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ABSTRACT

This paper describes NGfast, the new simulation and im-
pact-analysis tool developed by Argonne National Labora-
tory for rapid, first-stage assessments of impacts of major
pipeline breaks. The methodology, calculation logic, and
main assumptions are discussed. The concepts presented
are most useful to state and national energy agencies
tasked as first responders to such emergencies. Within mi-
nutes of the occurrence of a break, NGfast can generate an
HTML-formatted report to support briefing materials for
state and federal emergency responders. Sample partial re-
sults of a simulation of a real system in the United States
are presented.

1 INTRODUCTION

High-pressure interstate pipeline systems, carrying large
volumes of natural gas (NG) over long distances, criss-
cross the United States, transporting gas from production
fields and import points to consumers nationwide. A pipe-
line break, especially near the upstream origin point
(i.e., pipeline origin point near production fields), could
have significant, widespread impacts on downstream con-
sumers and could affect multiple states, sending an entire
region into chaos or “emergency mode.” Moreover, inter-
dependent infrastructures, such as the electric power sector,
are often directly affected because outputs of NG-fired ge-
nerating units could be significantly curtailed, which could
eventually lead to a power supply deficiency in the electric
power sector (PCCIP 1997). Because the Department of
Energy (DOE) has limited the time for generating briefing
materials for the Executive Office during such catastro-
phic events, an urgent need has emerged for fast-
turnaround tools that can quickly estimate the impact of
pipeline breaks in both quantitative and qualitative terms.
Argonne National Laboratory is experienced in perform-
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ing NG and petroleum systems analyses for this type of
DOE-sponsored, multi-laboratory-supported endeavor.

2 NGfast CAPABILITIES

2.1

Analysis and Data Retrieval Capabilities

Argonne designed NGfast (written in C Sharp language) to
be used as both an impact analysis tool and an information
retrieval tool. When used as an impact analysis tool, given
the name of the affected pipeline, the location of the break,
and the month the event occurred, it provides:

A quantitative estimate (tabular) of the impacts to
downstream markets

A graphic overview of impacts, and, thus, insights
into possible restoration strategy options

Options to implement mitigating measures

An estimate of the net impact after application of
mitigation measures (e.g., load shed, states affected,
electric megawatts lost

Furthermore, NGfast has the capability of handling mul-
tiple breaks involving multiple pipelines across a number of
states (Figure 1).
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Figure 1: Actual graphical NGfast output (“X” indicates the
location of a pipeline break. Affected states are shown in

pink.)
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When used as an information retrieval tool, given the
name of the pipelines of interest and the month the event
occurred, it provides the following pre-disruption informa-
tion:

e Information on normal systems operations, in-

cluding:

— Average NG flow and direction of flow at
the U.S. state border points

— Pipeline capacity at the U.S. state border
points

e System structure (i.e., commodity flow connec-

tivity) from source to end users, including:

— States and local distribution companies
(LDCs) served by interstate pipelines

— Configuration of pipelines at U.S. state bor-
der points (e.g., number of pipelines, pipeline
size)

— Demand per customer type (e.g., residential,
commercial) within each LDC

e Spare mitigating capacity information for each

state traversed by pipelines of interest, including:

— All pipelines delivering to and receiving gas
from the states

— Underground storage (UGS) facilities

— Liquefied natural gas (LNG) storage facili-
ties

— Production capacities

2.2 U.S.-wide Tabular and Spatial Database

The NGfast tool is a national model that includes data on
more than 80 interstate pipelines, over 1,800 LDCs, and
nearly 800 state border points. These data represent ap-
proximately 95% of existing pipelines, about 90% of ex-
isting LDCs, and 100% of known border crossings.
NGfast also contains a database on the technical character-
istics and monthly activities of UGS facilities and LNG
and production fields. The state border database is the
foundational information of the model. NGfast includes
data on border points from nearly every state in the con-
tiguous United States. A state border point contains useful
information such as magnitude and direction of flow,
sending and receiving pipelines, size and capacity of the
pipelines, and longitude and latitude of the border point.

All of the data incorporated in NGfast were obtained
from publicly accessible sources. All databases supporting
the model are in Microsoft Access format. Assigned “pri-
mary keys” set up the tables for a dynamic relational com-
putation. Spatial databases in shape files are used for dis-
playing pipeline routes, state border points, and state
boundaries via the graphical user interface (GUI) (see Ta-
bles 1 and 2).

Table 1: Data sets supporting NGfast.

