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Experiments with a Large Freight
Network Model: Costs vs. Rates and the
Effects of Network Aggregation

by Michael S. Bronzini®

ABSTRACT

A NATIONAL MULTIMODAL freight
transportation network model, de-
Veloped primarily for energy transporta-
thr} analysis, normally allocates inter-
Tegional freight movements to modes
and routes on the basis of average cost.
run of the model was made in which
Statistically estimated unit train coal
Tates and marginal costs for other com-
Modities were used in place of average
Costs. Only small differences in modal
raffic shares and network flow patterns
Were observed, indicating that costs can
e used in lieu of rates for predicting
Mmodal shares, service levels, and energy
Use with this model. In a second experi-
Ment, the model was exercised with two
ifferent versions of the national rail-
Toad network, one with 3,091 links and
One with 1,401 links obtained by aggre-
8ating the first one. The more detailed
Network, with its more direct routings
and additional capacity, allowed rail to
Capture slightly more traffic, but the ov-
frall routing patterns obtained in the
Model runs were very similar. Hence the
More aggregate network provides a rep-
I'esfznt:zzt‘.ion of the underlying system
Which is sufficiently accurate for most
analyses,

INTRODUCTION

Transportation costs are an important
eterminant of energy supply cost. Con-
Sequently the Electric Power Research
Institute (EPRI) Energy Supply Pro-
gram sponsored research to examine the
Telationships among energy demand,
'.CraHSporbation supply, and energy supply
In order to accomplish the following:

1. To analyze the capacity of the ex-
isting and currently planned na-
tional transportation network to
handle projected regional and na-
tionwide coal movements from
supply to demand regions; and

2. To provide tools for forecasting
the costs of transporting coal from

——————

*Associate Director, Transportation
enter, The University of Tennessee,
Knoxville, Tennessee; and Senior Con-
sultant, CACI, Inc., Arlington, Virginia.

the coal supply regions to the coal
demand regions of the United
States.

This research effort focused on rout-
ing anticipated movements of both fuels
and other (non-energy) commodities ov-
er a computerized representation of the
nation’s multimodal intercity freight
transportation network. A relatively de-
tailed multimodal network is used be-
cause the various modes of transporta-
tion, and the various facilities and
routes within transport modes, compete
for the freight traffic offered by ship-
pers. All commodities are included in the
analysis because shippers are in com-
petition for the use of the available
transportation ecapacity. The network
models developed consider both of these
types of competition in arriving at pre-
dictions of the mode and route selections
of each individual freight movement and
the resulting network flow pattern.

As part of this research, several ex-
perimental analyses were conducted to
test the validity and sensitivity of some
key network model elements. These in-
cluded a test of the effect of using simu-
lated rates in the model, rather than
transportation costs, and a test of the
effects of network aggregation on model
results. These experiments are summar-
ized in this paper.

TRANSPORTATION NETWORK
DATA AND MODELS

The background, features, and struc-
ture of the national transportation net-
work model and data base used in this
research have been presented in an earl-
ier paper published in the Transporta-
tion Research Forum Proceedings.! The
current version of the model and all re-
sults achieved are documented in the
EPRI final report.2 Hence, only a brief
overview of the model and data base is
provided here.

The national freight network data base
developed for EPRI includes seven trans-
portation modes—rail, highway, inland
waterway, domestic deep draft (coastal)
shipping, crude petroleum pipelines, pe-
troleum products pipelines, and coal slur-
ry pipelines. Facilities for transferring
between modes are also included. The
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total network contains 2,175 nodes and
3,939 links, and depicts nearly 302,000
miles o_f intercity transportation corri-
dors. Links represent intercity linehaul
transportation facilities, such as rail
mainlines, interstate and primary high-

ways, petrolum trunklines, and so on.’
A single link in the model often repre-..
sents the combined capacity of-several®™

individual linehaul facilities serving the
same interregional corridor. Nodes rep-
resent " intersections and junctions of
linehaul facilities and corridors, and also
transportation facilities such as rail
yards, waterway locks, pipeline pumping
stations, and so forth, :

For some analyses, it is either neces-
sary or desirable to obtain detailed rail-
road routings over the trackage of indi-
vidual railroads. For such applications a
detailed rail network of 3,091 links (ver-
sus 1,401 rail links in the corridor level
network described above) was defined.
The effect of network detail on model re-
sults is examined in a later section of
this paper.

