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Abstract - Uncertainty about fuel requirements and fuel
market conditions has made long-term utility fuel planning
risky. A methodology is presented that explicitly incorporates
uncertainty into the analysis of the fuel "contract mix" prob-
lem. The approach allows utility analysts to optimize contract
mix in the face of uncertainty, to identify and quantify risks
and to measure the value of fuel procurement flexibility.

INTRODUCTION

Over the past decade, utilities have found it increasingly
difficult to make sound fuel planning and procurement deci-
sions. The uncertainty in fuel burn requirements and fuel
market prices causes much of this difficulty.

Until the late 1960s, fuel markets were relatively order-
ly: primary fuels were reliably available, and fuel price
changes were gradual and smooth. Since the late 1960s, fuel
markets have been marked by substantial cost increases and
substantial volatility. For example, prior to the late 1960's,
fuel generally comprised some 20% of utility costs. In the
United States they now account for almost 50% of costs or
more than $40 billion annually.

Recently traditional fuel procurement practices have
often resulted in expensive outcomes for both utility rate-
payers and shareholders. Inflexibility in the mix of contracts
has led to surplus inventories, unfavorable contract termina-
tion costs, and contract or "captive mine" costs significantly
above market prices.

This paper presents a quantitatively explicit methodology
to help understand, improve and explain utility fuel procure-
ment strategies. The methodology is an application of the
decision analysis framework described in [11 and [41. By
explicitly incorporating uncertainty, the approach allows
utility analysts to optimize fuel mix in the face of uncertainty,
to identify risks and to measure the value of fuel procurement
flexibility.

Following the Problem Statement, the methodology and
solution approach are briefly described. The largest section of
the paper consists of examples. These demonstrate how uncer-
tainty is represented and the kinds of information and insights
available under this approach.

PROBLEM STATEMENT

The utility fuel procurement decision involves selecting a
set of quantities from the available supply alternatives--both
long-term contract and spot. Fuel contracts represent a
utility's commitment to purchase and a supplier's commitment
to supply a stream of a specified quantity of fuel over time at
a price which is unambiguously defined at the time of delivery.
Contract procurement usually involves a two step process. The
first step involves the decision to make a long-term contract,
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and the quantity to commit to; the second step involves
deciding what quantity to have delivered during a specific time
period. Delivering unneeded fuel or curtailing deliveries under
contract may result in extra costs to the utility.

The fuel planner strives to minimize cost while taking
into account reliability, fuel quality and shareholder welfare.
Often these other concerns are not explicitly quantified but
are included as constraints. The traditional fuel procurement
analytical approach consists of the deterministic application of
rules-of-thumb based on experience, such as "an 80% contract
fraction." As in other areas of utility planning, uncertainty
was dealt with through the use of scenarios, if at all. The
result has been the familiar set of problems: high fuel invento-
ries due to fuel contract commitments larger than required to
meet burn, contract terminations, contract fuel prices well
above market, and problems with captive mine costs.

Incorporating Uncertainty

Explicitly including uncertainty in a quantitatively struc-
tured manner helps improve fuel procurement analysis. Two
areas of uncertainty complicate the problem--the uncertainty
in fuel requirements (demand) and the uncertainty in future
fuel prices and availability (supply).

The methodology uses probability distributions to charac-
terize uncertainty. For example, Figure 1 illustrates burn
uncertainty. The top half presents the probability density; the
bottom half presents the equivalent information as a comple-
mentary cumulative probability distribution. The cumulative is
analogous to an equivalent load duration curve and will facili-
tate our presentation of subsequent examples.
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Figure 1. Equivalent Descriptions of Fuel
Requirements Uncertainty

Requirements for a specific fuel can depend on the
utility electric demand, supplies available from lower priced
resources and the availability of the generating equipment
being fueled. The fuel burn of a base-loaded generator depends
only on its availability; however, all the enumerated factors
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affect the fuel demands for other generating resources. Thus
burn uncertainty often results from the combination of several
uncertainty sources.