Name of Data Set Information Content

State Border Location, average annual flow,
pipeline capacity, number of
pipelines, size of each pipeline,
sending and receiving pipeline
names, etc.

Pipeline to LDC Relates each of the 80 or so
pipelines to all LDCs they serve,
including direct-connect loads in
all states they traverse

LDC Load Classes Residential, commercial, indus-
trial, electrical gas use per LDC

UGS Activities and | Location, working storage, max-

Characteristics imum deliverability, and state-
level monthly injections and
withdrawal

LNG Facilities and | Location, working storage, max-

Characteristics imum deliverability, and unit-
level monthly injections and
withdrawal

Production State-level monthly marketed

Profile production output and maximum
output

Table 2: Spatial data sets supporting NGfast.

Name of Data Set Information Content
State Border Points Geolocation of state bor-
der natural gas meters

Pipelines Geolocation and routes of
more than 80 pipelines

State Boundaries State boundaries deline-
ated

2.3  GUI, Spatial, and Tabular Outputs

The GUI in NGfast is designed for easy “point, click, and
analyze” use. You can point to any state border point, select
a pipeline to “break,” and execute a simulation run. The
break could be total (100% reduction) or partial, in which
case you would enter a flow reduction number (in percent).
Spatial output includes a picture of the simulated event (Fig-
ure 1), which shows the pipelines involved, the locations of
the breaks, and the states affected. Tabular output includes
detailed inflow-outflow tables that show values for both pre-
and post-disruption conditions. All reports and spatial and
tabular results are generated in HTML (Hypertext Markup
Language) format. A summary tabular result is automatically
generated for every run. The summary table includes the fol-
lowing information (Figure 2):
e Amount of gas withheld (lost)
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States affected

LDCs affected per state

Load shed per customer class per LDC
Number of customers affected

Megawatts of electric power plants affected
Alternative NG supply sources

View Tabular Reoolis

ABC Gas Transmizsion Co.

7

Dutrupted Fipelme

Hunber of Seates Afected
Humnber of LDCs Afected 1
Total WcBD lost 1541 226
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Figure 2: Summary of NGfast analysis report output from
a simulation run on an actual pipeline (Note: The company
name is deleted to maintain confidentiality. Users “click”
the state of interest to see details of pre- and post-
disruption loading conditions of LDCs within the state).

3  SIMULATION METHODOLOGY AND
ASSUMPTIONS

3.1 Two Modes of Simulation

The model has two modes of simulation: uncompensated
and compensated. The former assumes that mitigation
measures are not available and that the only way to bal-
ance supply and demand after a disruption is to shed load.
The latter (i.e., compensated mode), however, provides the
user with the option to activate and define a select set of

mitigating actions to minimize the impact of the disruption.

The uncompensated mode shows the worst-case scenario,
whereas the compensated mode simulates the more realis-

tic outcome. Mitigating measures include additional with-
drawals from in-state UGS, LNGs, and production fields as
well compensating flows from interconnected pipelines.
3.2 Levels of Abstraction (Geographic
Computational Granularity)

The load shedding computation in NGfast is performed
down to the LDC level. In other words, the load to be shed is
allocated to residential, commercial, industrial, and electric
power consumers according to a user-defined priority order.
When a break occurs at the pipeline level, the volume lost is
allocated to all downstream states affected and further to all
affected LDCs within the state.

The computation of gas volumes from mitigating agents
is performed at the state level. Under such an approach, all
UGS facilities within the state are aggregated into a single
fictitious composite unit; the output could be used to miti-
gate the loss of load within that state. The same principle ap-
plies to LNGs and production wells. However, compensating
volumes from interconnecting pipelines are computed at the
pipeline level. This concept is depicted in Figure 3.
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Figure 3: Computational granularity characterized by load
shedding at the LDC level.

The red point shown in Figure 3 is called the model’s
“virtual point of confluence” (VPC). Within the state, four
NG infrastructure components — UGS, LNG, production, and
pipelines — are assumed to be directly connected to a VPC.
Such a configuration makes the following operations possi-
ble via the VPC:

e Pipelines can exchange flows.

e UGS facilities can exchange flows with pipelines.

e LNG can be injected into pipelines.

e Production facilities can inject to pipelines.