Two different network routing models
were developed for use with the two dif-
ferent levels of network detail. The
Transportation. Network Model (TNM)
is used with the corridor level network
to allocate total origin-destination traf-
fic to transport modes and corridor rout-
ings. The Railroad Routing Model (RRM)
is ‘used with the detailed rail network
to allocate rail traffic to specific rail-
roads and their trackage. In both of
these models, modes and routes are se-
lected ‘on the basis of transportation cost
and travel time, and the relative impor-
tance of each to the shippers of various
commodities. The costs used are input
for each node and link in the network
as short run average costs and are ad-
justed in the model to account for scale
effects. congestion effects, and commod-
ity differentials. Costs are used rather
than rates because of the difficulty of
generating and maintaining a compre-
hensive tariff data base. The effective-
ness of this procedure:is investigated in
the next section of this paper.

Much of the data required for this
project. was available from previous re-
search. The recent government spon-
sored National Energy Transportation
Study (NETS)3 provided considerable
network data, as well as information on
likely future network additions and up-
grades. Commodity . flow’ forecasts were
obtained from NETS and also from the
recent work of the National Transporta-
tion Policy Study Commission.t EPRI
provided forecasts of coal flows, from
other prior and ongoing research proj-
ects. '

The TNM was first used to simulate

RESEARCH FORUM

a baseline scenario, consisting of the ex-
pected network structure and anticipated
commodity flows for the years 1980,
1990, and 2000. These results, which are
not described further here, serve as the
base against which to measure the ef-
fects of the factors varied in the sensl-
tivity tests.

TRANSPORTATION COSTS
VS. RATES

The relative merits of using costs or
rates in transportation analyses have
been debated by economists for many
years. In general, it is agreed that the
prices paid by shippers, i.e., rates, should
be used to predict choice of mode, but
that the total costs incurred by car-
riers and shippers are better measures
of societal resources devoted to trans-
portation. Furthermore, many analysts
favor the use of costs for all purposes:
since costs are more amenable to model-
ing and prediction than rates are. The
hope ‘is that predictive equations relat-
ing rates to costs may be found.

The variance between costs and rates
and their relative advantages for varl-
ous purposes creates somewhat of a di-
lemma. The present version of the TN}
allows for only a single expenditure varl;
able, referred to as “transportation cost,
which is used both to determine mode
choice and to account for societal re-
source utilization. The basic modelin®
strategy adopted is to use short run av-
erage cost for this purpose, on the aS7
sumption that relative intermodal coS
advantages would generate similar (bt
not necessarily equal) rate advantages;
That is, it is assumed that rate-base
modal split predictions would be the
same as cost-based modal split predic-
tions. This assumption was tested, 35
described below. Also tested was the
feasibility of predicting rates from the
model’s cost predictions.

Est_imating Rates from Costs

Many considerations go into determin-
ing the ratés charged by railroads fof
coal movements. Theoretically, rates aré
established so that each traffic movemel
recoups at least variable cost and, to the
maximum extent possible, contributes 0
recovery of fixed costs accrued by the
railroad. The rates charged, therefore
are not necessarily based on fully allo-
cated costs but rather depend to somé
degree on the bargaining position of the
railroad.

This analysis only deals with rate-cosb
differentials with respect to unit trai?
compatible coal. Cost data used for conr”
parison ~ were  produced by the TNM-
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z‘hIESe costs include both fixed and vari-
e % cost 'elements.‘ as expressed- in the
ot}s1 f}lnctlons provided to the model.2 In
at €r ‘words, the attempt here is to re-
atg rates to modeled costs, since the
th €r are readily available and are used

roughout the rest of the study rather
asa?o tt% ccl)sis rgptortéd elsewhere, such
A e Interstate Co is-
Sion (105 mmerce Commis
heIC'C economists provided recent rate
coall‘lng§ reports and rates for western
I‘a? unit-train movements. Most of the
; ﬁes for the East and South were iden-
or ed through proprietary rate studies
wittiﬁax:ed by a .major energy producer