As one approaches a specific period the uncertainty
concerning that period's demand usually diminishes. For exam-
ple, we may know that a planned lower-cost resource is com-
mercial or that it has been delayed. This characteristic--that
uncertainty partially resolves-is an essential component to the
methodology's incorporation of uncertainty within fuel pro-
curement analysis. Figure 2 illustrates the concept.
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Figure 2. Illustration of Resolution of Fuel
Requirements Uncertainty

Fuel Procurement Option

Utilities supply their fuel demands with short-term
(spot), medium-term and long-term contracts. Figure 3 pre-
sents a spot market supply curve. The figure indicates that
larger volumes of spot purchases will entail higher incremental
costs, illustrating a common perception of the spot market's
price characteristic. Contracts are characterized by a set of
factors: nominal quantity flow rate, base price, escalation,
duration, leadtime, and the cost incurred for taking other than
the nominal quantity. Figure 4 illustrates a common structure
of the last item. In this example the utility is allowed to
adjust deliveries between 80 percent and 100 percent of nomi-
nal flow without cost. We term this the "flexibility range."'
The figure also illustrates that deliveries of less than 80
percent incur a charge for each unit of fuel refused. We term
this charge "underlift;" in Figure 4 it is $10 per ton.

On the supply side of the fuel procurement, considerable
uncertainty often exists in the price and quantity character-
istics of the spot market and the escalation outcomes for
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contracts. Again, these uncertainties often partially resolve
over time.

When explicitly considering uncertainty, to select a set
of quantities from available supply alternatives requires that
the range of possible outcomes and corrective contingent
decisions be analyzed in an integrated fashion. The resulting
best set of decisions differs significantly from the process of
optimizing for a single assumed set of future circumstances.
Differences arise because a single assumed future does not
give credit for flexibility nor consider contingent decision
alternatives. The analysis containing uncertainty explicitly
makes tradeoffs between price, contract flexibility and the
availability of alternatives if expected forecasts are not real-
ized.

By explicitly tracing out the range of possible outcomes,
the fuel analyst can also consider the risks posed to the rate-
payer or potentially the shareholder. This information will
have significant value to utility decision makers if they per-
ceive that their regulatory review process creates shareholder
incentives which do not exactly correspond with minimizing
expected ratepayer costs.

MODEL DESCRIPTION

The methodology has been incorporated into a computer
model that represents a simulation of fuel planning and fuel
procurement decision-making. The model may be used to
evaluate the costs and risks associated with contracting strat-
egies in specific settings. The structure of the model can be
understood as including a short-term, tactical fuel manage-
ment model within a longer term framework of uncertain
events and strategic decisions. The general model structure is
diagrammed in Figure 5. An analogy may be drawn to capacity
planning models. Such models often include a short-term,
tactical model of system operation within a strategic model
representing the construction and retirement of generation
resources.

The entire model evaluates a contract mix strategy.- The
probability distribution of total discounted fuel cost for a given
set of strategic choices is determined. This is done by simulat-
ng the possible ways that fuel demand and market conditions
may evolve (hereafter the possible "states of the world"),
simulating the fuel planner's strategic choices in each state,
and executing the tactical fuel management model to deter-
mine the cost outcomes. Much of the model structure repre-
sents the timing of uncertainty resolution and strategic deci-
sions, corresponding to a decision tree or decision diagram as
described in Iii.I I I I 1

I 3 3 4 6 6 7
QUANTITY OF SPOT FUEL PURCHASED (308 TONS/YEAR)

Figure 3. Example of Spot Market Price-Quantity
Forecast

Tactical Model

The tactical model is a representation of short-term fuel
procurement management. The decisions involve scheduling
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Figure 5. Contract Mix Model Structure

deliveries under contracts already in place and purchasing fuel
on the spot market to meet current burn requirements. There
are no uncertainties in the tactical model except the short-
term burn variation. Market conditions and contract commit-
ments are given.

The tactical model is highly simplified. The spot and
contract procurement opportunities are ranked in order of
increasing incremental cost, resulting in a short-term supply
curve for fuel. For a level of fuel burn, the least-cost mix of
available contract fuel and spot fuel is selected. The result of
the tactical model is a probability distribution on fuel cost,
where the range of outcomes is due to the short-term burn
uncertainty. Thus the tactical model determines the fuel
manager's cost outcomes based on a set of contracts already in
place.

