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Now the final summation in J(Y) can be restated:

T Prik,=Ylt>1,YeS)=Pr(k, eSxlt> 1,k €8) (33)
YeSx
and
J(Y)=Pr(w, < 11t=2,k; =k;,w; < 1)xPr(w; < 1lt=2)
x {1~ {Pr(Q<1/21t=2,w< 1)]?} xPr(k; eSxlt>1,
K, €9) (34)

Similar logic can be used to develop upper bounds on
the other two summations in the final expression for
p(2) | The result is

PO =Pr(t=2lt>1)xPr(k, =k, It=2)
x(Pr(k, eSxlt> 1,ky €8)x Pr(w; < 11t=2)
XPr(wy < 11t=2,k; =ky, wy < 1)x {1- [Pr(Q< 1/21t=2,

w< 1)]2}

+Pr(k, eSalt>1,k; €S)xPr(w; < 10lt=2)
xPr(wy < 10lt=2,%; =ky, w; < 10)x §{1- [Pr(Q<5lt=2,
w < 10)] %}

+Pr(k, eSplt>1,k; € S)xPr(w; <100It=2)
x Pr(wy < 1001t =2, ky =k,, w; < 100) x {1

- [Pr(Q<50lt=2,w< 100)]2;) (35)
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Transporting Hazardous Waste
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ABSTRACT

In the United States more than 160 million
metric tons of hazardous waste are generated
annually, and there has been concern over
the management of these wastes and their im-
pact on the population and environment. Re-
sponding to this issue, policy makers have
begun to examine the risks and costs associ-
ated with hazardous waste treatment, trans-
port, and disposal. The focus of this paper
is the expected releases and costs associ-
ated with the transportation of hazardous
waste by truck. Expected release rates are
derived for eight container classes that may
be used in the transport of hazardous mate-
rials and waste. The results indicate that
the expected fraction released per mile
shipped ranges from approximately 10-8 to

10-¢, depending on the container class.
Expected released fractions at terminal
points range from 10-¢ to 10-3. Thus,
the expected released fractions during

transport are potentially as large as the
corresponding released fractions at disposal
sites and treatment facilities. A review is
also conducted of previous studies of the
cost of hazardous waste transport. Several
deficiencies are noted, particularly assump-
tions related to shipment characteristics
and the lack of a comparison of actual rates
charged by waste haulers. To overcome these
deficiencies, new formulas are derived for
estimating the cost of waste transport by
tanker and stake (flatbed) truck. Cost esti-
mates based on these formulas are subse-
quently compared with quoted industry rates.
A conclusion is reached that the revised
procedure is representative and can be used
in policy analysis.
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In the United States more than 160 million metric
tons of hazardous waste are generated annually (1).
In response to a growing concern over the management
of these wastes and their impact on the population
and environment, policy makers have begun to examine
the risks and costs of treatment, transport, and
disposal of hazardous waste.

The U.S. Environmental Protection Agency (EPA)
has taken a leading role in assessing the trade-offs
between various aspects of the disposal and treat-
ment problem. In 1981 EPA's Office of Solid Waste
began development under the Resource Conservation
and Recovery Act (RCRA) of a Risk/Cost Analysis
Model to assist in the development of regulations
and standards for hazardous waste treatment, stor-
age, and disposal facilities.

The RCRA Risk/Cost Analysis Model consists of an
array of possible ways to treat and dispose of the
hazardous wastes generated in the United States (2).
Three main factors are considered in the model's
formulation of possible ways to manage hazardous
waste:

1. The type of waste (and its hazardous chemical
constituents);

2. The types of technologies used to treat,
transport, and dispose of the waste; and

3. The environmental settings in which the
wastes are treated, transported, and disposed.

The model forms all possible combinations of a
list of wastes, technologies, and environmental set-
tings, or WET cells. It then calculates the risks
and costs involved in each WET cell. In this fash-
ion, the relative merits and drawbacks of various
hazardous waste management strategies can be identi-
fied.

The focus in this paper is on the development of
fraction release estimates for the transport tech-
nology component of the RCRA Risk/Cost Analysis
Model. A secondary topic is the derivation of cost
estimates of transporting hazardous waste. This in-
cludes a review of existing work directed at esti-
mating the cost of transporting hazardous waste and
modifications to existing methods based on hazardous
waste shipment characteristics and current economic
reasoning. The new cost formulas are subsequently
compared with quoted industry rates to ascertain
whether the revised approach can be used reliably in
policy analysis. Because 90 percent of all hazardous
waste 1is currently transported by truck (3), the
models described in this paper are restricted to
truck transport.

