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Globalization and the resultant complexity of today’s supply chains require that
enterprises be agile and proactive. This communication looks at a refinery supply
chain where disruptions such as crude arrival delay could make the current schedule
infeasible and necessitate rescheduling of operations. Existing approaches for gener-
ating (near) optimal schedules for a real-world refinery typically require significantly
large amounts of time. This is undesirable when rectification decisions need to be
made in a short time. Further, when the problem data given to the existing schedul-
ing approaches are changed, as is the case during a disruption, the optimizers follow
different solution paths and result in substantially different schedules. A heuristic
rescheduling strategy is proposed that overcomes both these shortcomings. The key
insight exploited here is that any schedule can be broken into operation blocks.
Rescheduling is performed by modifying these blocks in the original schedule using
simple heuristics to generate a new schedule that is feasible for the new problem
data. Our strategy avoids major operational changes by preserving—as far as possi-
ble—the blocks in the original schedule. The major advantages of the proposed
method are its real-time computational performance and the minimal changes to the
operations as compared to total rescheduling. Further, the proposed strategy can
also identify many feasible schedules and allow refinery personnel to select one by
considering other factors that cannot be adequately modeled in a scheduler. Our
method is illustrated using five types of disruptions occurring in a refinery. The vari-
ous factors that affect the robustness of a supply chain in the face of disruptions are
also discussed. © 2007 American Institute of Chemical Engineers AIChE J, 53: 397-422,
2007
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Introduction

Supply chain management becomes increasingly important
as companies adapt to today’s competitive business climate
by adopting various new strategies to reduce costs and main-
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tain efficient operations. Common trends such as single
sourcing, outsourcing, just-in-time logistics, and centralized
distribution lead to complex supply chains, which are vulner-
able to disruptions. Blockage in any material, information, or
finance flow among supply chain constituents would engen-
der undesirable outcomes such as process shutdown, financial
loss, and under- or oversupply. Furthermore, uncertainties in
supply, demand, transportation, market conditions, and many
other factors can interrupt supply chain operations, causing
significant adverse effects.
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In this communication, we define disruption as any event
or situation that causes deviation from normal or planned
supply chain operations. Disruption could be unexpected
deviations in the input data (such as supply and demand) or
changes in the supply chain structure (such as nonavailability
of production facilities). Although a deviation between plan
and actual realization is always to be expected, depending on
the magnitude of the deviation, the response may have to dif-
fer qualitatively. Small deviations can usually be dealt with
without modifying the previously generated solution. Robust
scheduling would improve the extent of deviations that can
be tolerated, but at the cost of quality. Large deviations,
called disruptions, usually result in infeasibility of the origi-
nal solution, and thus rescheduling becomes necessary.' In
contrast to the proactive robust scheduling strategy, here we
use a reactive optimal strategy. The proactive and the reac-
tive strategies thus differ in the way they deal with the solu-
tion flexibility vs. quality trade-off. In contrast to the former,
the latter weighs quality over flexibility. It also is able to
make amends for uncertainty as necessary as and when it is
actually realized.

Among the possible causes of disruption are operational
difficulties, emergency shutdown, natural disasters, terrorist
incidents, industrial actions (such as strikes or protests), and
accidents (in-plant or during transportation). Root causes for
disruptions are often human error, wrong information, and
poor planning or forecasting. Disruptions bring about adverse
effects such as blockage of material flow, loss of ability to
deliver the right quantity of the right product at the right
place and at the right time, inability to meet quality require-
ments, loss of cost efficiency, under- or oversupply, and pro-
cess shutdown. All of these translate into financial losses—
directly or indirectly—and motivate the development of sim-
ulation models and decision support systems for managing
disruptions in the supply chain.

A disruption management system should be capable of
detecting disruptions in a timely fashion before they occur so
that there is enough time to take corrective actions.” It
should also be capable of diagnosing the root cause(s) of the
disruptions and help to identify the necessary corrective
actions to prevent and minimize losses.

One such corrective action that is often needed is resched-
uling, which is the focus of this report. We look at a refinery
supply chain and present a strategy for managing disruptions
by rescheduling. Some common disruptions in a refinery sup-
ply chain include delays in crude oil arrivals, crude oil being
out-of-spec, unexpected changes in product distribution,
unavailable or constrained plant units, and demand fluctua-
tions. Such disruptions are not infrequent. For example, ev-
ery month there are four to five occasions on average when
crude oil transportation by sea to the refinery is delayed.
Similarly, use of crude oil from storage is constrained four to
five times each month arising from entrained rainwater.”

The concept of disruption management has received atten-
tion in various areas such as airline flight and crew schedul-
ing, production planning, and batch plant (job shop and flow
shop) scheduling. However, to our knowledge, there has not
been any reported work on rescheduling of refinery opera-
tions in response to supply chain disruptions.

In general, there are two approaches to disruption manage-
ment: predictive and reactive.
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(1) Predictive scheduling seeks to accommodate possible
disruptions while planning or scheduling. In other words, the
predictive approach aims to produce inherently robust plans or
schedules. This could be done, say, by allowing some buffer
time or capacity in the plan or schedule. The predictive
approach includes robust optimization, stochastic programming,
and scheduling under uncer“[ainty.4’5 The reader is referred to
Aytug et al.® for a review of predictive scheduling literature.
Predictive scheduling, performed before the disruptions actually
occur, is largely based on probabilistic approaches. It involves
a trade-off because providing for uncertainties in the schedule
would mean allowing for a loss in optimality. Also, because
not all disruptions can be preenumerated, predictive scheduling
is almost always coupled with reactive strategies.

(2) Reactive scheduling is used during the actual execution
of the plan or schedule, when a disruption has occurred. For re-
active scheduling, the time required for rescheduling is a critical
issue because rescheduling has to be performed in the actual
course of the operation execution and any delay in responding
to the disruptions could have significant financial impact. Herein,
we propose a reactive scheduling strategy that uses an optimal
deterministic schedule as the basis. The initial schedule is not
suboptimal, as in the case of predictive approaches that allow
for uncertainty and stochasticity. Thus, in our approach, the opti-
mal schedule is used; any disruption will be managed quickly, if
and when it occurs, by heuristic rescheduling.

The remainder of this article is organized as follows. A lit-
erature survey of supply chain management with uncertain-
ties and disruptions is presented next. In the next major sec-
tion, we present the problem statement for refinery reschedul-
ing and a motivating example. The following section
describes the proposed heuristic rescheduling methodology,
which is illustrated by examples in a subsequent section. In
the final section, we identify and evaluate the factors that
determine a supply chain’s robustness to disruptions.

Uncertainties and Disruptions in Supply
Chain Management: A Literature Survey

Disruption management in supply chain

Sheffi et al.” describe mechanisms that companies follow
to assess terrorism-related risks, protect the supply chain
from those risks, and attain resilience. Because it is difficult
to identify all possible sources of risks, they emphasize that
the type of disruption matters more than its source. They
classify disruptions into those arising in supply, transport, fa-
cility, communication, and demand. They identify two basic
principles to achieve resilience: (1) Redundancy—duplicating
resources to ensure the availability of a backup solution in
case of a disruption and (2) Flexibility—that is, the ability to
accommodate sudden fluctuations in the availability of
resources. The latter is in general more cost effective. The
approach presented herein falls into this category.