Figure 6 shows the possible contract and spot quantity
outcomes of the tactical model for a simple example. The
diagram indicates a situation where a contract for 85% of
expected burn has been arranged. Assuming fuel under the
contract is cheaper than spot, the mix of spot and contract
fuel selected to meet each possible level of burn is seen by
looking horizontally across the diagram. For instance, when
the burn equals the expected burn, the entire contract quantity
is delivered and spot fuel is purchased to meet the additional
15% of burn. At the minimum level of burn, the quantity
underlifted equals 35% of expected burn; the maximum spot
exposure occurs at the maximum level of burn, when spot
purchases equal 65% of expected burn.

The hatched regions of Figure 6 have important inter-
pretations--they represent the expected quantities of contract
deliveries, contract underlift, and spot market purchases. The
point at which the burn distribution intersects the contract
quantity line indicates the probability that spot purchases will
be necessary, about 0.76 in the example.

The fundamental tradeoff between the risk of contract
underlift or inventory holding costs and the risk of high-cost
spot purchases is clearly seen through this diagram. If the
contract quantity is increased (the line representing the con-
tract quantity moves to the right), the expected quantity of
spot purchases decreases but the expected amount of contract
underlift increases.

Again there is a useful analogy between the burn distrib-
ution and a load duration curve. Drawing the contract quantity
on the burn cumulative is analogous to the stacking of genera-
tion resources under the load duration curve. The contract
may be thought of as the "base-loaded" option (low variable
cost, inflexible), with the spot market representing a more
expensive and flexible "peaking" option.

Strategic Decisions

The long-term, strategic decisions include the quantities
of contracts or strategic investments to commit to. (This
could include, for instance, purchasing a mine or building a
refinery.) In addition to current alternatives, a model applica-
tion may involve various types of contracts available at future
times. The fuel planner is assumed to take advantage of any
information that becomes available in time for a decision.
Therefore future strategic decisions may be contingent on how
uncertainty has resolved up to the time of the decision. A
future option requires one decision for each possible state of
the world at the time.

The strategic options may involve lead times or durations
of commitment. As there is uncertainty about future burn and
market conditions, there is uncertainty about how valuable an
option will be in the future. The current attractiveness of a
contract offer depends on the possible cost outcomes in the
many possible future states of the world.

Optimization of Strategic Decisions

An additional feature of the model is an optimization
procedure that determines the strategic choices that minimize
expected fuel costs. The optimization procedure invokes the
model iteratively, incrementally improving the strategic
choices until little further improvement is possible. The
minimum attainable expected discounted fuel cost, and the
strategic choices that attain that cost level, are determined.

The optimization method used is nonlinear, based on the
method of steepest descent [3]. The derivatives of fuel cost
with respect to each strategic decision quantity are calculated
within the tactical model and are used in the optimization.

The derivative of cost with respect to a contract quan-
tity indicates the attractiveness of an additional incremental
quantity of that contract, given all other strategic choices.
The attractiveness of a contract will depend on the possible
outcomes of fuel burn and market conditions for the duration
of the contract. The derivatives therefore are sums of prob-
ability-weighted values computed (in the tactical model) under
various states of the world.

METHODOLOGY EXAMPLES

When uncertainty is explicitly considered in a model, the
+ range of the kinds of information and comparisons that result
150 is greatly expanded. The following examples, based on very

simple models, are intended to demonstrate the implications of
incorporating uncertainty into the analysis of contract mix
decisions.
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Quantity Outcomes with Uncertain BurnI
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The examples are based on a group of coal plants with an

expected burn of 5 million tons per year (Mtpy). The burn is
considered to be uncertain with a standard deviation of 1
Mtpy. For simplicity, only uncertainty about fuel burn is
represented. The spot market options are as represented in
Figure 3. The contract option used for the first examples has
no flexibility range, a price of $30/ton, and an underlift charge
of $6/ton. The strategic decision in the first examples will be
the quantity of the contract option to commit to.

Uncertainty and Contract Mix Decision-Making

Suppose a fuel planner in our example could select a
contract quantity after finding out his level of burn. He could
then always contract for his exact burn level (contract is
cheaper than spot), and pay $30/ton for all fuel purchased. His
expected total cost would be $30 times the expected burn (5
Mtpy) or $150.OM.