RELEASE MODEL DEVELOPMENT

Four general types of risk estimation methodologies
have thus far evolved and been applied to the vari-
ous aspects of transport risk analysis. [For an
overview of this topic, see TRB Special Report 197
(4) and NCHRP Report 103 (5).]) These methodologies
are statistical inference, fault-tree modeling, sim-
ulation modeling, and subjective estimation. Each of
these techniques has advantages and disadvantages,
which must be evaluated in any given case. For ex-
ample, the primary limitation of statistical estima-
tion techniques is that one must assume the process
generating the accident or incident frequencies to
be stationary. Otherwise the estimates obtained from
past data could not be used to predict future occur-
rences. Unlike statistical estimation methods,
fault-tree analysis attempts to model the incident
occurrence process in great detail. Although this
has scientific appeal, there are difficulties asso-
ciated with the acquisition of data for predicting

23

basic event probabilities and the uncertainty that
all significant event sequences have been consid-
ered. Nevertheless, fault-tree analysis as applied
to the estimation of the risk of transporting haz-
ardous materials has been used in several studies,
among which are those by Rhoads (6), Bercha (7), and
Geffen (8). Other studies relevant to the evaluation
of risk in hazardous material transport include
those by Gaylor (9), Jones et al. (10), and the Na-
tional Transportation Safety Board (NTSB) (11) . The
reader is referred to a comprehensive bibliography
on this subject provided by Russell et al. (12). Of
the various techniques discussed in the literature,
statistical estimation was considered to be the most
appropriate for this study in terms of the overall
project objectives. The results of other researchers
were used to check the credibility of the estimates.

Incidents involving release of hazardous waste
during transport result from any of a number of
causes (failure modes) and can occur at shipment
terminal points or en route. Of those that occur en
route, a certain proportion result directly from
truck accidents. Thus, three types of incidents are
defined:

l. Container failures due to vehicular accidents
en route,

2. Container failures occurring en route due to
causes other than vehicular accidents, and

3. Failures at the shipment terminal points.

In developing the transport release model, cer-

tain postulates were made concerning the three types
of incidents defined earlier:

1. The probability of a truck accident in which
a release occurs is independent of the waste being
shipped and the container type used in shipment.

2., The probability of occurrence of an incident
at any point along the route is a nonzero constant
that, exclusive of the truck accidents, depends on
the container type used.

3. The probability of occurrence of an incident
at a shipment terminal point depends only on the
container type used.

4. The expected amount released as a result of
an incident depends on the container type used and
the specific cause of the release (failure mode). It
does not depend on the location of the incident.

The transport release model is formulated as fol-
lows:

Ry = R x A x d (expected fraction released en route)
R x 3 (expected fraction released at terminal
point)
where
Rt = expected released fraction,

r

R = vector of parameters corresponding to the
expected fraction released for each defined
failure mode,

A = probability vector corresponding to inci-

~  dents en route for each defined failure
mode,

p = probability vector corresponding to inci-

dents at terminal points for each defined
failure mode, and
d = distance shipped.

For each container type considered, it is neces-
sary to estimate the vectors R, A, and ¢. Thus,
the total number of parameters to be estimated de-
pends on the number of container types and failure
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modes defined. The primary source of data for esti-
mating the incident probability and fraction re-
leased vectors was the 1981 Hazardous Material Inci-
dent File (HAZMAT) maintained by the U.S. Department
of Transportation's Materials Transportation Bureau
{(MTB) . The HAZMAT file is a compilation of nation-

wide data regarding incidents involving hazardous
material spills. As such, it contains information
relating to frequency and circumstances (container

involvement, failure mode, etc.) surrounding these
incidents. This file allows the coding of up to 334
container types and 23 failure modes. Analysis of
the data resulted in the identification of the fol-
lowing eight container classes with reasonably uni-
form physical characteristics and incident involve-
ment rates:

1. Cylinders,

2. Cans,

3. Glass,

4. Plastic,

5. Fiber boxes,

6. Tanks,

7. Metal drums, and

8. Open metal containers.

For each of these eight container classes, expected
release estimates were derived, as described in the
following sections.

INCIDENT OCCURRENCE MODEL

Given the previous assumptions that the probability
of an incident is constant along all points on a
given route, it follows that the probability of oc-
currence of an incident somewhere along the route is
directly proportional to the length of the route.
Thus, for the first two incident types (incidents en
route), the total transport distance is the expo~-
sure. For incidents at shipment terminal points, the
number of shipments is the exposure because distance
is not a factor. Given the foregoing conditions for
each container class and failure mode, it can be
shown that the 1limiting probability distributions
for each of the incident types and failure modes are
given as follows:

Container Failure During Vehicular Accident:
P{n118, rug} = exp(-rugS) (lugsS)"1/n;y! (1)
Container Failure En Route:

P{njI1S,)jrug} = exP('*j"ds)(Aj”ds)ng/:jé 23 (2)
L

Container Failure at Terminal Point:

P{m31S,045} = exp(-§4S) (85)™j/ms!
31503 i Iy a1, 23 (3)

where

] number of shipments,
ug = mean shipment distance, and
)» and g = corresponding incident rates for the
particular container class.