‘0 interests in coal production. The
o 1son E]ect_ric Institute provided a re-
b Nt coal unit train rate study prepared
Sg’ Its consultant, G. W. Fauth and As-
acclates, Inc. This study confirmed the
a Curacy of most of the western rates
eal'eady collected and identified other
edstem rates. January 1980 was select-
a d,as the base date and all rates were
ag:sitnecdr to that %ate usluig IC('lJ ex-parte

eases and escalatio

c‘Jnf’:ractecl rates. n clauses for
inear regression was used to express

€oal unit train rates as functions of
g‘;StS- The final statistical analysis com-
ratl‘ed western, eastern, and southern
hes per ton to model costs per ton.
¢ following results were obtained:
Sample
Size
EAsT 22 0.680
SouTrn 23 0.937
WEST 45 0.959

cuil;;he eastern rates are the most diffi-
lat; to predict, as shown by the corre-

1on coefficient of 0.68. The regression
SOaSt more successful for western and
an‘é hern rates. The western data points
ure ;‘egressmn lines are plotted in Fig-

VQ'rl‘he equations produced by this rate-
o (Silgs-cost analysis could be used to
ue let future unit train coal rates as a
eantlon of future model costs. How-
relﬁ‘;l" the equations will produce a more
o lable prediction of any given western
Th Southern rate than any eastern rate.
tinetgccuragy of any specifie origin-des-
liat?] lon pair rate would not be as re-
€ as the average rate for a region
S_a whole.
al It must be emphasized that this an-
Ysis is only a_small beginning in the
esimpt to predict rates from costs. At
noh, the_resulig can be labeled promis-
it 8. This investigation merely shows that
eq 1s possxblq to derive meaningful rate
Uations using modeled costs. Further,

Correlation Coefficient
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as would be expected, such efforts are

"likely to be more successful where mar- -

ket segments can be isolated.

Using Rates and Marginal Costs
in the Network Model

A special 1980 TNM run was con-
structed in which the above regression
equations were used to estimate coal
unit train rates, and in which short run
marginal costs (SMC) were used to sim-
ulate transportation prices for other
commodities. These marginal costs re-
placed the short run average costs
(SAC) used for the 1980 base case and
were defined as the change in total cost
resulting from a one unit increase in
traffic volume. To obtain these costs, the
model was instructed to determine mar-
ginal cost per ton as the derivative of
the total cost function. -

In the absence of any additional in- .
formation with respect to rates, margin-
al cost pricing is often assumed. This as-
sumption is correct for competitive situ-
ations. For noncompetitive markets,
short run marginal costs represent a
floor on rates (assuming the absence of
predatory pricing or significant internal
cross subsidization). The marginal cost
pricing concept was therefore judged to

Regression Equation

Rate = $3.09 + (0.95) Cost
Rate = $0.57 + (1.83) Cost
Rate = $0.74 + (1.13) Cost

be an acceptable technique to use for

simulating prices for the purposes of ex-

p%‘imenting with synthetic rates in the
M.

The main treatment of interest in this
experiment was the use of the estimated
coal unit train rates. Marginal costs were
used to simulate a possible set of rates
for the other commodities to avoid run-
ning the TNM with unit train coal rout-
ed on the basis of rates while everything
else was routed on an average cost basis.
Admittedly, the test conducted was less
than ideal. It would be preferable to run
the TNM with either estimated or actual
rates for all commodities. The compre-
hensive national level rate data base
needed to conduct such an experiment
does not eixst. Thus, the compromise
procedure reported here was used. Note
that this experiment does not require an
assumption that rates equal modeled
marginal costs. The experiment consists
only of using a combination of estimated
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PLOT OF RATE PER TON VERSUS COST PER TON, WESTERN REGION

Cost Per Ton

FIGURE 1

rates and marginal costs, both based on
modeled average costs, in the TNM and
then observing the results.

"In summary, in this special 1980 sce-
nario marginal costs were used to simu-
late transportation prices for all com-
modities other than unit train coal. Es-
timated prices for unit train compatible
coal transportation were determined
with the rate-cost regression equations
developed previously. The results ob-
tained using marginal cost pricing and
statistically simulated unit train prices
were compared with the 1980 base case
to determine the effects of rate-cost and

SMC-SAC differentials on model behav-
ior.