Gaonkar and Viswanadham® propose a conceptual frame-
work to approach supply chain risk problems. They classify
supply chain risks into three forms—deviation, disruption,
and disaster—and note that supply chains need to be robust
in three levels: strategic, tactical, and operational. A supply
chain deviation occurs when one or more parameters (such
as cost, demand, etc.) deviate from their expected values
without any changes to the supply chain structure. A disrup-
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tion occurs when there is a radical change in structure of the
supply chain, such as because an unexpected event impedes
production, warehousing, or distribution. A disaster is defined
as a temporary, irrecoverable shutdown of the supply chain
network arising from unforeseen catastrophic, systemwide
disruptions. They developed mathematical models for strategic-
level deviation as well as disruption management. One model
addresses the problem of selecting an optimal group of sup-
pliers based on each supplier’s expected costs and variability.
Given the expected probabilities for various supplier dis-
ruptions, the second model is used to select a set of suppliers
that minimize the expected supply shortfall. Similarly,
Xu et al.” consider demand disruptions in a one-supplier—
one-retailer model. They used nonlinear demand functions
in their mathematical model, whose objective is to identify
the supplier policy that maximizes the total supply chain
profit.

Airline rescheduling

Disruptions are common in the airline industry, and thus
airline rescheduling has received much attention in the litera-
ture. Airline rescheduling is a complex task that has to con-
sider many resources such as aircraft, crew, passengers, slots,
cargo, gates, and so forth, which have to be replanned.
Mathaisel'” suggests that there is no one algorithm or model
that will solve all of the problems associated with irregular
airline operations because it is very difficult to describe math-
ematically the complete operation. Therefore, most work
addresses specific subproblems. Filar et al.'' review the differ-
ent problems in the area of airline schedule recovery.
Although some of these subproblems can be solved using
mathematical models, for others heuristics are commonly
used, either because exact algorithms do not suffice or require
unacceptable solution time. Illustrative examples include the
aircraft selection heuristic of Rosenberger et al."? to select a
subset of aircraft to be included in the optimization and the re-
active scheduling agent of Jo et al.'® for aircraft parking.

Shop rescheduling

Batch-plant rescheduling has drawn much attention in the
literature. In general, the shop scheduling problem can be
described as assigning jobs, consisting of a number of opera-
tions, for processing in a number of machines to produce cer-
tain products and meet orders with different priorities under
some technological precedence (sequence) and resource con-
straints. The source of shop disruptions could be internal or
external. Examples of internal disruptions are machine break-
down, process time variation, and manpower unavailability.
Examples of external disruptions are unavailability of raw
material, arrival of urgent jobs, and cancellation of order.
Aytug et al.° and Herroelen and Leus'* review the vast liter-
ature on production scheduling under uncertainties, robust
scheduling, and reactive scheduling procedures. Because a
dynamic shop-scheduling problem is nondeterministic poly-
nomial time (NP)-complete, various heuristic methods are
commonly used to solve this problem.

Akturk and Gorgulu'® propose a rescheduling strategy that
reschedules part of the initial schedule in response to a
machine breakdown. Kunnathur et al.'® developed a resched-
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uling heuristic that reschedules operations when there is any
variation from the expected value of flow time. The above
methods do not specifically consider the propagation of the
effect of disruptions, which is significant in continuous sys-
tems such as a refinery. The affected operations rescheduling
(AOR) heuristics of Abumaizar and Svestka'’ account for
propagation of disruptions in systems where operations are
distinctly separated. Henseler'® proposes an algorithm for re-
active scheduling that efficiently repairs broken constraints
by iteratively revising the schedule until there are no more
violated constraints. Rules and heuristics are used to guide
the rescheduling.

Roslof et al.'” present a mixed-integer linear programming
(MILP)-based algorithm to efficiently improve an existing
feasible, but nonoptimal, production schedule or to resched-
ule jobs in the case of changed operational parameters. Men-
dez and Cerda®® develop an MILP-reactive scheduling algo-
rithm to revise the short-term schedule of resource-con-
strained multistage batch facilities arising from unexpected
disruptions. The size of the problem formulation remains rea-
sonable because a large part of the scheduling decisions are
unchanged and rescheduling actions are applied gradually by
first reassigning resource items to tasks yet to be processed
and then reordering tasks.

Knowledge-based and artificial intelligence approaches
have also been proposed for rescheduling, including case-
based reasoning,zl’22 constraint-based scheduling,23’24 fuzzy
logic,25’26 and neural networks.?’”?*?° The relative advan-
tages and disadvantages of these methods are summarized by
Subramaniam and Raheja.30

Shop rescheduling methods cannot be directly applied to
continuous systems such as a refinery. The decisions to be
made in batch scheduling involve allocation of resources,
whereas in the continuous case we need to additionally spec-
ify throughputs. The typical objective in batch scheduling is
minimum makespan, as opposed to maximum profit or mini-
mum cost in continuous processes. A continuous process
runs continuously, whereas a batch process runs per order. A
plant shutdown as a result of a disruption would therefore
have different operational impacts in a continuous plant in
contrast to the batch case, given that additional shutdown
and start-up-related operations would be necessary for the
former. Thus, a different method is needed to reschedule re-
finery operations.

Refinery scheduling and rescheduling

Because today’s refineries face extremely competitive
business climates and uncertain oil markets, it is crucial for
them to be able to respond effectively and promptly to mar-
ket forces while maintaining reliable operations. Because of
the complexity of refinery operations, the literature on the re-
finery scheduling problem has addressed three smaller sub-
problems: (1) crude oil operations from unloading up to
charging into a crude distillation unit (CDU), (2) blending of
intermediate products from the CDU into finished products,
and (3) lifting or delivery of the finished products. Kelly and
Mann*! report that crude oil costs account for 80% of refin-
ery turnover and optimal scheduling could make a difference
of some million of dollars every year. Consequently, most of
the literature in refinery scheduling addresses the crude oil
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operations subproblem. This article focuses on disruptions in
crude oil scheduling. Given crude arrival data, production
targets, and operational constraints, an optimal crude opera-
tion schedule can be determined. However, most of the
research so far has been deterministic>>>° and has not con-
sidered uncertainties.