Figure 3 also shows that each state border point is asso-
ciated with a unique set of pipelines, and that each pipeline,
in turn, is associated with a specific set of LDCs.
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3.3 Calculation Logic — General Description

NGfast is a linear model that uses a progressive forward
pipeline ownership identification and flow quantification
process to track lost flow volumes due to a pipeline break
or curtailment in production. Heuristics are used to allo-
cate load to be shed among affected LDCs and various
consumer types within those LDCs. Heuristics are also
applied to estimate spare capacity from compensating
pipelines, UGS facilities, LNG facilities, and production
fields (McAllister 1988). The calculation starts at the up-
stream state most affected by the break and proceeds pro-
gressively toward the terminal (most downstream) states.
The special structure of the state border database (i.e.,
“from-state” and “to-state” fields) allows the calculation
method to proceed following the flow of gas along the
pipeline, analyzing each state in sequence as it is traversed
by the pipeline. Figure 4

# = inflow at Mode 1 - cutflow at Made 2

{ ¥z = rdflow al Node 2 - outflow af Node 3
\ inferstate Pigeling ¥o = inflow at Node 3

X=X+ e

Wodes = State Border Poirds

Figure 4: Forward flow and delivery quantification proc-
ess.

illustrates the forward flow quantification process for a sim-
ple single pipeline system traversing several states.

Under the uncompensated mode, when a state border
node of a specific pipeline is assumed disrupted, the flow
volume through that node (in millions of cubic feet per day
[MMcf/d]) is assumed lost. If the pertinent line traverses
several states downstream of the disruption point, a multiple-
state scenario computation must be performed, and the im-
pacts on all the downstream states must be analyzed.

The forward quantification logic operates by repeatedly
applying a recursive flow balance equation to each affected
state. The recursive equation simply states:

State Delivery = Inflow — Outflow (MMcf/d)

Because the states traversed by the affected pipeline are
in cascade, the output of the upstream state becomes the in-
put into the immediately downstream state.

3.4 Relational Database Operation

Identification of the disruption points starts with the state
border data set where the delivering (affected) pipeline is
identified, and the magnitude of flow is defined. A series of
relational database calculations then ensues to determine the
states affected, the affected LDCs in each state, and the cor-
responding loads in each LDC. Once the magnitude of lost
loads is determined for each state, the mitigating measures
logic is triggered so that corrective actions from UGS, LNG,
production wells, and interconnect-
ting pipelines are set into play. Figure 5 illustrates the rela-
tional operation for the compensated case. Operation for un-
compensated case would involve only the first three lower
boxes.

UGS Activities Flle LNG Activities Flle Production .H.clwltles File
Fldi: State Fldl: State FIdl: State
Fld2: Warking \.I'olume- Fld2: wWarking \l’olume Fld2: Average output S -
Fld3. Average net withdrawal FldZ. Average net withdrawal |7 _ FId3. Magimum output = :
: Fld4: Magimum deliverability Fld#: Maximum deliverability | - : !
| :
[ »| Flow logtat ' -
| take lovel
“olume initially lost is offset by "0 T T TE T
cantributions Fram UGS, LG, ' P
production fisld, and : [ A Gapacity L - - -5
connecting pipelines spare i i
Vo f Other Pipelines Flle
1 f Fldt: State
| : ' 57 Fdz: Average ol delwered
State Border File Fipeline-to-LDC Fil : : LOC _LoadClasses File f=-] Fld3. Magimum deliverability
i’::?—b j_r{ Fldi: State § 4|_¢_}_, Fldi: LDOC code H
Fld1:State | Fld2: Pipeline_code [ Fld2: Rezidential demand
Fld2:Pipeline_Code FdlZ; LOC Code  — : : FId3: Commercial_demand
Fld3:Gas _Flow I i Fld4: Industrial demand
: p====4 : FId5: Electric_demand:
________________________ ) S
[FISIo & B 65 | > {Flotlost e State and IDG Terell. | ST et 423 ol |
Paint of break identified; receiving Affected downstream lend to be shed per LDC is
and sending pipelines states and LDGCs identified allocated to warious customer
identified:Peceiving and sending Valume loct allocated ta bypes
states identified; quantity of affecked states and LOC s
walume lost identified.

Figure 5: Relational database operation

under a compensated simulation mode.
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3.5 Varying Pipeline Configuration Complicates

Forward Flow Quantification Process

The NGfast calculation logic was formulated to handle
the complications presented by varying configurations of
the 80 or so interstate pipelines included in the model. Be-
low is the range of complicated cases encountered during
the logic development process. Note that a pipeline dis-
ruption need not be a break; it could simply be a reduction
in flow because of changes in pressure levels (e.g., due to
outage of a compressor upstream).