Shipments moving under simulated
SMC prices were transported at a total
cost of $64.3 billion. The cost for these
same movements (SAC) was $60.7 bil-
lion, a total difference of $3.6 billion.
Thus, prices in the aggregate exceeded
costs by 5.9 percent. In the other key
areas, aggregate kiloton days varied by
only 2.2 percent and energy use varie
by only 1.4 percent from corresponding
totals in the cost-based 1980 TNM run.

Table 1 depicts the differences between
the two model runs in terms of dollars,
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TABLE 1

NETWORK TOTALS FOR UNIT TRAIN COMPATIBLE COAL
(COST RUN VS. PRICE RUN)

Estimated Estimated Percentage

Costs Prices Difference
Dollars (Billions) 1.65 2.02 +22.4
Ton Days (Billions) .69 73 + 5.8
BTUs (Trillions) 73.44 76.04 + 35

time, and energy use for unit train com-
Patible coal. As expected, total simulated
Price exceeds total simulated cost, in

1s case by 22.4 percent. Total time and
€nergy use display less substantial in-
Creases.

Table 2 displays the percentage of
Market tonnage for each mode of trans-
Portation. All traffic is included and the
Tesults are given for both the “cost”
Tun and the “price” run. The table re-
Yeals that there is not much difference
In the modal splits. Multimodal transport
and raijl capture a bit more of the mar-

et, while highway and waterway shares

€crease somewhat. The cost efficiencies
associated with long distance rail trans-
Portation continue to attract the largest
share of the traffic.

Comparing outputs of the network
Model for both rates and costs, it is ap-
barent that similar results were achieved.
;e modal share of tonnage is the best
1Ildlca3;or of the relevant model behavior,
gnd.Flg'ure 2 illustrates the experimental

Ndings. It can readily be seen that the
Majority of the commodity modal share

predictions are clustered around the for-
ty five degree line of perfect correlation
between the two runs.

Effect of Modeling Rates

It can be concluded that little differ-
ence occurred in determining modal split
based on simulated price or cost. There-
fore, costs can be us(ei:dl inhheu of pnqgi
when predicting modal shares, servi
levels, and energy use with the TNM.
This is a fortunate result, since esti-
mating transportation prices is a diffi-
cult and expensive process, to be avoid-
ed if possible. . .

This experimental analysis basically
confirmed the approach adopted for data
and model development. Using simulated
rates in the TNM produced a pattern of
modal traffic shares and n'et'vyogk rout-
ings which was virtually indistinguish-
able from that obtained using transpor-
tation costs. This means that ;‘esul_ts ob-
tained by basing shipper decisions in the
model on transportation cost advantages
can be accepted as a reasonable approxi-

TABLE 2

MODAL TRAFFIC SHARES: COST VS. RATE

% Tonnage

Mode : Cost Run Price Run Difference
Rail : 35.4 36.3 +0.9
Highway 22.3 20.0 —2.3
WOferwoy 11.5 10.9 —0.6
Deep Draft 3.2 3.2 0.0
Crude Pipeline 7.6 7.7 +0.1
Products Pipeline 12.8 12.8 0.0
Coal Slurry Pipeline 0.1 0.1 0.0

Multimodal 7.1

9.0 +1.9
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SIMULATED RATES VS. SIMULATED COSTS MODAL SHARE OF
COMMODITY TONNAGE
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FIGURE 2

mation of price-based transportation
market behavier.

EFFECTS OF NETWORK
AGGREGATION

Considerable aggregation of links and
nodes was needed to arrive at the net-
work size cited earlier. The primary rea-
son for this aggregation is analytical
tractability. Working with networks
with many thousands of nodes and links
makes it very difficult to trace relation-
ships and achieve any worthwhile anal-
ysis. Also, it is inappropriate and mis-
leading to use a highly detailed network

in combination with commodity origin
destination data with considerably less
geographic resolution. That is, the net-

~work scale must be commensurate with

the regionalization scheme to produce
useful analyses. Finally, it is wasteful
of resources to process unnecessarily
large networks on the computer. For all
of these reasons, the networks described
here, which originated as much larger
networks created by federal agencies
and others over the past 15 years, were

“winnowed down to their present sizes

using a variety of manual and auto-
mated techniques. Much of this aggre-
gation work was accomplished in pre-
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vious projects.5:6 In the case of the rail
network, however, significant new aggre-
gation work was performed. This por-
tion of the research addressed the ques-
tions of the compatibility of the two lev-
els of rail network aggregation that will
e used most often, and the effects of
aggregation on the model’s outputs.