Direct estimation of the incident rates (s
and ej) requires knowledge of the number o
shipments (8) and the mean shipping distance
(ug) for each container class. Because the

former is not available and cannot be reasonably
estimated, the incident-rate estimators (excluding
vehicular accidents) were derived in terms of a re-
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leasing truck accident rate, which is to be inde-
pendently assessed. The releasing truck accident
rate is some fraction of the overall truck accident
rate, accounting for the fact that not all truck
accidents result in a material spill. Thus,

2§ = [ng + 1)/mIx

j=2, 23 (4)

gj = [(my + 1)/m13d for all j (5)

where

2 = estimate of the accident rate for
trucks in which releases occur
[x = 2.8 x 107 (13)];
d = estimate of 3, determined from the
HAZMAT data; and
ny and my = incident frequencies for the container
class obtained from the HAZMAT file.

FRACTION-RELEASED MODEL

The fraction-released model is made up of two sub-
models: one for the fraction of containers failed
given an incident and the other for the fraction
spilled given failure. These are henceforth referred
to as the failure and spill models, respectively.
Given the assumed dependence of the fraction-failed
and fraction-spilled variables on both the container
type and failure mode, linear models are constructed
as follows:

F ap * a3X] e Foa7X7 + 81¥) + ... + B22Y¥20

P =yg+ yiX3 =eo + y7¥7 + §1¥7 + co0 + 8§29Y22 (6)

where F and P denote the fraction failed and frac-
tion spilled and the X's and Y's are binary vari-
ables denoting the container classes and failure
modes, respectively. For example, an observation
corresponding to container class 1 and failure mode
6 would have X; =1 and Yg = 1 and the remaining
independent variables would be zero.

The full regression models contain 29 binary var-
iables (needed to define the B container classes and
23 failure modes), with the assumption that the in-
teraction terms are not significant. The regression
coefficients in the models were estimated by using
the spill data in the HAZMAT file.

Let Fy, Py, and Ry denote the random variables
fraction™ failed, fraction spilled, and fraction re-
leased for failure mode j; the means are ygis
Wp3j and Upqr respectively. Thus, R. = FjP-. Assuming
that F. and P, are independent, gs, = “fj”bj' Denot-
ing by £y the estimate of urye one obtains
ry = fjpj (7)
where f; and pj are the mean response estimates
ubtaine&lfrom the models of Egquation 6.

Recall that ) s and 85 denote the probabilities of
incident occurrences by failure mode j en route and

at the terminal points, and ;- and 5% are their esti-
mators. Let y_ and y denoae the Mmean fraction re-

leased per mile shipped and at terminal points, re-

spectively. Let r and ry denote the respective
estimators. Then
23
r= 3§ £+’ (8)
j=2
Ly = ITj65 (9)
3
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corresponding to the failure mode of a re-
leasing vehicular accident, is considered an input
variable. Several values for A' will be given below
for different highway types, of which the composite
rate (;) was used in the estimation of the incident
probabilities (x4 and g5) .

where ',

PARAMETER ESTIMATION

In the previous section, estimators of the expected
fraction released were derived based on the failure
and spill models, Table 1 gives the computed esti-
mates for each of the container classes both for in-
cidents en route and at terminal points.

TABLE 1 Estimates of Fraction Released by Container
Class

Expected Fraction Expected Fraction

Container Released per Released at Terminal
Class Mile Shipped Points

1 1.3 x10°¢ +(0.13\) 14 x 10

2 2.6 x 107 +(0.12)\") 4.0x 10

3 1.7 x 107 +(0.27)") 26 x10%

4 4.1 x 10% +(0.14\) 52x10%

5 1.3 x10% +(0.12\") 6.1 x10°%

6 4.2 %108 +(0.190\") 7.6 x 10°°

7 2.4 x 107 +(0.101") 29x10%

82 75x%x10° 12x103

2Estimate associated with the released fraction during accident is not
reliable,

Note in the table that the expected fraction re-
leased per mile shipped has been expressed in terms
of )', a rate for truck accidents in which a re-
lease occurs. From an independent analysis of data
on truck accident rates (13) and the work of Val-
lette et al. (14) and of others (15-23), the follow-
ing estimates of accident rates (releasing accidents
per million truck miles) for three different highway
types have been derived:

Accident
Highway Type Rate
Interstate 0.13
U.S. and state (rural) 0.45
Interrupted flow due to
intersections (urban) 0.70
Composite 0.28

In computing the foregoing estimates, it is nec-
essary to take into account that not all truck acci-
dents result in a release. An estimate of 0.2 for
the fraction of truck accidents in which a spill oc-
curs was derived. This was based on the following
factors. First, the 1982 FRA Accident/Incident Bul-
letin (24) indicates that in 601 train accidents
consisting of 2,770 cars carrying hazardous materi-
als, 109 cars released. Second, previous work by
Geffen (8) indicates that tank trucks involved in
accidents are approximately 10 times more likely to
spill than rail tank cars. These two factors yield
an estimate of 0.4, which was adjusted downward to
compensate for the higher damage threshold for an
FRA reportable accident than the threshold used in
the HAZMAT file. It is emphasized that the releasing
accident rates reported here are suggested values
that in a given situation should be replaced by more
accurate estimates if they are available.

In order to evaluate the results, estimates for
tanks in Table 1 were compared with the results of
the Bercha study (7) for tank trucks and vacuum
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trucks and the Pacific Northwest Laboratory (PNL)
studies (6,8) for tank and tank-trailer combination
trucks. The PNL studies report incident probabili-
ties in a 130-mile (210-km) shipment of 3.68 x 10-%
and 3.57 x 105 for propane~ and gasoline-carrying
trucks, respectively. These values translate to an
incident probability per mile of 2.8 x 10-7, which
compares favorably with the current estimate for the
fraction released per mile of 1 x 10-7. The Bercha
study reports fractions released per mile of 2.02 x
10-7 and 1.68 x 10-7 for vacuum trucks and tank
trucks, respectively. In addition, Bercha reports
estimates of the fraction released during loading
and unloading of 4.6 x 10-* and 2.4 x 10-* for
vacuum trucks and tank trucks, respectively. The
current results for incidents en route are in gen-
eral agreement with those of Bercha. For incidents
at terminal points, however, they are two orders of
magnitude lower. This apparent discrepancy could re-
sult from underreporting of HAZMAT small spill inci-
dents at terminals. After the small spills have been
removed from the Bercha analysis, the resulting
fractions released during loading and unloading for
both vacuum and tank trucks become 2.4 x 10-5.
These are still three times higher than this study's
estimate of 7.6 x 10-6,

ERRORS OF THE ESTIMATES

There are several sources of error that affect the
release estimates in Table 1. These can be catego-
rized as modeling errors and estimation errors. In
this sectlon, only the estimation errors and their
implications are discussed.

Recall that in Equations 4 and 5, there are three
factors to be estimated: ), the accident rate for
trucks in which releases occur; 13, the mean
shipping distance for the container class; and the
incident frequency ratios. In view of the functional
form of the estimators, the errors in the aforemen-
tioned factors are multiplicative. That is, a 10 per-
cent error in ) and a 10 percent error in (nj +Al)/n1
yields a 21 percent error in ;j' The error in ), in
turn, is multiplicative in the errors in the acci-
dent rate estimates and the estimates of the frac-
tion of accidents that release. In order to gauge
the total error, each of the factors is considered
separately.

The frequency ratios derived from the HAZMAT data
could be affected by underreporting of incidents.
There is strong evidence to suggest that this oc-
curs. However, if the underreporting is uniform
across all failure modes, the estimates are not af-
fected. It is the authors' view that accidents are
not as likely to go unreported as are other inci-
dents (particularly at terminals) and this would
lower the estimates.

The estimates of the truck accident rates derived
in this study are within the range of previously re-
ported findings. As an average of rates representing
varied highway and traffic volume conditions, the
composite rate used in the analysis is lower than
what was used in the PNL (6,8) and Bercha (7) stud-
ies. This again would tend to lower the estimates.

With regard to the estimate of the fraction of
accidents that release, it may be argued that the
estimate of 0.2 is high. For example, it has been
suggested that one can use the fatality rate as a
proxy for the releasing accident rate. From data re-
ported by NHTSA (23), 8.6 percent of single-vehicle
truck accidents result in a fatality. NHTSA also re-
ports injury rates of 24 percent. Thus, a factor in
the range of 0.08 to 0.24 appears reasonable,

There are other factors the errors of which af-
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fect the computations of the final estimates of the
fraction released. These include sampling errors in
the estimates of the fraction spilled given an acci-
dent and errors in the estimation of the shipping
distances by container types. The magnitude of these
errors is given by the standard error of the esti-
mates and is less than 20 percent.

Ag an illustration of the overall error effects,
consider the possibility that the accident rate was
underestimated by 25 percent, the fraction of re-
leasing accidents was overestimated by 100 percent,
the shipping distance was overestimated by 20 per-
cent, and the frequency ratio at terminals was un-
derestimated by 20 percent. For the foregoing situa-
tion, the net error in the incident probability
estimates would be approximately 44 percent.

