. Comparing Runs 8 and 10,
we can see that the benefits of a total delay reduction
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of the 6 hour amount to $0.021 million/vear in dam-
ages averted. These benefits should be compared to
the costs (monitoring, administrative, etc.) that would
be necessary to make such a reduction possible. Notice
that in all these cases we fall back to the use of the
“cheaper” technology of type 3, probably because of
the “low” damage weight.

7. Finally, Runs 11 and 12 show how our model can
be used to address “buy versus lease” decisions. Sup-
pose that the strategic planner has the option to either
acquire equipment of type 3 (and incure a cost struc-
ture as per Table III), or /ease equipment of the same
type from a private contractor at a flat rate of X dollars
per gallon of capability used (no acquisition or trans-
portation costs). If we assume that the contractor
agrees to make this equipment available at the loca-
tions desired by the decisionmaker, and to be paid
only if his equipment is used, the question is which of
the two options—buy or lease—is the most desirable.
The answer, of course, depends on the value of X.
Under a (0.99, 18 hr) stipulation, run 11 shows that
if X = $1/gallon (a very low price), then an “all-
leased™ capability is adopted. Notice that for the first
time, each of the two facilities selected serves a different

set of risk points. This outcome can be explained by
the observation that this option allows us for the first
time to double the total capability available (to 20
million gallons), and this possibility eliminates the
need for complementary response (with the exception
of risk point 9). Run 12 shows that if X = $5/gallon,
the system can have both acquired and leased capa-
bility. Notice again the allocation pattern among risk
points. For X sufficiently high, we obviously return to
an “all-buy” policy, as suggested by Run 8.

3.2. “Small” Spill Analysis

Table VI is the equivalent of Table V for seven var-
iants of the small spill problem. These cases illustrate
the following results:

1. Run 1 displays the “benign-neglect” policy. No-
tice that by contrast to the “large” spill case, in this
instance damage weight must be very low (close to
zero) to make such a policy optimal. If the damage
weight is set equal to one, the optimal policy would
stockpile capability and leave no unsatisfied demand.
This outcome is displayed in Run 2, which assumes
zero mobilization and on-scene deployment delays,
zero fixed costs and no response stipulations. Notice

Table VI
“Small” Spill Analysis for New England”
Run Damage Cost Components (as per Section 2) Facilities Risk Points Served  Response Equipment/
No. Weight ; ] Opened (as per Table 1)  Capability 1 ccnology
O g Z, Z Z3 Z4 Zs Zs p p ap ¥ Type
1 0.0 — — — — 5090 — — — — —
2 1.0 — 0028 0003 1500 — 1.067 Portland 1,3,5,18 900 2
Portsmouth All 10,000 4
Boston 1,5,7,13, 18 100 2
Woods Hole 5,13, 18 100 1
Providence 1,5.10, 13, 18 1,000 2
New Haven 1.5,13,18 100 2
Penobscot 1,35 18 100 2
3 1.0 0.2 0.027 0.006 1500 — 1.129 Portsmouth All 10,000 4
1,000 2
Providence [,5,10,13, 18 1,000 2
100 1
4 1.0 0.1 0.020 0.008 1475 — 2.075 Boston All 10,000 4
1,000 2
100 1
S 1.0 0.2 0.012 0.002 1.903 — 1.043 Portsmouth All 9,000 4
Providence All 1,000 4
6 1.0 0.2 — — 0.091 — 1.281 Portsmouth All 10,000 2%
Providence 10 1,000 2%
7 1.0 0.2 0.012 0.001 1359 — 1.090 Portsmouth All 9,000 4
900 2*
Providence All 1,000 4
100 2*