The typical scheduling horizon in a refinery is 1 to 2
weeks, and it is not uncommon for unexpected events to
occur and disrupt the schedule at hand. These disruptions
could be such concerns as a delay in tanker arrival time,
unavailability of processing equipment, and changes in prod-
uct demands. In some cases, disruptions could lead to the
current schedule becoming infeasible; for example, a ship ar-
rival delay could lead to an out-of-crude situation. The crude
oil scheduling problem is typically stated as an MINLP
(mixed-integer nonlinear programming) problem. At the pres-
ent time, no algorithms can find the global optimal solution
of an MINLP problem in a tractable run time. Most research
work®> % approximates the nonlinearity to simplify the prob-
lem to an MILP (mixed-integer linear programming) prob-
lem. However, it still takes a significant amount of time to
solve the MILP problem and generate an optimal schedule
for a real-world refinery. It is therefore not desirable to run
the whole optimization again every time a disruption occurs
because the time required for rescheduling is a critical issue,
as previously discussed. Further, a small change in data
could lead to large changes from the original schedule
because the MILP solver in general would pursue a very dif-
ferent path. Such large changes are undesirable during opera-
tion. This provides the motivation for the heuristic reschedul-
ing strategy proposed here.

Problem Statement and Motivating Example

This work is based on the discrete-time formulation of
crude oil scheduling by Reddy et al.,** which considered the
unloading of crude oil from crude carrier vessels up to the
charging of crude oil to CDUs. Figure 1 shows the configura-
tion of a typical marine access refinery including crude off-
loading facilities such as a single-buoy mooring (SBM) sta-
tion and/or one or more jetties; storage facilities such as stor-
age tanks and/or charging tanks; and processing facilities
such as crude distillation units (CDUs). The supply chain
operation involves unloading crudes into multiple storage
tanks from the ships/tankers arriving at various times and
feeding the CDUs from these tanks at various rates over
time. Crudes arrive in either large multiparcel tankers or small
single-parcel vessels. A very large crude carrier (VLCC) has
multiple compartments to carry several large parcels of dif-
ferent crudes. However, because of its huge size, a VLCC
must dock offshore at an SBM, which connects to the crude
tanks in the refinery by one SBM pipeline. However, from
time to time, a refinery may also receive small parcels of sin-
gle crudes by small ships that dock at an onshore jetty. A re-
finery may have multiple such jetties. When there are multi-
ple jetties, multiple ships can dock at the same time and
simultaneously transfer crude parcels.

The operating rules followed in this report are:>?

(1) A tank receiving crude from a ship, tanker, or another
tank cannot feed a CDU at the same time.

(2) Each tank needs some time (8 h) for brine settling and
removal after receiving crude.
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Figure 1. Refinery configuration.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

(3) Multiple tanks can feed a single CDU. Most refiners
allow at most two tanks to feed a CDU because the oper-
ating complexity increases and controllability becomes a
problem for more than two tanks.

(4) A tank may feed multiple CDUs. Again, a tank normally
does not feed more than two CDUs.

Tghze assumptions made regarding the refinery operations
are:”

(1) Only one VLCC can unload at any moment. This is rea-
sonable because there is only one SBM.

(2) The sequence in which a VLCC unloads its parcels is
known a priori.

(3) A parcel can unload to only one storage tank at any
moment.

(4) The SBM pipeline holds only one type of crude at any
time and crude flow is plug flow. This is valid because
parcel volumes in a VLCC are much larger than the
SBM pipeline holdup.

(5) Crude mixing is perfect in each tank and time to change
over tanks between processing units is negligible.

(6) For simplicity, one or more key components are used to
decide the quality of a crude feed to CDU.

We assume that the refinery operations have been a priori
scheduled but have been disrupted. The proposed method is
effect based and not root-cause based because ultimately any
source of disruption will imfluence the refinery by disrupting
either the crude unloading operations, the CDU-charging
operations, or both. This study considers five types of re-
finery supply chain disruptions: (1) delays in crude arrival,
(2) unavailability of offloading facilities (SBM or jetty),
(3) unavailability of storage tanks, (4) unavailability of
CDUgs, and (5) changes in demand. These disruptions are ei-
ther detected by an automated disruption management system
(see, for example, Mishra et al.>*” and Bansal et a1.38) or by
operations personnel. Other types of disruptions can be
handled using the same heuristic approach by observing their
effects on the operations. The rescheduling problem is then
stated as follows. Given:
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(1) Refinery specifications: configuration details, information g|cggege==*<
about modes of crude segregation in storage and process-
ing, quantity limits (flow rates from the SBM station and
. . . n|l oo ownmo oo —~
jetties to tanks and from tanks to CDUs, CDU processing SRR )
rates, holdup in the SBM pipeline, storage tank capaci- 2 <
ties), and quality limits (key component concentration g 9
limits during storage and processing). Zlg|o®888°°° |B|%
. . . . (=] — = =
(2) Production demands during the scheduling horizon. & - S
(3) Initial refinery state (initial crude type in the SBM pipe- S S =
line, initial inventory levels, and initial volume fractions IR geeeegys 3 S
of crudes in each tank). 5 E O~
(4) Original operation schedule. = gi8=
3) Di§ruptiqn speciﬁcatigns (detection time, disrupted Elg|gTeeshal S i)
object, disruption duration, etc.). = QE
. .o . o ..
(6) Economic data such as sea-waiting costs, pumping costs, Z | 2o
. . — ~u
and crude changeover costs. Within an acceptable solu- —|g8eeeerRe |§|=2g2
tion time, generate one or more new schedules that are: - E 8“ S 8
e feasible after accommodating the disruption. vt
e cfficient, that is, having profit close to the initial > e
schedule (within 5-10% is reasonable). " =
=) fS|lccocococooo
=] So|lnnoSnrnnSSn
= : 6 AN N AN~ — A QE)
L. B
Motivating example = | 2 &
. . = = S| o
We consider an example to demonstrate the necessity of £ =
rescheduling in response to supply chain disruptions. Con- E z
sider the refinery with specifications summarized in Table 1, 2 %\%\
which follows the original schedule shown in Table 2. Dis- =| "Elccccooca =
. . . . I c 2| nnnn i)
crete time representation is used in the schedule and each pe- | =73 = <
riod is of 8-h duration, in accordance with the fact that most g =T % 8 (>\|] - 2 § §r §
refiners prefer to begin their major operations at the start of = E |5 = > g
a shift, typically 8 h long. The rows correspond to different g = ]
tanks; the columns, to different periods. Period 1 is the pe- % o)
riod between Time O and 1. There are two types of opera- & ig, §§§§§§§§
tion: crude unloading from a vessel to a tank by SBM/jetty T S g ] —
(termed parcel-unloading operation) and charging a CDU =0 78 % - e e e SI QI! ;F
from tank(s) (termed CDU-charging operation). In the sched- g £ MARERC AR S
ule, a parcel unloading is depicted by the name of the parcel ) § =
source and a positive volume because it increases the crude : féq CoomEmor®
volume in a tank, whereas a CDU charging decreases the = = -
crude volume in a tank and is depicted by a negative amount &= Eloee
and the name of the destination CDU. For example, in the x ey S5338
. . . RRR nn A 2 |l e — 2l
schedule shown in Table 2, Tank 1 is charging 20 kbbl to S| o S olg|enddzd gL 4 d
CDU 3 at Periods 1 and 2 and Tank 6 is receiving 100 kbbl S glssg
from Parcel 7 at Period 7. - § SS S
Now suppose, as the result of bad weather at sea, Parcel 7, = e°eg >
which is originally scheduled to arrive at Time 6 (see Table . M
1), is delayed by 16 h (two periods). Under this disruption, 5 = o
. S |wnwswn 88
the unloading of Parcel 7 to Tank 6 can be performed at Pe- dglgggzsz=zy 833
riod 9 at the earliest because the parcel arrives only at Time gleeeess i j? i
8. At Period 9, however, Tank 6 is scheduled to charge to R _ B § ‘§ =
CDU 3. Because the first operating rule dictates that a tank ?;’ 5 § 3
cannot receive crude and charge at the same time, Parcel 7 & 2 =
cannot be unloaded into Tank 6, which will then run out of 2 & g . 5lon  a
crude at Time 11, rendering the existing schedule infeasible. %‘ 321:/3 HEEEEEE ooy
Rescheduling is thus imperative. Rescheduling is different g E} 2683 Pleceees 1222
from scheduling, in that a schedule is already available at e - = CES S| L L
hand and this initial schedule should form the basis of ;‘é SR 5 22 &= 8|=2=2=2
r?scheduling. A totally .different sche@ule is generally not de- = Té < 5 2 g E % .g; o 555
suable‘ belcause‘ operatl.or.lzill steps might already have been 21 &8 Rs& |5|eereve 588
taken in line with the initial schedule. One feature of MILP