ESTIMATING THE EXPECTED AMOUNT RELEASED
From the model parameters described previously, the
following procedure is used to estimate the expected

fraction released during transport in a given appli-
cation:

1. Identify shipment characteristics {(e.g., num-

ber of shipments, volume per shipment, trip dis-
tance, and container type),
2. Identify roadway characteristics {highway

type),

3. Select appropriate values of the parameters
for the fraction released for the container type be-
ing considered,

4. Select appropriate ',

5. Determine fraction released en route and at
terminal points,

6. Multiply fraction released en route by total
trip miles and fraction released at terminal points
by the number of shipments,

7. Add these values to arrive at total expected
fraction released, and

8. Multiply this by the total volume to obtain
the total expected amount released.

To illustrate this procedure, consider the prob-
lem of estimating the expected amount released given
that two hundred 55-gal drums are being shipped a
distance of 100 miles on Interstate highways.

The accident rate for Interstates has been given
as A" = 0.13 releasing accident per million truck
miles. The expected amount released en route and at
the terminal points is obtained by using the infor-
mation from Table 1 as follows:

E (release en route) = (2.4 x 10-5 + 0.10 x 0.13
x 10-%) x 100 x 200 x 55 = 2.6 gal.

E (release at terminals) = 2.9 x 10-* x 200 x 55 =
3.2 gal.

Total expected release = 5.8 gal = 0.05 percent of
total shipment.

ESTIMATION OF TRANSPORT COST

Literature Review

During the literature review process, seven studies
were identified as having treated the issue of esti-
mating the cost of transporting hazardous waste by
truck. (Several other cost studies of truck trans-
port exist that do not explicitly focus on hazardous
waste transport.) In all cases, this issue was con-
sidered within the larger scope of addressing the
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total cost and risk of hazardous waste treatment at
a regional 1level. The subsequent discussion de-
scribes the methodology adopted in each study.

In a report to the Environmental Council of Al-
berta concerning the risks of transportation of haz-
ardous waste substances, Bercha (7) addressed the
cost of hazardous waste transportation by segmenting
according to trip length (1 km = 0.6 mile):

Cost
Trip Length Canada United States
{ km) ($/tonne-km) ($/ton-mile)
0-100 0.120 0.176
>100 0,080 0.117

Bercha did not differentiate by truck capacity
and material carried. Although not reported, it is
assumed that trip length corresponds to one-way trip
distance and that the costs of deadheading back to
the trip origin are embedded in this cost structure.
It is also assumed that the trip length segmentation
was established to reflect the decrease in costs per
ton mile that will occur with longer trips as fixed
costs are distributed over a larger base.

A study by Booz-Allen and Hamilton (25) addressed
transport costs as part of an assessment of hazard-
ous waste generation and treatment capacity. Booz-
Allen assumed that all hazardous waste would be
transported by either 6,000-gal tank trucks or flat-
bed trucks carrying 80 drums. It was implied that
trucks would be traveling at full capacity. On the
basis of interviews with facility operators, three
different rules of thumb were established:

Method

Flat rate per hour

Flat rate per mile,
round trip

Fixed cost plus
variable cost
{usually applied
to shorter trips)

Cost ($)
30.00-40.00

1.50-3.00

100.00-150.00 minimum
charge and 1.00-
1.50 per mile

The Booz-Allen study did not indicate the condi-
tions under which each costing method is most appro-
priate. The study also assumed that the costs are
similar for transporting waste by tank or drum, and
it did not recognize the expected decrease in per-
mile costs associated with longer trips. Finally,
the assumption that trucks travel at full capacity
is not supported by analyses that have been con-
ducted on hazardous waste shipment characteristics
(13) . As a result, the estimated costs are likely to
be biased toward underreporting the actual cost of
transport.

In their study of the New York State hazardous
waste management program, Camp et al. conducted
telephone interviews with haulers operating within
the state (26). Cost estimates were solicited for a
75-mile one-way trip by using 4,000-gal tank trucks.
The cost estimates (including all fees, tolls, gas,
and wages) ranged from $1.14 to $4.80 per trailer
mile depending on distance, waste type, and quan-
tity. For thelr purposes, Camp et al. used an aver-
age cost of $1.25 to $1.50 per mile.

The importance of this study is not what Camp et
al. adopted for their use (which suffers from the
deficiencies described previously in the discussion
of the Bercha and Booz~Allen studies), but in the
information obtained in conversing directly with op-
erators. The operators themselves identified trip
distance, shipment size, and waste type as being im-
portant factors in determining transport cost.