Case 1 Simple single-line system passing through
several states. Configuration is similar to that depicted in
Figure 4. This case represents the simplest pipeline con-
figuration: the forward flow quantification process pro-
cee-
ds without difficulty. A uniform reduction factor is ap-
plied to each of the in-state deliveries by the pipeline as
well as the interstate flows.

Case 2 Single-line multiple interstate feed (Figure 6).
In Case 2, which is very similar to Case 1, a uniform re-
duction factor is applied to each of the in-state deliveries
by the pipeline as well as the interstate flows.

200 MrctD
20% reduction
100

Figure 6: Pre-disruption flow values for Case 2 configu-
ration.

Case 3 Multiple lines at state border and interconnec-
tion inside the state (Figure 7). Case 3 is more compli-
cated than either Case 1 or 2. The pipeline system runs
through two parallel corridors as it enters state 3, merges
at a point within the state, then breaks again into a number
of corridors serving several downstream states.
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Figure 7: Pre-disruption flow (MMcf/d) for Case 3.

Case 4 Multiple lines at state border with no inter-
connection inside the state (Figure 8). In Case 4, the ana-
lyst would need to draw a “connectivity schematic dia-
gram” (shown as blue broken lines in Figure 8); this
“network builder” feature is part of the GUI and makes
the connectivity construction task easy and convenient.
The connectivity diagram helps to ensure that each input-
side state border point identifies the appropriate output-
side state border whose flow could be affected by the
change in flow in the input-side state border point. Links
in the connectivity schematic diagrams are called “lines of
influence.”

I i g
T i '::%:3 100 % reduction far

| 280 one of the lines

B0 Y Export to other courtries

Figure 8: Pre-disruption flow (MMcf/d) for Case 4.

Case 5 Single or multiple lines with outgoing flow
greater than incoming flow. In Case 5, the delivery to the
state by the pipeline is zero (i.e., on a net flow basis), in-
dicating that the LDCs within this state do not depend on
the pipeline for their supply.
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3.6 Compensating Action from Mitigation

Sources

Compensating actions can be selected and defined via the
flexible Policy Editor Window (Figure 9). This window
allows you to specify the implementation sequence of the
mitigating measures and their magnitudes.

Policy Editor X

Per State Compensation ] General LDC Load Shed |

All States ~ Compenzate Order

AL - Alabama, US4 Und FET

AR - Akansas, LG4 e Howe Up
e Lo Some Pisins Capacky

BL - British Columbia, Canada s Mave Down
C& - Calitaria, LUSA Liquid Natural Gas

C0 - Colorada, USA

CT - Connecticut, US4

DC - District of Columbia, USA
DE - Delaware, LISA

FL - Florida, US4

GA - Georgia, LISA

Gt - Gulf of Mexico,

Compensating Actions
¥ Use Spare Production

% Operaling Capacity: [100

¥ Use Spare Pipeline Capacity

% Operating Capacity: {100

14 - lowa, USA

1D - Idaho, US4 W Use UGS Withdrawls

IL - llinoig, LISA P o

N - Indiara, LISA Operating Capacity:  |100

W Use LNG Wwithdrawls

% Operating Capacity: {100

K5 -Kansas, USA

K - Kentucky, US4

L& - Louisiana, LS&

M - Massachusetts, LISA

MD - Maryland, US4

ME - Maine, IS4

Ml - Michigan, USA

MM - Minnesota, 1S4

MO - Mizsouri, USA e

Load I Save Az | Mew Policy | aK | Cancel |

Figure 9: Policy Editor Window that defines the imple-
mentation sequence and magnitude of available mitigating
measures

3.6.1 Spare Capacity from Surviving Pipelines

For the surviving, or compensating, pipelines, the follow-
ing rules are observed:

Case 1 Outflow is less than inflow. The estimated
compensating capacity for the state can be computed as
follows:

Compensating Cap =
(inflow — outflow)/inflow * (pipeline capacity — inflow)

Case 2 Inflow is zero. If inflow is 0, the compensat-
ing capacity is also 0.

Case 3.Outflow is greater than inflow. If the inflow-
outflow term is 0 or negative, the compensating capacity
is also 0.