“ All costs are per annum and in millions of dollars. All capabilities are in gallons. Asterisks denote leased equipment.
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Table VII
Response Allocation Policy for Run 2 of Table VI*

i (3 J k Vieik i e J k Figk
1 2 1 2 900 4 1 5 3 100
3 900 13 2 100
3 1 100 18 1 100
2 900 2 100
5 2 900 3 100
3 900 5 2 1 3 1,000
18 3 900 5 3 1,000
2 4 1 3 7.800 10 1 100
3 3 10,000 2 1,000
5 3 7,700 13 2 700
7 2 1,000 18 2 900
3 10,000 3 1,000
10 3 10,000 6 2 1 3 100
13 3 9,900 5 3 100
18 3 7.700 13 1 100
3 2 1 3 100 2 100
5 1 100 3 100
2 100 18 3 100
3 100 8 2 1 1 100
7 1 100 2 100
13 2 100 3 100
18 3 100 3 2 100
5 3 100
18 3 100

¢, Equipment location index (see Table II); e, equipment type index (see Table III); j, risk point index (see Table I); &, spill volume
index (1: 100 gallons, 2: 1,000 gallons, 3: 10,000 gallons). Only nonzero capabilities are displayed (in gallons).

that all but one facility are opened and that the
response allocation pattern as well as the technology
“mix” are nontrivial (later comments amplify on this
issue).

2. Runs 3 and 4 differ from Run 2 in that all facilities
involve a fixed opening cost of $100,000/year, Run 4
also involving a mobilization delay of 6 hours at all
facilities. Notice that although the total number of
facilities predictably shrinks, we still observe a mix of
three technologies stockpiled. Run 5 differs from Run
3 by allowing only equipment of type 4.

3. Runs 6 and 7 examine the “buy versus lease”
decision for small oil spills, again under a fixed open-

ing cost of $100,000 per year everywhere. The basic

options are either to acquire technology type 4, or to
lease technology 2 at a flat rate of X dollars per volume
of capability used. Run 6 assumes X = $1/gallon and
results in an “all-lease” decision (notice the response
allocation) while in Run 7 we have X = $20/gallon,
in which case the model commends a “mixed” policy.

4. Notice from the prior runs that the recommended
allocation policies as well as the technological “mixes”
are far more intricate for the small spill problem than
for the large spill problem. Table VII further elaborates

on the results of Run 2 by displaying the entire re-
sponse allocation array for that case (only nonzero
rin’s are shown). Trying to identify a pattern from
that table, we can see that equipment type 4 (stock-
piled at Portsmouth, NH) is used only for the largest
of the small spills, despite the fact that even at those
volumes it is more expensive to operate than types |
and 2, which are used for smaller volumes. Notice
that type 3, while preferable to type 4 in several large
spill scenarios, is absent from all small spill solutions.
Geographically, each facility typically responds to all
volumes generated at risk points in its vicinity, and
may also respond to more distant locations, but only
to larger volumes at those locations. Indeed, only one
location (usually, but not always, the closest facility)
typically responds to each 100-gallon spill. By con-
trast, more locations (as many as four in this case)
may respond to each 1,000-gallon spill, while even
more facilities (as many as seven here) may be desig-
nated to respond to each 10,000-gallon spill.

4. Discussion and Conclusions

The previous example is i/lustrative and should be
interpreted with caution. In that respect, less impor-
tance should be attached to the actual numerical
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values of the outputs than to the trends and underlying
problem structure that these numbers help reveal.
Also, we should be cautious in generalizing these
results to other geographical areas. For instance, an
application of this model to the West Coast might
very well lead to different conclusions, since, by con-
trast to New England, the wind in the West Coast
typically blows toward the shore—which may increase
the “damage potential” of large spills dramatically.

In spite of such caveats, we believe that the results
of the New England application of this model provide
strong evidence that, over the range of scenarios ex-
amined, it is generally more cost-effective to invest in
“small-spill” response capability (i.e., < 50,000 gal-
lons) than to acquire expensive large-scale equipment
that would be used only rarely (and, if used, would
probably avert far less damage than its cost could
justify). Table V shows that New England would
require more than $12.5 million per vear in system
costs (most of which in equipment acquisition funds
that would have to be disbursed with certainty) to
reduce the expected value of damages from $4.7 to
about $2.3 million per year. It might be worthwhile
to investigate whether these same funds could be better
utilized in a “revolving fund” (or insurance) scheme
of direct compensation for damages, with minimal
(i.e., “surveillance and monitoring™) response. A por-
tion of these same funds could also be used to streng-
then the response system for small spills, whose
cleanup seems to be far more viable.