Transport cost was treated quite generally in a
study of hazardous waste management in Massachusetts
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(27) . It was assumed that waste would be transported
in either 80-drum trucks or 4,400-gal tanker trucks,
and it was further assumed that trucks only travel
at capacity. Costs were estimated at $1.00 to $3.00
per truck mile (one-directional travel), which is
equivalent to $0.06 to $0.18 per ton mile. The Mas-
sachusetts study adopted a rate of $0.12 per ton
mile for their purposes. No additional insights can
be gained from reviewing this costing approach. Be-
yond assuming that shipments are only made at full
capacity, the methodology suffers from assuming that
per-mile costs remain constant irrespective of trip
length and material carried.

In contrast to the variable cost structure estab-
lished in the previously described studies, Arthur
D. Little, Inc. (ADL), developed a more sophisti-
cated approach in their assessment of hazardous
waste management facilities in New England (28). In
this study it was recognized that the real cost of
transporting waste consists of a fixed cost (capital
amortization, insurance, taxes, salaries, fringe
benefits, supervision, and general and administra-
tive costs) independent of the shipment activity and
a variable cost (fuel, tires, lubrication, mainte-
nance), which is likely to be a function of trip
distance.

To arrive at their cost formulas, ADL assumed
that a truck is in service 2,000 hr per year and
during the time that the truck is in service and on
the road, the average travel speed is 40 mph. It was
further assumed that the truck operates at capacity
when a shipment is made and returns empty to the
trip origin. Tank trucks and stake trucks with
6,000-gal capacity that can carry thirty 55-gal
drums were examined.

With this information,
rived of the following form:

cost functions were de-

Tanker Cp = (0.084 + 2.45)/d (10)

Stake truck Cp = (0.237 + 11.01)/d (11)
where Cp is the cost in dollars per ton mile and d
is the one-way trip distance in miles.

The major advantage of the ADL approach is the
detail given to components that are part of the cost
of providing transport service and the recognition
that some costs are fixed whereas others are vari-
able in nature. This methodology accounts for dif-
ferent truck types and unit costs that decrease as a
function of trip distance. The drawbacks of this
work are as follows:

1. The estimates of capital and operating costs
were not validated against actual records,

2. It was assumed that trucks were at full ca-
pacity during transport, and

3. It was assumed that trucks were constantly in
demand and available for service.

These assumptions contribute a bias toward under-
estimating the real transport cost per shipment.

A revised costing procedure was developed by ADL
for their study of hazardous waste quantities and
facility needs in Maryland (29). The primary modifi-
cations to their earlier methodology were

1. The assumption that trucks were in service 80
percent of the time,

2. Inclusion of a line item for profit (5 per-
cent of non-capital-related expenses plus general
and administrative expenses),

3. Consideration of a roll-off container truck
with capacity for eighty 55-gal drums, and

4. An update to the component costs to account
for inflation and other changing market conditions.
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For the Maryland study, ADL did contact several op-
erators in the United States to verify the plausi-
bility of the cost assumptions.

Estimates of the cost per ton for one-way trip
distances of 50 and 100 miles for tank trailers and
roll-off containers (using a stake truck) were made.
ADL also developed generalized cost formulas in
their study.

This approach resolves many of the criticisms
raised in the review of previous methodologies. The
major remaining problems are the assumption of fully
loaded trucks and, although operators were consulted
on the component cost estimates, the failure to ex-
amine actual cost records for the purposes of estab-
lishing the representativeness of the entire costing
vrocedure.

For the EPA RCRA Risk/Cost Analysis Model, ICF,
Inc., examined the costs of transporting waste by
6,000-gal tank trucks for one-way trip distances of
25 and 250 miles (30). It was assumed that on-site
transportation costs were included in treatment and
disposal costs, which appears to be an implied as-
sumption in the other studies that have been re-
viewed.

ICF's approach was to formulate a procedure sim—
ilar to that developed by ADL. Notable differences
in the two approaches are the absence in the ICF
formulation of the following: supervisory labor,
interest on capital, insurance, tax, general and ad-
ministrative costs, and profit. The ICF procedure
suffers from the same deficiencies as the ADL Mary-
land methodology and, in addition, is not as compre-
hensive. For these reasons, the ICF approach appears
less suitable.

In summary, the methodologies reviewed fall into
two major categories: variable-cost models and
total-cost (fixed plus variable) models. The total-
cost models are more sophisticated in their treat-
ment of component costs and are likely to be more
representative of the real cost of operating ser-
vice. Of the total-cost models, the ADL Maryland ap-
proach appears to be the most complete, although
some deficiencies still remain. In the following
section a revised procedure is described that was
developed to address these deficiencies.