AIChE Journal February 2007 Vol. 53, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 401



00¥ 0S 0T 00t €
00¥ 0S 0T 00t z

00% 0S 0T 00% I
ndySnoxyg, relo], porad/xen porrad/ury puewaq nap
ndysnoryy, Nad

991 991 991 991 991 991 991 991 8781 9661 91T TEET 0S¢ 0Se 0Se 0ST 8
9 9 ) 9 9 9 9 9 TL9 v'0L 9°¢L 8°9L 08 001 001 001 L
9 8 S01 STl SS1 S0T ST S0¢ S0¢ S0T 001 001 001 001 001 001 9
S91 061 SIT ove $9T 062 SI¢ ove S9¢ S9¢ 092 0ST 0S¢ 0Se 0Se 0ST S
0S S'LS 9 STL 08 S8 S6 $T01 011 0g1 051 061 0£T 0LT 01¢ 0S¢ ¥
00t 00¥ 00t 00¥ 00¥ 00% 00% 00¥ 00% 00¥ 08¢ 00€ 00€ 00€ 00€ 00€ ¢
0S ST8 SI1 SLyl 081 STIT ST SLLT 01¢ 0€€ 0S¢ 0S¢ ove 0Se 0se 0ST 4
(1743 ove (1743 ove V43 ove (V43 (043 (V43 (V43 0g€ (1743 0ce 01c 0gT 0ST I
QWIN[OA QWIN[OA QuIN[OA QuIN[oOA QWIN[OA QuIN[OA QUIN[OA QUIN[OA QUIN[OA QUIN[OA QuIN[OA QuIN[OA QuIN[oOA QuIN[OA QuIN[OA OA yueg,
<1 v €1 a 1 01 6 8 L 9 S v ¢ z I 0

(00 = Xew ‘()¢ = uIW) SWNJOA YUB]

€ 89I— ¢ 89I— ¢ 89I— € 89I— ¢ 89I— 0sT 8

€ T~ € TE € Te— € T¢ € TE € 0T 001 L

€ 0c— € 0T— € 0c— € 06— € 05— € 05— € 05— L 00l S SOI 001 9
T S¢— T St T S¢— T S¢— T St— T St— T ST T Si— 9 so1 ¥ oI 0sT ¢

T0— T 0~ T 0C— T 0c— ¢ 0~

T S$L— T SL— T SL— T SL- T SL- T SL- T SL— T SL— 1 0T— 1 0T 1 0c— 1 0c— 1 02— 1 0= 1 02— 0S¢ +
9 0t v 08 00 €

I §Te— 1 STe— 1 See— 1 See— 1 See— 1 §Te— 1 §Te— 1 ST6— T 0= T 0C— T 0ol T 06 0sT ¢
[ISTONTTS o e 00 oy € ot- € 0z 0ST 1
dm oA dm oA dm oA dm oA dm oA dm oA dm oA dm oA dm oA dm oA dm oA dm oA dm oA din jop dmn oA [0A YueL

SI v €1 I3 1 o1 6 3 L v ¢ z T 0

(xopur ored :d ‘xapur N@D :n) (dwnjoa 2aneIU) SurSreyd) NgD pue (dwnjoa aanisod) Juipeojun) [201eg

(6¥81 = Wo1q) sopdwexy ay) 10§ SMPayds [ewndQ [enIuy g AqeL

AIChE Journal

February 2007 Vol. 53, No. 2

Published on behalf of the AIChE

DOI 10.1002/aic

402



Table 3. Computation Time of Crude Oil Scheduling
Examples in Reddy et al. (2004a)

Reddy et al.’s Horizon Relative
Example [Periods] MILP Gaps CPU time (s)*
2 5 days [15] 3%, 2%, 0.01% 1068 (597)
3 5 days [15] 1%, 0.5% 2615 (774)
4 7 days [20] 5%, 3.5%, 2%, 0% 1364 (408)
5 14 days [42] 7%, 4%, 2%, 0% 11,963 (1958)

*CPLEX 7.0 solver within GAMS on Pentium II (IV) machine running
Windows NT (XP)

is that a small difference in the problem could lead to very
different solution paths being pursued by the solver. Total
rescheduling or simply running the scheduler again disre-
gards the initial schedule and results in a new schedule that
is most likely very different from the initial. Further, as
shown in Table3, the scheduling computation time varies
from 20 min to 3 h to schedule this refinery according to the
examples reported by Reddy et al.*? It is therefore not desira-
ble to run the whole optimization again every time a disrup-
tion occurs. In the next section, we propose a rescheduling
methodology that quickly generates a new schedule that is
feasible in the face of the disruption and has fewer changes
in the operational steps.

Proposed Methodology

The framework for the proposed rescheduling methodology
is schematically shown in Figure 2. The inputs to the
rescheduler are the original schedule, the initial refinery state,
and details of the disruption. The original schedule contains
the crude (ship) arrival data, the production targets, and the
transfer rates based on the crude arrivals and production tar-
gets. The plant hardware model represents the evolving refin-
ery state (tank inventory, CDU throughput, unit availabilities)
over the scheduling horizon. The disruption details include
the source of the disruption, as well as the disruption magni-
tude, duration, and detection time. Using these, the reschedu-
ler first determines the effect of the disruption on the original
schedule and the infeasibilities if any. New schedules are
then generated based on heuristics that take into account the
constraints from the plant hardware model. The schedule
evaluator calculates the profit of each new schedule. As
described in detail below, rescheduling is performed by
decomposing the original schedule into blocks.