Figure 7 shows how the expected value of fuel cost in our
example depends on a contract decision made under burn
uncertainty. As we would anticipate, expected costs are
higher than the $150.OM achievable under certainty. There is a
contract quantity (90% of expected burn in this example) that
minimizes expected cost. Higher contract fractions involve
excessive underlift .charges, and lower contract fractions
involve excessive spot market purchases. The 90% fraction
trades off underlift and spot in the optimal proportions. This
minimum point depends heavily on the assumptions made in the
example: the degree of burn uncertainty, the structure of the
contract, and the price-quantity relationship in the spot mar-
ket.
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Figure 7. Expected Value of Cost

We see that even if a 90% contract fraction is selected,
expected costs are $153.1M, $3.1M higher than if burn
information is available in time for the decision. It could be
said, then, that the cost of uncertainty in this example is
$3.1M. The fuel planner should be willing to pay up to this
amount to obtain perfect information about what his burn will
be before committing to a contract quantity. In decision
analysis this value is called the Value of Perfect Information
on fuel burn [2a.

The fuel planner cannot avoid the $150M cost even if
perfect information is available. We will therefore call costs
above this "'perfect information" level the decision-dependent
costs. The expected value of decision-dependent costs is
displayed on the right-hand scale in Figure 7.

Figure 8 shows how burn uncertainty translates into cost
uncertainty for three representative contract fractions. Cost
uncertainty is lower the higher the contract fraction. The two
tics on the horizontal axis show the range of expected values
of the three distributions. Clearly the variation in cost

outcomes is large compared to the differences in expected
cost. It can be concluded, then, that risk may be an important
consideration in situations such as the one in this example.
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Figure 8. Probability of Cost Outcomes

Risk of Hligh Cost Outcomes

When uncertainty is considered, the possibilities of
extreme fuel burn outcomes or of extreme market conditions
are represented. The expected value of fuel cost includes
these extreme cost outcomes, weighted by their probabilities.
If the fuel planner chooses to minimize the expected value of
fuel cost (rather than the value of fuel cost he most expects),
the risk of extreme cost outcomes is considered.

Risk information may be of interest for several reasons.
Planning for contingencies requires an awareness of the possi-
bilities. Additional options, flexibility or information may be
sought to reduce exposure to risks. A utility may be called
upon to defend a decision, which would involve demonstrating
an awareness of the risks involved with the actions selected
and other alternatives.

Risk information will also be needed when certain out-
comes are to be especially avoided. In this case the objective
is not simply to minimize expected cost. The fuel planner may
wish to weight certain outcomes more heavily than others for
the purpose of decision-making, or perhaps he wishes to insure
that certain cost outcomes cannot occur. There could be many
reasons for this, including regulatory treatment of fuel costs or
corporate policies.

The following three figures represent types of informa-
tion that may be generated for the purpose of considering risk
in contract mix decision-making.

Figure 9 shows the probability of cost exceeding high
levels under the 60%, 90% and 120% contract strategies.
These high cost levels occur when a high burn level occurs.
From this measure of risk it appears that a contract fraction
of 120% of expected burn is least risky, and 60% involves the
greatest risk.

Figure 10 shows the possible average cost outcomes
(total cost divided by burn) under the three strategies. The
risk of a high average cost might be of interest if regulatory
treatment of fuel costs (either explicitly or otherwise) tended
to penalize a utility for having fuel costs that were consider-
ably above market prices. Unlike high total costs, high aver-
age costs occur when burn is very low (and are infinite when
burn is zero!). Based on this measure, the 120% contract
fraction appears most risky, and a 60% contract fraction least
risky - the opposite conclusion to the previous figure.
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The range of outcomes of decision-dependent costs is
displayed in Figure 11. For each possible burn outcome, the
decision-dependent cost is the total cost minus the cost under
perfect information (= $30 times burn). It is the extra cost
over what would be incurred if the fuel planner had perfect
foresight. Unlike the previous two measures, the high deci-
sion-dependent cost outcomes occur when burn is either very
high or very low. Note that the 90% contract fraction appears
less risky than either the 6000 or 120% strategy under this
measure.
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Another common approach to determining the best
decision under risk involves representing the risk aversion
through a function that defines the value or "utility" of cost
outcomes for the decision-maker 1i]. The decision may then be
found that maximizes the expected value of this function.