Revised Procedure

The revised costing procedure was developed based on
ADL cost assumptions with the following modifica-
tions:

1. Costs are updated into 1983 terms by using
the consumer price index (CPI) where appropriate,

2. Average trip distances and shipment sizes are
assumed based on the results of an analysis of haz-
ardous waste shipment characteristics by using mani-
fest data from several states (13), and

3. The revised cost formulas are compared with
actual price quotes from waste haulers for purposes
of establishing the accuracy of the revised proce-
dure.

Transport costs are estimated for 6,000-gal tankers
and 18-ton stake trucks. As in the case of the ADL

study, costs are segmented into fixed and variable
costs, as described in Table 2.

Average—-Cost Approach
Tanker (6,000-gal)

Analysts often require average-cost information in
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TABLE 2 Cost Assumptions for Revised Procedure

Costs ($)
Tanker Stake Truck
Type of Cost (6,000-gal) (18-ton)
Fixed
Capital® amortization (8 yr at 12 per-
cent =0.201) 18,170 16,402
Noncapital fixed (1983%)
Driver’s salary ($14.64/hr x 2,000) 29,280 29,280
Supervision ($2.93/hr x 2,000) 5,860 5,860
Insurance ($2.10/hr x 2,000) 4,200 4,200
License and tax ($2.00/hr x 2,000) 4,000 4,000
Total capital and noncapital fixed 61,510 59,742
General and administrative at 10 percent 6,151 5,974
Profit at 5 percent 3,383 3,286
Total fixed 71,044 69,002
Variable®
Fuel and oil 0.23 0.23
Tires, maintenance, and repair 0.14 0.14
General and administrative at 10 percent 0.04 0.04
Profit at § percent 0.02 0.02
Total variable 043 0.43

:Capi(al cost for 6,000-gal tanker = £00,400; for | B-ton stake truck = $81,600.
Using consumer price index (CP1) figures for urbun wages, the inflation rate has been
as follows: 1981 = 10.4 percent, 1982 = 6.1 percent.
Per mile.

order to make policy decisions when detailed infor-
mation on shipment characteristice is not available.
This can be facilitated by assuming an average ship-
ment size and trip length for a typical shipment.
The following analysis examines average costs for
tanker transport where it is assumed that the tanker
is carrying liquid materials.

The analysis assumes an 80 percent utilization
rate (in service 1,600 hr per year), time on the
road is based on an average speed of 40 mph, and the
loading and unloading time per shipment is 2 hr.
Based on the analysis of hazardous waste shipment
characteristics, the mean trip length is 84.2 miles
and the average shipment size is 3,171 gal, or
equivalently, 13.21 tons (13). These inputs, coupled
with the information in Table 2, yield the following
results:

Average time per shipment = [(84.2 x 2 miles)/40 mph]
+ 2 hr = 6.21 hr.

Average trips per year = 1,600 hr/6.21 hr = 257.65.

Average fixed cost per trip = $71,044/257.65 =
$275.74.

Average variable cost per trip = $0.43 x (84.2
X 2 miles) = 8$72.41.

Average total cost per trip = $275.74 + 72.41 =
$348.15.

Average cost per loaded mile = $348.15/84.2 = $4.14.

Average cost per loaded ton mile = $4.14/13.21 =
$0.31.

Thus, the average cost per loaded mile of tanker
transport is $4.14 and the average cost per ton mile
is $0.31.

Stake Truck (18-ton)

The time, distance, and quantity assumptions remain
the same as in the previous case, with the following
exceptions:
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1. Loading and unloading time is assumed to be 3
hr and
2. Average shipment size is 11.63 tons (13).

The analysis proceeds as follows:

Averade time per shipment = [(84.2 x 2 miles)/40 mph])
+ 3 hr = 7.21 hr.

Average trips per year = 1,600 hr/7.21 hr = 221.9.

Average fixed cost per trip = $69,002/221.9 =
$310.96.

Average variable cost per trip = $0.43 x (84.2
x 2 miles) = $72.41.

Average total cost per trip = $310.96 + $72.41 =
$383.37.

Average cost per loaded mile = $383.37/84.2 = $4.55.

Average cost per loaded ton mile = $4.55/11.63 =
$0.39.

The average costs per loaded mile and loaded ton
mile are larger for stake trucks than for tankers.
This is because of the smaller loads associated with
stake trucks.

Deriving Cost Formulas

It is extremely useful to have formulas available to
estimate the cost of transport when details on spe-
cific shipments are available. These formulas are
derived for tankers and stake trucks in the follow-
ing discussion. The average cost per loaded mile
(clm) in dollars per loaded mile can be expressed as
follows:

clm = (F/[1,600/(0.05X + 2)]} (1/2X)

+ (0.43 x 2) (12)
where
F = annual fixed cost,
X = one-way shipment length (miles),
Y = shipment size (tons), and
Z = loading and unloading time (hr).