Definition of block

A schedule can be considered as a time-ordered list of
operations to be performed in the refinery. The execution of
the schedule moves the refinery from one state to another. In
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Figure 2. Proposed rescheduling framework.
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[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]
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general, the crude oil schedule in the refinery specifies the
rates and timings of two kinds of operations: parcel unload-
ing and CDU charging. The schedule also implicitly estab-
lishes the configuration—parcel-to-tank connections and
tank-to-CDU connections—in the refinery at every period
over the scheduling horizon. In this article, changes in con-
figuration as well as any change in transfer rates within the
same configuration are considered to be different operations.
A schedule can be decomposed into blocks of operation. One
or more operations spanning one or more periods is consid-
ered to be a block if it involves no intervening change in
configuration. As a corollary, adjacent blocks are separated
by a change in configuration. Also, multiple tanks simultane-
ously charging the same CDU are considered to be the same.
In the schedule shown in Table 2, Tank 6 is charging CDU 3
in Periods 9-15. This is considered to be one block, which
consists of three operations, with different transfer rates:
50 kbbl/period (Periods 9-11), 30 kbbl/period (Period 12),
and 20 kbbl/period (Periods 13—15).

Rescheduling methodology

Our rescheduling methodology is based on the blocks in
the original schedule. A configuration change is more signifi-
cant than a volume change because the former would imflu-
ence the compositions of the crude charges to the CDUs and
thus product yields and qualities. Therefore, the rescheduler
uses heuristics that seek to minimize changes to the sequence
of blocks in the original schedule. Rescheduling is performed
as follows: First, the feasibility of the original schedule after
taking the disruption into account is verified. If the schedule
is still feasible, rescheduling is not critical. However, infeasi-
bilities can arise as the result of state violations, that is, the
violations of limits on tank volume, CDU throughput, quality
specification, or production target. Rescheduling is impera-
tive when the schedule becomes infeasible. In such cases,
disrupted blocks are removed from the schedule to a tempo-
rary space called the D-space. Rescheduling involves insert-
ing variations of these blocks into the schedule, to correct
the changes arising from the disruption. A block preservation
heuristic strategy is used to identify the corrective blocks.
The heuristics are described below in detail. Although the
heuristics inherently take into account quantity limits and
would not produce schedules with state violations, quality con-
straints are best imposed after all the operations have been
scheduled. Thus, the method can deal with any number of key
components. We simulate the resulting new schedules to
ensure their overall feasibility and discard the infeasible ones.
If there is a configuration change in the new schedule, the
resulting compositions would be affected and could lead to
quality violations. Therefore, this step is essential. Finally, the
objective value of the new, feasible schedules is evaluated. Fol-
lowing Reddy et al.,>* we measure the quality of a schedule
based on gross profit, defined as the sum of crude margins
(netbacks) minus the operating costs related to logistics,
changeover, demurrage or sea-waiting cost, and safety-stock
penalty. Next, we describe the principles used for rescheduling.

Rescheduling principles

In general, five types of disruption can affect the crude oil
operations in a refinery: ship arrival delay, SBM/jetty
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unavailability, tank unavailability, CDU unavailability, and
demand change. In all cases, the proposed heuristics seek to
retain the blocks of operation from the original schedule as
well as their relative positions. The key characteristics of the
original schedule can be preserved even if the positions or
volumes of the blocks are changed (such as in the face of
ship arrival delay and demand changes) or alternate process-
ing strategies enlisted (such as in case of equipment unavail-
ability). Based on this insight, the following four principles
are used to generate new schedules.

Principle 1: Reschedule Every Disruption Individually. In
this methodology, multiple simultaneous disruptions are con-
sidered individually and sequentially, that is, the proposed
schedule(s) after accounting for the first disruption is consid-
ered as the initial schedule(s) for the second disruption and
so on. For completeness, all combinations of possible
sequences are explored. If we have two disruptions A and B,
the final proposed schedules will constitute all schedules
from the two possible sequences: rescheduling for disruption
A then B; and B then A.

Principle 2: Reschedule Every Disrupted Block Individually. A
disruption may affect multiple operations and cause them to be
removed to the D-space. Every disrupted block is rescheduled
individually, one after the other. For example, a tank unavail-
ability may disrupt a parcel-unloading block as well as a CDU-
charging block scheduled for that tank. In our approach, the
parcel-unloading block would be first rescheduled and subse-
quently the CDU-charging block.

Principle 3: Minimize Domino Effects. 1t is preferable ei-
ther to not impact other blocks when reconfiguring a dis-
rupted block or to affect only blocks with no subsequent
operations during the scheduling horizon. If other blocks are
affected, then the rescheduler has to make up for these
induced secondary disruptions. For example, if a parcel
unloading is rescheduled to a tank currently charging a CDU
then the CDU-charging operation has to be reconfigured and
any resulting difference in throughput compensated. Also,
during rescheduling, loops of corrective actions should be
avoided, that is, an operation that has been inserted in
response to one disruption cannot be removed while rectify-
ing another.

Principle 4: Minimize CDU Changeover. Changing the
configuration of CDU charging has an associated cost reflect-
ing the operational realities involved in a changeover. When
faced with a choice, the rescheduler should select block var-
iations that minimize changeovers. For example, such a
choice would occur during a demand increase disruption and
the rescheduler can either increase volumes of a previously
scheduled CDU-charging block or create a new one. To min-
imize costs, the rescheduler should prefer to extend existing
CDU-charging blocks rather than create new ones.

The above principles are incorporated in the following
heuristics that modify the blocks in the original schedule to
derive new ones.

Proposed heuristics for general block operations

We use heuristics to identify disrupted blocks and to gen-
erate variations that overcome the effect of the disruption.
Because there are two kinds of operations (parcel unloading
and CDU charging) and both can be removed or rescheduled,
we need four heuristics.
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Heuristic 1: Identifying Disrupted CDU-Charging Opera-
tions. A CDU-charging operation may be disrupted directly
(such as tank unavailability, CDU unavailability) or because
of secondary disruptions (such as inserting a parcel-unloading
operation). A CDU-charging block typically spans a long pe-
riod and can be disrupted in four possible ways as shown
schematically in Figure 3.

(1) Disruption affects the whole CDU-charging block (Figure
3a). In this case, the rescheduler removes the whole
block to the D-space.

(2) The initial part of the CDU-charging block is affected by
the disruption (Figure 3b). The CDU-charging block is
split into two parts—the affected part and the unaffected
part. The former part is removed to the D-space and the
latter is not modified. In essence, the CDU-charging block
is shortened. This is because the initial schedule presum-
ably identified the most profitable CDU charging possible;
thus the rescheduler should retain it to the extent possible.

(3) The final part of the CDU-charging block is affected by
disruption (Figure 3c). As in the previous case, the
rescheduler removes the affected part to the D-space and
retains the remaining unaffected part.

(4) The intermediate part of the CDU-charging block is
affected by disruption. A simple removal of the affected
part would lead to three CDU-charging blocks and there-
fore two changeovers. To obviate the extra changeover,
we need to differentiate between two cases based on
when the disruption is detected—before the CDU-charg-
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ing block has started or after the start of the charging. In
the former case, to minimize changeover cost the
rescheduler removes the affected part as well as the
shorter of the two unaffected parts to the D-space. In
essence, only the longer unaffected CDU-charging block
is retained. A new CDU-charging block will be intro-
duced by Heuristic 3 for the affected period. In case the
disruption is detected after the charging has started, the
rescheduler would remove the portion of the block start-
ing from the disruption time until the end of the block.