Aggregation Levels

The various levels of network aggre-
gation created previously are summar-
1zed in Table 3. The railroad network of
evel 1 was originally developed by the

ederal Railroad Administration.? For

e reasons discussed above, CACI ag-
8regated this network to a more man-
ageable size® by deleting branch lines
and other elements of superfluous de-
tail. During this aggregation process,
two important rail line attributes were
eliminated. These were the type of sig-
hal system, which is a determinant of
Capacity, and the identity of the rail-
Teads which either own the line or have
rackage rights, which affects routing.
t was deemed essential for the EPRI
Work to restore these attributes, to en-
able greater accuracy in analyzing rail-
road routings, costs, and capacities.

The most recent rail network data set
Which contdined the desired attributes
Corresponded to level 6 in Table 2. This
Network was retrieved and the data were
Mmanually checked to correct any errors
and to bring the data into conformance
With the current (1980) rail network
Structure. The resulting network is a
highly faithful representation of the

.S. mainline intercity railroad network,

ut one which is still aggregated enough
0 permit meaningful and relatively con-
Venient analysis. This network, with 1,-
79 nodes and 3,088 links, is referred to

as the “railroad routing level” rail net-
work. :

Previous CACI studies56 had indicated
that networks could be considerably less
detailed when the primary analysis con-
cerns were modal traffic allocation and
the intermodal effects of changes to one
mode. For such applications, it is suffi-
cient to have a network which preserves
the general route, operating character-
istics, and total capacity of interregional
transportation corridors containing one
or more major linehaul facilities. Hence,
following previous techniques,® the rail-
road routing level rail network was ag-
gregated to 863 nodes and 1,401 links.
Railroad ownership codes are not in-
cluded, but signal system data. are pre-
served.. This network is referred to as
the “corridor level” rail network.

The primary connection between the
two new rail networks developed for
EPRI is through the nodes. Every node
in the corridor level network is also a
node in the railroad routing level net-
work. This allows node-to-node flow data
to be referenced to either network with-
out change or ambiguity. Also, the data
formats, for the two networks are very
similar. These two features make it rela-
tively easy to use both networks for
various facets of an analysis with mini-
mal inconvenience.

Figure 3 shows the way in which the
two rail networks and their related mogi-
els, the TNM and RRM, can be used in
an integrated fashion. Total interregion-
al commodity flows are presented to the
TNM which loads them onto the corri-
dor level multimodal network. The node-
to-node rail traffic generated in this run,
which is available in a modal traffic file
output by the TNM, is then input to the
RRM which loads this traffic on the de-
tailed rail network. Since the two net-

“TABLE 3

LEVELS OF NETWORK AGGREGATION

Rail
Nodes Links
Level 1 16,341 19,476
Level 2 13,826 16,961
Level 3 4,221 7,356
Level 4 3,236 6,369
Level 5 1,591 3,863
Level 6 1,591 3,198
Level 7 " 895 1,752

Highway Water
Nodes Links Nodes Links:
3,041 4,528 857 860
2,478 3,592 416 421
1,547 2,661
1,390 2,504

597 1,549

585 1,297
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works are compatible, this analysis se-
quence produces comparable TNM and
RPM result for the rail mode.

Analysis of Aggregation Effects

The sensitivity of the model to net-
work aggregation was tested by conduct-
ing a special 1990 run in which the rail-
road routing level rail network replaced
the corridor level rail network. In the
latter network, all rail links are up-
graded to centralized traffic control
(CTC), to recognize the added capacity
and operational flexibility afforded by
aggregating parallel routes into corri-
dprs. In the more detailed network, all
links have either CTC or automatic
block signal (ABS) control in the net-
work’s 1990 configuration. These link re-
classifications result in an increase in
average link capacity from 69 million
net tons per year in the rail routing
network to 90 million net tons per year
in the corridor network. All other data
and the input commodity shipments were
the same as in the 1990 baseline run.