For tankers, F = $71,044 and 2 = 2. Therefore,

clmy ver = 3-08 + (88.8/X).

The cost per loaded ton mile
loaded ton mile for tankers is

(ctm) in dollars per

cltmg,ver = (3.08/¥) + (88.8/XY).
For stake trucks, F = $69,002 and Z = 3. Therefore,

ClMgyake = 3-02 + (129.38/X).

The cost per loaded ton mile for stake trucks is

cltm

stake = (3.02/Y) + (129.38/XY).

Comparison with Actual Charges

The cost estimates using the revised costing proce-
dure were compared with actual rates charged by
haulers to determine the accuracy of the costing
procedure. Information on actual rates was obtained
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from a study of transportation costs of hazardous
waste haulers conducted by Temple, Barker and
Sloane, Inc., (TBS) in May 1983 (31).

In their study, TBS contacted 10 companies in-
volved in the treatment, disposal, and transporta-
tion of hazardous waste to gather cost information
on drum and bulk waste transport activities. TBS ex-
perienced considerable difficulty in obtaining cost
information that could be used to directly compare
one operation with another. In fact, companies
varied in terms of type of truck, vehicle capacity,
area of service, average haul distance, quoted
rates, and units to establish rates. WNevertheless,
TBS attempted to establish a uniform scale by con-
verting all rates to dollars per loaded mile.

For 5,000- to 6,000-gal tankers, quoted rates
ranged from $2.75 to $4.50, with an average of
$3.40. The average cost per loaded mile using the
revised costing procedure is $4.14, which is toward
the upper bound of what most shippers are charging.
However, the lower costs in the range were quoted
for one-way trips of 200 to 300 miles, well above
the average trip distance used to compute the aver-
age cost per mile in the costing procedure. Using
the cost formula for tankers with a one-way trip dis-
tance of 300 miles, the estimated average cost is
$3.38 per loaded mile, which is consistent with the
amount operators are reportedly charging for a 300-
mile one-way trip.

For stake trucks capable of handling 70 to 88
drums, the rate per loaded mile ranged from $2.10 to
$4.00, with an average of $3.30 as compared with the
estimated average of $4.55. Again, the lower rates
were associated with longer trips. Using the cost
formula for stake trucks, the estimated cost per
loaded mile for a 300-mile one-way shipment is
$3.45, which compares rather favorably with reported
rates.

In conclusion, the cost formulas appear to be
representative of quoted rates in the hazardous
waste transport industry, particularly for the long-
haul market. The average-cost figures, however,
should be treated more carefully and should only be
employed when information is not available on ship-
ment size and trip distance.

SUMMARY

In this paper the results of a study are reported in
which expected release rates are derived for the
truck transport of hazardous materials and wastes.
The results indicate that in terms of order of mag-
nitude, the expected fractions released per mile
shipped range from 10-¢ to 10-¢, depending on
the container used in transport. Expected release
fractions at terminal points ranged from 10-¢% to
10-*, also depending on the container class.
The computed estimates indicate that

l. The release rates for tanker trucks are much
lower than those for other container types,

2, The expected amount released at terminal
points is one to three orders of magnitude higher
than the amount released en route (depending on trip
length), and

3. The release rates during transport are poten-
tially as high as the corresponding rates at dis-
posal sites and treatment facilities, which range
from 10-7 to 10-? for routine spillage and 10-5 to
10-?® for accidental spillage (2).

The implication of the reported findings for policy
analysis is that the transportation-related aspects
of the hazardous wast® disposal problem deserve con-
siderable attention.
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In this paper methods for estimating the cost of
transporting hazardous waste by truck were also re-
viewed. Previous work has varied from gross esti-
mates of the unit cost of transport to more sophis-
ticated derivations of cost based on fixed and
variable components. Several deficiencies were noted
in previous work, particularly assumptions related
to shipment characteristics and a lack of comparison
with actual rates charged by waste haulers.

A revised procedure was developed with the objec-
tive of overcoming these deficiencies. Based on this
approach, new cost formulas were derived for esti-
mating the cost of waste transport by tanker and
stake truck. Cost estimates based on these formulas
compared quite favorably with industry quotes. Con-
sequently, it is believed that these formulas can be
adopted for use in policy analysis.

Taken together, the release and cost models de-
scribed in this paper can be used to address several
levels of policy analysis involving hazardous waste
management. This includes the development of optimal
truck routing based on minimizing risk and cost over
the network or identifying the optimal location of
hazardous waste disposal and treatment facilities
based on transport, treatment, and disposal consid-
erations.
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