Heuristic 2: Identifying Disrupted Parcel-Unloading Oper-
ations. Similar to a CDU-charging operation, a parcel-
unloading operation may be disrupted directly (such as parcel
delay, offloading facility unavailability, tank unavailability)
or indirectly (such as when a CDU-charging operation is
inserted at the same period). Unlike the CDU-charging case,
no changeover cost is associated with parcel-unloading oper-
ations. Therefore, we remove only the disrupted portion of
the block and retain other portions in the schedule.

Heuristic 3: Rescheduling Disrupted CDU-Charging Oper-
ations. The main idea in rescheduling a CDU-charging opera-
tion is twofold: (1) to rectify any possible minimum throughput
violation caused by the removal of the originally scheduled
operation and (2) to maximize profit. This is performed by iden-
tifying all eligible tanks that can charge the CDU and calculat-
ing the charging volume based on the aforementioned criteria.

Overall, there are two distinct procedures involved in re-
scheduling a CDU-charging operation: reconfiguring, which

DOI 10.1002/aic 405
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Figure 4. Flowchart for Heuristic 3—rescheduling disrupted CDU-charging operations.
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Figure 5. Flowchart for Heuristic 3a—reconfiguring CDU-charging operations.
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involves changes in configuration, and updating volume,
which involves only changes to transfer rates. Reconfiguring
could result in new CDU-charging block(s), whereas updat-
ing volume would not (see Figure 4 for the detailed flow-
chart). The heuristic for reconfiguring CDU-charging opera-
tions (Heuristic 3a as shown in Figure 5) may result in one
or more proposed schedules as corresponding to a different
configuration. If no configuration changes are necessary, only
the charging rates can be varied following the procedure in
Figure 6 (Heuristic 3b).

Heuristic 4: Rescheduling Disrupted Parcel-Unloading
Operations. The main idea in inserting a parcel-unloading
operation to the schedule is to first rectify the possible violation
caused by removal of the parcel-unloading operation, that is,
minimum tank volume violation, and then consider all possible
places for the parcel-unloading operation to be rescheduled.
The considerations for this heuristic are summarized in Figure 7
and can also result in more than one possible rectification.

Strategy for managing disruptions using the heuristics

The above heuristics are applied to the five types of dis-
ruptions as summarized in Table4. A crude arrival delay
involves removal of the respective parcel-unloading operation
to the D-space (Heuristic 2) and rescheduling the affected
parcel-unloading operation (Heuristic 4). In the case of
unavailable offloading facilities, any parcel-unloading opera-
tion by a disrupted facility is removed to the D-space (Heu-
ristic 2) and rescheduled (Heuristic 4). For tank unavailabil-
ity, any CDU-charging and parcel-unloading operations
involving the disrupted tank are removed to the D-space
(Heuristics 1 and 2). The affected parcel-unloading opera-
tions are then rescheduled using Heuristic 4 and the affected
CDU-charging operations rescheduled using Heuristic 3. In
the case of unavailable CDU, any CDU-charging operation
to the disrupted CDU during the disruption period is
removed to the D-space (Heuristic 1). The affected CDU-
charging operations are rescheduled using Heuristic 3. In the
case of demand change, we update the volume of CDU-
charging blocks for a volume equal to the demand change
and of the corresponding CDU using Heuristic 3b. Disrup-
tions other than the five considered here can be similarly
handled using a combination of Heuristics 1-4, depending on
which type of operation they disrupt.

For both parcel-unloading and CDU-charging operations,
tank allocation is one of the important decision variables. In
the former, the parcel is fixed and the scheduler has to decide
the destination tank. For the latter, a target throughput is speci-
fied for each CDU and the scheduler has to assign the source

Table 4. Heuristics Used for Managing Each
Type of Disruption

Heuristics
Disruption 1 2 3 3a 3b 4
Crude arrival delay v v
v v

Unavailability of
offloading facility
Unavailability of tank v v v v v
Unavailability of CDU v v v v
Demand change v
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tank(s). Most refineries practice crude segregation whereby
crude with similar characteristics (processability, yields, impur-
ities, key component concentrations, etc.) are segregated in
both storage and processing. Thus, tanks and CDUs usually
store or process only specific classes of crudes. As a result of
this crude segregation practice, based on the crude type
involved, only a subset of tanks is “eligible” for each block.
This constrains the search space because the disrupted block
can be rescheduled only to the eligible tanks.

It should be noted that, although the heuristics are
designed to be consistent with the operating rules of the re-
finery practices, they are not handicapped by them. The over-
all methodology, framework, and even heuristics remain the
same even for other operating practices; only some of their
details change. For example, in the case where the refinery
allows only a single tank to charge a CDU, the threads for
N = 2 in Heuristics 3a and 3b will be unnecessary. Simi-
larly, if brine settling is unnecessary, P can be set to 0 in
Heuristic 4.

The above heuristic rescheduling strategy has been imple-
mented as a decision support system using Gensym’s G2
expert system shell. In the next section, we illustrate the
application of the strategy using examples.

Case Studies

Consider the refinery configuration shown in Figure 1
operating in accordance with the data given in Table 1. The
crude oil operations were previously scheduled using the
scheduling algorithm of Reddy et al.,*® which results in an
expected profit of 1849, as shown in Table 2. During the
operation of this schedule, the refinery supply chain could be
disrupted as a consequence of any of the following cases:

Example 1 (motivating example): Crude arrival delay

The refinery is informed at Time 5 that because of bad
weather at sea, the ship carrying Parcel 7 will arrive 16 h
(two periods) later at Time 8. This will lead to a disruption
in the refinery operations, which will require rescheduling.
Heuristic rescheduling is performed as follows: the original
parcel-unloading operation (Parcel 7 to Tank 6 at Period 7)
is removed to the D-space and rescheduled according to Heu-
ristic 4 for inserting parcel-unloading operations.

Only one variation of the parcel-unloading operation
(Parcel 7 to Tank 6 at Period 9) is possible and is inserted.
This leads to a secondary disruption to a CDU-charging
block (CDU 3 charged from Tank 6 at Periods 9-15) and
this has to be corrected (see Table 2). This block is thus
removed to the D-space (Heuristic 1) and a variation (such
as CDU 3 charged from Tanks 7 and 8 at Periods 9 and 10)
identified using Heuristic 3. This heuristic results in three
proposed schedules with different tanks charging CDU 3 at
Periods 9 and 10, as shown in Tables5a—5c. CDU 3 is fed by
Tanks 7 and 8 together (Table 5a), or Tank 8 (Table 5b), or
Tank 1 (Table 5c).