A secondary finding of the New England application
concerns the siting patterns of response resources for
these two categories of spills. We saw that small-spill
capability is typically dispersed geographically, while
large-spill capability is typically consolidated at one
or a few “centers.” Departures from this pattern could
occur in alternative scenarios (see Runs 3-7 vis-a-vis
Run 2 of the small-spill analysis in Table VI). In an
actual implementation of the model, a significant
effort should be spent to determine which scenario is
the most accurate representation of the real world.

With respect to an appropriate selection of inputs
for this model, one of the input variables that this
study made no attempt to investigate, but which could
be crucial in an actual implementation, is W, the
“damage weight.” If 1 is interpreted as the decision
maker’s “willingness to pay” to respond to oil spills
instead of directly bearing their damages, the New
England analysis seems to indicate that if both cate-
gories of spills are to be responded to (with no un-
satisfied demand), then the willingness to pay for
large-spill response in New England ought to be at
least one order of magnitude greater than the equiva-
lent figure for smali-spill response.

How do all these findings, which are, to a significant
extent, area specific, compare with current practice?
In the United States, the Coast Guard is already
charged by the Federal Water Pollution Control Act
and other laws with the responsibility of responding
to small and large spill incidents. However, 1t happens
that the mechanisms by which the Coast Guard re-
sponds to small and large spills are quite different.
Indeed, large spills typically require the mobilization
of the USCG’s National Strike Force (involving the
use of heavy-duty, federally owned equipment). By
contrast, regional and local resources (very often using
private cleanup contractor equipment) typically re-
spond to small spills. It is fair to say that so far there
seems to be no evidence that public opinion, or the
government, realizes the potential importance of small
spills relative to large ones. Large spills typically cap-
ture the lion’s share of headlines, concern, and public
debate regarding what should be done, and, probably
as a result, influence the ultimate determination of
society’s “willingness to pay” for a response system
for these spills. In that respect, we are aware of no
recent major strategic response study sponsored by
the government that has focused on the small-spill
end of the “response spectrum” (ours is an exception).
To our knowledge, the most recent development in
this context has been the USCG’s solicitation and
sponsoring of a new response study, this time to
deliver an “extraordinary spill” strategic plan for the
Continental United States, Alaska and Puerto Rico.
The USCG has defined “extraordinary spills” as being
“sudden catastrophic discharges, prolonged major dis-
charges, and otherwise unique incidents for which
guidance beyond what is provided in the National Oil
and Hazardous Substances Contingency Plan (NCP)
is required” (USCG 1984). In light of the results
outlined in Section 3, it might be worthwhile to inves-
tigate whether (and under what conditions) the pat-
terns identified in the New England illustration are
also manifested under other scenarios, in other geo-
graphical areas, or at the national level.

The purpose of the previous analysis and discussion
has been to give a flavor of the potential of this model
as a flexible tool for analysis of response options
available to policymakers. Actually, quite a few addi-
tional insights on this problem can be obtained by
appropriate uses of the model. Among other things,
one can investigate the benefits of dispatching equip-
ment by alternative transportation modes, the benefits
of using chemical dispersants (or other cleanup tech-
nologies such as the “Sombrero” device for platform
dnlling blowouts), the incremental pollution costs of
potential new offshore drilling activities, and many
other possibilities.



We conclude with a few comments on directions
for further improving this model. Considerable prog-
ress has been made in Ziogas and in Psaraftis and
Ziogas in modeling the tactical/operational oil spill
response decision process. It would be worthwhile to
attempt to use these concepts to further refine the
representation of spill response tactics in the strategic
problem withour a significant increase in computa-
tional effort. Another area for further study concerns
the treatment of risk aversion. It would be interesting
to try to incorporate some model of society’s risk
preference structure into this model in a more explicit
way than via response time stipulations. The work of
Fredrikson, although not associated with locational
considerations, might prove useful in such an exten-
sion.
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