Computer runs for the year 1990,
rather than some past year with re-
corded operating results, were used be-
cause these runs were needed for other
purposes. The effect of network aggrega-
tion can be observed directly by compar-
ing two model runs differing only in net-
work detail. Thus, the year simulated is
irrelevant, as long as all conditions are
substantially the same for both runs.

Table 4 presents the major results ob-
served. Rail ton-miles decreased when
using the more detailed network. Aver-
age haul distance decreased by four per-
cent. This change in total traffic is
caused by the availability of more direct
routes between origin and destination
points. As a result fewer transfers are
involved, and the other modes’ shares
of the market totals are reduced. The
availability of a more detailed mode
(rail) relative to the other modal net-
works in the multimodal network sys-
tem gives that mode a heavier share of
market shipments. With respect to costs,
average rail ton-mile costs, including
the rail portion of joint movements, var-
ied by less than five percent, or 0.64
mills per ton-mile, between the two runs.
Transit time remained approximately the
same, and energy per ton-mile varied by
only 2.8 percent due to the increased
congestion found on the more detailed
network. Overall, costs decline as long-
distance truck, water, and multimodal
movements are diverted to rail. With re-
spect to coal, all major statistical indi-
cators varied by less than 6.3 percent.

In summary, ton-miles were slightly
lower in the more detailed network due

RESEARCH FORUM
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to the availability of more direct rout-
ings for rail shipments. The added rail
capacity and coverage of the detailed
network, in combination with the more
direct routings, allowed the rail mode
to capture a few percent more traffic.
This indicates that the corridor level net-
work should always be used in conjunc-
tion with corridor level representation of
the other modes, to avoid favoring the
rail mode, even though the bias gener-
ated with the detailed network is not
too severe. The relatively close agree-
ment of the results of the two runs also
indicate that the corridor level rail net-
work provides a representation of the
underlying system which is sufficiently
accurate for modal split and corridor
level routing analyses, and for transpor-
tation cost estimation.

FINDINGS AND CONCLUSIONS

The network model experiments basi-
cally confirmed the approach adopted for
data and model development. Using sim-
ulated rates in the TNM produced a pat-
tern of modal traffic shares and network
routings which was virtually indistin-
guishable from that obtained using trans-
portation costs. This means that results
obtained by basing shipper decisions in
the model on transportation cost advan-
tages can be accepted as a reasonable
approximation of price-based transpor-
tation market behavior. In the second
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TABLE 4

TRANSPORTATION NETWORK PERFORMANCE WITH
DIFFERENT LEVELS OF RAIL NETWORK AGGREGATION

1990 Difference
Base Case  Detailed Rail Case  Quantity Percent
Ton (millions) 1,400 1,400 0 0
Ton-miles (billions) 889 855 34 —3.9
Costs ($ millions) 18,291 17,144 1,147 —6.3
" Mills/ton-mile 20.6 20.1 0.5 —2.4
. $/Ton 13.07 12.25 0.82 —6.3
Coal Modal Split Percentages

Tons
Coal: Non-unit train compatible

Rail (%) 79.5 83.1 +3.6

Water (%) 15.8 13.6 —2.2

Multimodal (%) 4.7 3.3 —1.4
Coal:  Unit-train compatible

Rail (%) 93.0 94.3 +1.3

Water (%) 0.7 0.0 —0.7

Slurry Pipeline (%) 1.1 1.1 0.0

Multimodal (%) 5.2 4.6 —0.6
Ton-Miles
Coal:  Non-unit train compatible

Rail (%) 82.7 86.0 —3.3

Water (%) 12.1 10.5 —1.6

Multimodal (%) 5.3 3.5 —1.8
Coal:  Unit-train compatible

Rail (%) 93.6 96.0 +2.4

Water (%) 0.4 0.0 —0.4

Slurry Pipeline (%) 0.3 0.4 +0.1

Multimodal (%) 5.7 3.6 —2.1
experiment, a 1990 TNM run was made REFERENCES

using the detailed rail network in place
of the corridor level rail network. The
added rail capacity and more direct rout-
Ings available in the detailed rail net-
work attracted a few percent more traf-

- fie, as expected, but no major distortions
of network behavior were evident. This
confirms that wisdom of keeping all
modal networks at comparable levels of
aggregation, and also shows that the ag-
gregated networks developed for EPRI
tend to produce flow patterns which are
good approximations of the underlying
detailed flow patterns.
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