Whenever the outflow is greater than the inflow, the
net delivery into the state is 0, and, from the perspective
of the pipeline, the net flow is an injection or a receipt. In
this case, there is only a receipt point (no delivery point),
so even if the incoming capacity is large, the immediate
state cannot use it because the state being considered does
not have a delivery point.
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3.6.2 Contributions from UGS Facilities

If the composite UGS is in injection mode during the dis-
ruption, the UGS should stop injecting, and gas volume
intended for storage should be used to mitigate shortfall.
Thus, it is assumed that the UGS cannot reverse flow
quickly but can stop injection abruptly. If the UGS is in
withdrawal mode, the compensating withdrawal rate is set
equal to the UGS’s deliverability (i.e., maximum rated
outflow) less its net withdrawal for the month (EIA 2002).

3.6.3 Contributions from LNG

LNG facilities are assumed to be in injection mode during
all non-winter months and in withdrawal mode during the
winter months (i.e., November through March). During
the winter months, LNG is assumed capable of releasing
up to its rated output (gasification rate).

3.6.4 Contributions from Production Fields

Spare production rate is calculated as the difference be-
tween the maximum output of the fields during all 12
months of the year, minus the production level during the
month when the postulated disruption occurs. This spare
capacity could be applied to any residual unbalanced vol-
ume (load) resulting from the pipeline break.

4 A CASE STUDY APPLICATION

4.1 Study Description

NGfast was used in a recent study (March 2007) to esti-
mate the impact of a postulated flow reduction in a real
interstate pipeline system (fictitious name: ABC PL Co.)
crossing the Savannah River at the South Carolina —
Georgia border as shown in Figure 10. The reduction in
flow was necessitated by an assumed flooding of the Sa-
vannah River due to a breach in a large dam upstream of
the river.

£ — 36"
Hartwell Dam [~ ian
| 355 MV E

- 4z
|

Fos

Legend
Power Plant
Fuel
$ Natual Gas
£ vater

Tk

Figure 10: The segment of interstate pipeline system af-
fected by the postulated flooding.
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The scenario assumed that the affected pipeline seg-
ments are at the river bottom and are weighted. It was also
assumed the pipeline operation personnel considered low-
ering pressure to reduce pipeline stresses. A flow reduc-
tion of 25% was subsequently assumed appropriate to
meet this objective. The geographical location of the flow
reduction point is shown in Figure 11. The characteristics
of the pipeline segment where the flow reduction is ef-
fected are summarized in Figure 12.
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Figure 11: Postulated point of flow reduction is indicated
by ared “X” sign.
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Figure 12: NGfast GUI Window showing characteristics
of the affected line segment.

4.2  Results of the Simulations
The simulation results for the uncompensated and com-
pensated cases as generated by NGfast are summarized in

Table 4. Tables 5 — 8 show results associated with the un-
compensated case. Overall, the results show that with im-
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plementation of mitigation measures, a 25 % reduction in
flow would have no impact on the downstream markets.

The uncompensated scenario may be considered the
worst unrealistic scenario with a probability of occurrence
of almost nil. Because of the presence of UGSs in some of
the affected states and the interconnected nature of the
NG interstate pipelines, there are always options—
effective options — to mitigate the impacts resulting from
a pipeline break or flow reduction.

Table 4: Summary of NGfast simulation results for the
uncompensated and compensated Cases.

Impact Met- | Uncompensated | Compensated

rics

Number of 6 6

states affected

States Affected | SC, NC, DE, NJ, 0

NY, MD

Number of 29 0

LDCs affected

Total flow lost , 643 0

MMcf/d

Estimated total 1,600 0

MW  capacity

lost

Estimated total 21,600 0

number of cus-

tomer lost

Table 5: Summary of load shed (in MMcf/d) per affected
state for the uncompensated Case (Note: Res = residential;
Com = commercial; Ind = industrial; Elec = Electric; Red
= reduction).

State | Res | Com | Ind Elec Total %
Red

NJ 0 1.36 | 58.03 | 15597 | 215.36 | 14.8%
NY 0| 5582|4626 | 9483 | 19691 | 17.7%
NC 0.02 | 0.02]66.67 | 9194 | 158.66 | 26.6%
SC 0 0] 1529 | 23.13 | 3842 | 16.7%
MD 0 01 17.90 1.56 1947 | 7.0%
DE 0 0 0| 1397 13.97 | 15.2%

Table 6: Summary of MW shed per affected state for the
uncompensated case.

State Total MW
NJ 649.87
NY 395.13
NC 383.10
SC 96.39
DE 58.23
MD 6.51
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Table 7: Summary of flow (MMcf/d) lost per affected
state for the uncompensated case.

State Flow (MMct/d) Lost
NJ 215.36
NY 196.91
NC 158.66
SC 38.42
MD 19.47
DE 13.97

Table 8: Summary of number of customer shed per af-
fected state for the uncompensated case.