Upon simulating these schedules, none violates the quality
(key component) limits, so all three are found to be feasible.
Next the rescheduler evaluates the profit of each schedule
and identifies the schedule in Table 5a to be the best. It
should be noted that all three schedules are similar to the ini-
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tial schedule, except for the two operations for which
rescheduling is necessary—this is one key advantage of the
proposed approach. Furthermore, these schedules are gener-
ated by the system within 1 s—a computational performance
that is suited for real-time decision support.

Example 2: Tank unavailability

In this example, we consider the case where heavy over-
night rainfall leads to water entrainment in Tank 4 at Time
1. As a result, Tank 4 has to immediately stop charging
CDU and undergo dewatering for 24 h (three periods). At
Time 1, Tank 4 holds 28% of the total inventory of Group 2
type crude (C4, C5, and C6). If no action is taken, CDUs 1
and 2 will be down in Periods 2—4 when Tank 4 is de-
watered. Consequently, 120 kbbl of throughput would be
lost and shutdown/start-up costs incurred, so rescheduling is
critical.

The proposed strategy works as follows: Here, two CDU-
charging blocks are disrupted (Tank 4 to CDU 1 and Tank 4
to CDU 2). Tanks 2, 3, and 5 contain Group 2 type crude
that could replace Tank 4 in charging CDUs 1 and 2. Fol-
lowing the heuristics, the rescheduler proposes nine feasible
schedules. The one with the highest profit is shown in
Table6. Tank 3 takes over the CDU charging previously
scheduled from Tank 4 (CDU 1 in Periods 2-7; CDU 2 in
Periods 2-5). This operation continues even after Tank 4 has
finished dewatering at Time 4 to avoid CDU changeover
costs. The parcel-unloading operations previously scheduled
to Tank 3 in Periods 5 and 6 were rescheduled to Tanks 4
and 5. Because there is no subsequent CDU-charging opera-
tion scheduled for Tank 3, inserting the parcel-unloading
operations in Tank 3 has no further effect. Overall, there is
minimum change from the initial schedule and the decrease
in profit is 13 units compared to that of the undisrupted base
case.

Example 3: Demand change

In this example, we consider the case where an important
customer has placed an urgent order for jet fuel, one of the
products downstream of CDU. At Time 4, after yield analy-
sis calculations, the planner decides that CDU 3 needs to
deliver 50 kbbl more than the initial 400 kbbl target for the
scheduling horizon under consideration. The CDU 3 through-
put has to be increased and rescheduling becomes necessary.

The crux in this scenario is to decide the CDU-charging
block(s) to be increased. The rescheduler handles this easily
by following Heuristic 3b and proposes the schedule shown
in Table 7. First the CDU charging from Tank 6 (with start-
ing Time 8), which has the highest margin per kbbl, is
increased until the minimum tank volume limit of Tank 6 is
met, that is, it is increased by 15 kbbl. The remaining
35 kbbl is accommodated by increasing the CDU-charging
block from Tanks 7 and 8 starting at Period 5. The ratio of
charging rates of the two tanks is kept constant so there is
no change in the product quality from the CDU.

Other disruption types

Next we consider two examples from other types of dis-
ruptions.

416 DOI 10.1002/aic

Published on behalf of the AIChE

Example 4. Parcel transfer from a VLCC is delayed by
three periods because of SBM unavailability, which is
detected at Time 1. Multiple parcel-unloading operations are
affected in this case. The proposed heuristic strategy identi-
fies the schedule shown in Table8 as the best.

Example 5. Tank 2 becomes unavailable in Periods 4—6
and concurrently CDU 2 demand increases from 400 to 440 kbbl.
Both are detected at Time 2. Four possible schedules were
generated and the schedule with the highest profit is shown
in Table9.

These two cases demonstrate that the approach is capable
of handling multiple disruptions by considering one disrup-
tion at a time.

The proposed approach can handle disruptions of different
magnitudes because it is effect driven and not root-cause
driven. For example, if a tank is unavailable for five periods
instead of one period, then it simply means that more dis-
rupted operations move to the D-space and get rescheduled.
Table10 shows the impact of the magnitude of disruptions on
the solutions for Examples 1 and 2.

To evaluate the efficacy of the approach, total rescheduling
based on the method of Reddy et al.** is performed for the
above examples and the schedules compared with the best
one identified by the heuristic strategy (Tablel1). The opti-
mal schedule for the motivating example obtained by total
rescheduling is given in Tablel2. Schedules were compared
using three factors: (1) the objective values in terms of dif-
ference from the profit of initial schedules, (2) number of
rescheduled operations, and (3) computation time. The num-
ber of rescheduled operations is defined as the number of
operation blocks that were in the initial schedule but not in
the new schedule, that is, changes in configuration (parcel to
tank and tank to CDU connections). The same configuration
with different start time or duration is also counted as a
rescheduled operation; however, an identical configuration
with a difference in transfer rates is not. This is because
changes in configuration, especially in the immediate future,
are undesirable because they might not be easy to perform
operationally. As shown in Table 11, the proposed heuristic
approach results in 75% fewer changes in operation configu-
rations on average and requires 99% less computation time,
whereas the difference in profit is not significant. The new
schedules identified by total rescheduling are very different
from the initial schedule, as is evident from the large number
of rescheduled operations. This is expected because one fea-
ture of MILP solvers is that a small difference in the prob-
lem could lead to very different solution paths being pursued.
The significantly large computation time for total reschedul-
ing would make it untenable for disruption decision support.

Two counterintuitive results in Table 11 require further dis-
cussion. In Example 1, total rescheduling for crude arrival delay
gives increased profit (+2) from the initial schedule, which
implies that the delay is actually beneficial to the refinery. This
can be explained by the fact that the delayed crude is less profit-
able than the crude mix that is being processed during the delay
period. Although delaying the parcel unloading to allow the cur-
rent crude mix to run longer would have been possible in the
initial schedule, this option is not taken because it will incur a
demurrage cost of 30. In Example 3, the solution obtained by
total rescheduling has a lower profit than that of the solution
obtained by the heuristic strategy. This is because the algorithm
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Table 10.

Solution Sensitivity of Motivating Example and Example 2

Duration of Delay (Period)

Motivating Example 1 2 3 4 5 6 7 8

Profit 1848 1846 1836 1835 1833 1828 1828 1833

# Resch. operations 4 4 2 2 2 2 2 2

# Proposed schedule 3 3 2 2 2 2 2 2
Duration of Tank Unavailability (Period)

Example 2 1 2 3 4 5 6 7 8
Profit 1837 1837 1837 1837 1837 1837 1828 1828
# Resch. operations 4 4 4 4 4 4 5 5
# Proposed schedule 9 9 9 9 9 9 9 9

of Reddy et al.** does not guarantee global optimality; in fact,
to our knowledge, no existing algorithm guarantees global opti-
mality for the crude scheduling problem. Furthermore, even
existing general-purpose global optimization tools such as
BARON (Branch-And-Reduce Optimization Navigator, devel-
oped and maintained by N. Sahinidis and M. Tawarmalani) are
unable to solve problems of the size reported here.

Limitations of the heuristics

As with any heuristic approach, the proposed method does
not guarantee completeness. It may fail to find a feasible so-
lution even when one exists, if it lies outside the heuristic
search space. In this work, although there are three instances
where the proposed heuristics fail, all three can be easily
obviated by suitable revision of the heuristics:

(1) A long CDU-charging block has to be rescheduled from
the D-space, but no eligible tank holds enough crude to
sustain the whole CDU-charging block. This can be over-
come by extending Heuristic 3a.

(2) Existing CDU-charging blocks are near the maximum limit
such that they cannot accommodate any further increase in
the CDU demand. This can be overcome by extending Heu-
ristic 3 to include creation of new CDU-charging blocks.

(3) Removal of a parcel-unloading block causes the crude mix
in the original destination tank to fall outside the allowable
key component range during subsequent CDU-charging
blocks. This can be overcome by modifying Heuristic 1 to
check CDU-charging blocks for key component limits.

In our computational experiments we encounter these in-
stances in less than 20% of the cases.

Factors Affecting Schedule Resilience

In this section, we report the effect of various parameters
on the resilience of the refinery supply chain. We look at pa-
rameters related to the refinery hardware, schedule, and sup-
ply chain configuration. The studies were performed through
numerous computational runs similar to those reported
above; in the interest of space, only our observations from
these experiments and illustrative examples are presented.

Inventory, hardware redundancy, and flexibility

Observation 1. The current trend of lower inventories for
cost efficiency has made supply chains more susceptible to
disruptions. Smaller inventory implies that lesser transporta-
tion delay can be accommodated and the impact of the dis-
ruption becomes more immediate.

o [llustration: Consider the motivating example. If Parcel 7 is
delayed up to Time 11, the proposed schedules discussed
there still hold because there is still enough inventory in
Tank 6 for charging CDU 3 starting at Time 8. If the delay
is beyond Time 11, given that there is no further inventory
of Group 2 crude, the CDU will have to be shut down. A
larger safety stock is essential for handling larger disruptions
and would involve a trade-off against higher inventory cost.
Observation 2. As a corollary, hardware redundancy such

as more tanks, pumps, and offloading facilities would

improve disruption management capability. This involves a

trade-off against higher capital costs.

Observation 3. The wider the operating range of equip-
ment (such as CDU), the higher the resilience. Wider CDU

Table 11. Block Preservation vs. Total Rescheduling

Block Preservation Total Rescheduling*

Example Disruption AProfit # Resch. Op. CPU Time AProfit # Resch. Op. CPU Time

1 Parcel 7 delayed from 6 to 8. Detected at -3 4 —1s +2 9 182 s
Time 5.

2 Tank 4 unavailable in Periods 2—4. Detected at —13 4 —1s —4 18 132,646 s
Time 1.

3 CDU 3 demand increases from 400 to +86 0 —1s +96 7 1274 s
450 kbbl. Detected at Time 4.

4 VLCC delayed by 3 periods. New arrival time -2 8 —1s -8 16 38,720 s
for Parcels 1, 2, 3, 4 is Time 5. Detected at
Time 1.

5 Tank 2 unavailable in Periods 4-6. CDU +50 4 —1s +57 12 6593 s

2 demand increases from 400 to 440 kbbl.
Detected at Time 2.

*CPLEX 9.0.2 solver within GAMS on Intel Xeon 3.60GHz, 3GB RAM running Windows XP.
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throughput operating limits increase the disruption manage-
ment capability because there is more room to adjust the
rates when required. The same can be said for parcel-unload-
ing rates, CDU-charging rates, crude tank volume, and prod-
uct tank volume. However, more capital costs could be
incurred to provide higher equipment flexibility.

e Illustration: To cope with a delay until Time 12 in the
above scenario, the CDU-charging rate should be reduced
such that Tank 6 does not run out of crude before Parcel 7
arrives. If this is feasible, the scheduler would also need to
increase the CDU-charging rate in later periods such that the
demand (or production target) for the horizon is met. A 30%
wider operating range of CDU 3 will obviate a shutdown
and allow production targets to be met. Alternatively, the
CDU could be charged with a non—Group 2 crude if it is ca-
pable of processing a wider range of crude properties.

Scheduling decisions

Observation 4. Scheduling operations at the middle of
the equipment’s range improves resilience because there is
more room to adjust the rates when required. However,
because optimal operations are typically at the limits, there is
a trade-off between optimality and resilience.

Observation 5. Longer scheduling horizons improve re-
finery reschedulability; however, the computation time re-
quired for original scheduling will increase sharply.

o Illustration: From the previous illustration of the case of
delay beyond Time 11, it is possible that as the result of a
maximum CDU throughput constraint, there is not enough
time in the scheduling horizon to make up for the lost CDU
throughput arising from the reduced charging rate in the ear-
lier periods. If the scheduling horizon is longer, there is
more room to make up for the lost production.

Supply chain design and disruption management
capabilities

Observation 6. A nimble supply chain with access to alter-
nate geographically distributed suppliers is more resilient.

o Illustration: In the previous scenario, if there is inadequate
inventory to maintain operations, emergency crude could
be procured from a nearby proximal supplier.

Observation 7. The earlier a disruption is detected, the
higher the success of rescheduling. Timely detection of dis-
ruption requires fast, unhindered information flow among
supply chain constituents and supply chain monitoring and
disruption management systems.

o Illustration: If the parcel delay is known earlier, the CDU-
charging rate can be reduced early to preserve Group 2
crude and avoid CDU shutdown.

In summary, higher inventory, hardware redundancy, wider
operating range, longer scheduling horizon, midrange opera-
tion, and earlier detection of disruption would improve the
refinery’s resilience to disruptions.

Conclusions

One element in recovering from supply chain disruptions
is rescheduling operations. In this article, a heuristic resched-
uling strategy has been proposed to manage refinery supply
chain disruptions. The motivations for heuristic rescheduling

AIChE Journal February 2007 Vol. 53, No. 2
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arise from the time-consuming nature of total rescheduling and
instability of optimal schedules to changes in problem data.
Because rescheduling is usually time critical and changes in
configuration undesirable in the short term, a heuristic strategy
that minimizes both rescheduling time and configuration
changes even at the expense of suboptimality is justified. Our
approach uses a block preservation strategy for rescheduling.
The originally developed optimal schedule forms the basis for
rescheduling. This schedule is decomposed into operation
blocks that are preserved by the rescheduler to the extent possi-
ble to generate a new schedule that is feasible in the face of
the disruption. The proposed strategy has been shown to work
well for all the disruptions considered. It can also be directly
extended to cover other disruptions such as limited transfer
rates, parcel volume, and crude quality changes.

The proposed heuristic rescheduling approach has several
advantages: most notably it requires much less time to gener-
ate efficient schedules compared to total rescheduling. Fur-
thermore, the method will generate a number of feasible
schedules rather than just one; the user can therefore select a
schedule using an integrated graphical environment and
account for factors that cannot be easily quantified. The
method also minimizes configurational changes, which are
generally undesirable. Another potential benefit is that the
method can provide insights for full optimization, by limiting
the search space based on the schedules generated.
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