State Res Com Ind Elec Total

NY 0| 15,848 739 51 16,592
NJ 0 669 2,489 334 3,492
NC 124 17 836 15 993
MD 0 0 401 7 408
SC 0 0 101 5 106
DE 0 0 0 0 0

4.3 Relevant Input Data

The entire data set used for the simulation is quite exten-
sive and would require more space than this paper would
allow. For this reason, only the relevant input data is pre-
sented. Table 9 summarizes the state border point infor-
mation associated with ABC PL Co.

Table 9: Description of State Border Points associated
with ABC PL Co. from GA to NY (Note: Del = Deliver-
ing; Rec =receiving; Cap = capacity ).

Del | State | Rec | State | Cap Ave Flow
PL From | PL To (MMcf/D) | (MMcf/D)
ABC | GA ABC | SC 3,885 2,571
ABC | SC ABC | NC 3,692 2,418
ABC | NC ABC | VA 2,870 1,783
ABC | VA ABC | NC 400 0
ABC | VA ABC | NC 20 0
ABC | VA ABC | MD 2,100 1,870
ABC | MD ABC | PA 2,050 1,789
ABC | PA ABC | DE 76 61
ABC | PA ABC | NJ 1,432 969
ABC | PA ABC | NJ 358 242
ABC | PA ABC | NJ 885 599
ABC | NJ ABC | PA 21 0
ABC | NJ ABC | NY 110 75
ABC | NJ ABC | PA 400 0
ABC | NJ ABC | PA 200 0
ABC | NJ ABC | PA 1,300 0
ABC | NJ ABC | NY 362 247
ABC | NJ ABC | NY 190 130
ABC | NJ ABC | NY 606 413

5 CONCLUSIONS

NGfast is a rapid-response tool intended to assess impacts
of a major pipeline break. NGfast maximizes the use of
publicly available information to develop relatively
straightforward, but insightful, analysis tools. Within mi-
nutes of a break, NGfast can generate an HTML-
formatted report to support briefing materials for state and
federal emergency responders. NGfast is ideal for gener-
ating quick, first-stage response.

ACKNOWLEDGMENTS

The authors wish to acknowledge the support of the Infra-
structure Assurance Center of Argonne National Labora-
tory for funding the initial development of NGfast. The
authors also wish to thank the following members of the
Argonne NG analysis team for their significant contribu-
tions: James Peerenboom, Ronald Fisher, Michael
McLamore, Shabbir Shamsuddin, Jason Bodily, Julie
Muzzarelli, and Debra Fredrick.

REFERENCES

EIA (Energy Information Administration). 2002. The Ba-
sics of Underground Natural Gas Storage, U.S. De-
partment of Energy. Available via
<http://tonto.eia.doe.gov/FTPROOT/na
tgas/storagebasics.pdf> [accessed July
2006].

McAllister, E. W. 1988. Pipeline Rules of Thumb Hand-
book. 2nd ed. Houston, Texas:Gulf Publishing Com-
pany.

PCCIP (President’s Commission on Critical Infrastructure
Protection). 1997. Issues Report on the Oil and Natu-
ral Gas Infrastructure, The Energy Team, July.

AUTHOR BIOGRAPHIES

EDGAR C. PORTANTE is an energy systems engineer
at Argonne National Laboratory. His research interests
include performance and vulnerability assessments of en-
ergy systems, including electric power and natural gas.
Portante earned a Masters in Electrical and Computer En-
gineering from Illinois Institute of Technology, a Master
of Management degree from Asian Institute of Manage-
ment, and an M.S. in Power Systems Engineering from
the University of the Philippines. His e-mail address is
<ecportantelanl.gov>.

BRIAN A. CRAIG is a software engineer at Argonne
National Laboratory. His work focuses primarily on the
development of computer simulation models for various
energy and supply chain systems. Craig earned a B.S. and



Portante, Craig, and Folga

an M.S. in Computer Science from North Central College
in Illinois. His e-mail address is <bcraig@anl.gov>.

STEPHEN M. FOLGA has worked at Argonne National
Laboratory for 16 years and focuses his research on natu-
ral gas and petroleum systems modeling and analysis. He
is the manager of the Energy Systems Analysis and As-
sessment branch of the Infrastructure Assurance Center at
Argonne. Folga earned a Ph.D. in Gas Engineering and a
B.S. in Chemical Engineering from Illinois Institute of
Technology. His e-mail address is <sfolga@anl.gov
>,

1126




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