Fuel planners need more information about the possible
outcomes of procurement strategies than expected costs. The
reasons may involve risk considerations that are highly specific
to each situation, and the appropriate risk measures will vary
accordingly. A methodology that explicitly incorporates
uncertainty is capable of generating the kinds of information
needed to assess risks and nake prudent decisions.

Uncertainty and Contract Flexbility

For the next examples, we introduce a new contract
structure with a higher base price and more flexibility than the
contract used in the previous example. The new contract's
base price is $0.50/ton more expensive, but there is a 20%
flexibility range and only a $3.00/ton underlift charge. Recall
that the previous contract had no flexibility range and a $6.00
underlift charge. Under the new contract, quantities as low as
80% of the contractual amount may be taken without penalty;
below 80%, $3.00 must be paid for each ton not taken. Hence-
forth, the previous contract will be called the inflexible con-
tract, and the new structure will be called the flexible con-
tract.

Figure 12 shows how the contract quantity that mnini-
mizes expected costs depends on the level of burn uncertainty
and the degree of contract flexibility. For either contract, if
there is no uncertainty a 100% contract fraction minimizes
expected costs. For higher levels of burn uncertainty, the
contract fraction increases or decreases depending on contract
structure.

120%- FLEXIBLE
CONTRACT

z

0

°110% /

100% -

0

CO INFLEXIBLE
t0 CONTRACT

w
IJ

+o t 20 t40 + 60

BURN RANGE (% of expected)

Figure 12. Expected Cost Minimizing Quantities of a
Flexible or an Inflexible Contract

With an inflexible structure, the quantity tends to track
the low end of the burn distribution; with a flexible structure,
the quantity is determined by the high end of the burn distribu-
tion.

The optimal contract decision depends upon both the
degree of burn uncertainty and the degree of contract flexi-
bility. For this reason, rules of thumb can become outdated as
conditions change. The optimal contract fraction from an
expected value standpoint may be highly system- and plant-
specific and may change over time.

In the next example, mixes of the inflexible and flexible
contract are explored. Recall that the base price of the flex-
ible contract is higher--otherwise it would always be preferred
over the inflexible contract. Figure 13 shows how the mix that
minimizes expected cost varies with the degree of burn urncer-
tainty. Even when there is very little uncertainty, a mix of
flexible and inflexible contract minimizes expected costs.
With increasing uncertainty, the fraction of flexible contract
increases.
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Figure 13. Expected Cost Minimizing Mix of

Flexible and Inflexible Contract

Figure 14 shows how the expected costs vary under the
three sets of options-flexible only, inflexible only, or a mix.
In all cases, expected costs increase with greater uncertainty.
With a flexible contract, costs increase with uncertainty at a
slower rate. At any level of uncertainty, the mix provides the
lowest expected costs.
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Figure 14. Minimum Attainable Expected Cost

The value of .contract flexibility under the circumstances

of the example may be deduced from this figure. The value

starts at zero when there is no burn uncertainty and increases

with increasing uncertainty. At the point where the costs are

equal for the flexible and inflexible contract (marked A in the

figure), the value of flexibility must be the difference in base

contract price, or $0.50/ton. Incorporating uncertainty in the

analysis therefore permits valuing contract flexibility.

The possible outcomes of decision-dependent costs are

plotted in Figure 15. The flexible contract involves consider-

ably less risk than the inflexible contract; but the price is a

certain decision-dependent cost of at least $2.4M. The flexible

contract is like an insurance policy relative to the inflexible

contract. The mix of contracts reduces risk still further while

also considerably reducing the fixed portion of the costs.

Flexibility and the mix of contracts are even more attractive

when risk is considered.

Resolution of Uncertainty and Contirgent Decisions

The previous examples have all been entirely static -

time was not a factor. In this context we have demonstrated
that consideration of uncertainty can be important in assessing
both the costs and risks of contract decisions.

Uncertainty, however, changes over time. Information is
gained about the likely outcomes of future uncertain events.
Trends may develop or disappear, eliminating or reducing
previous causes of uncertainty. Usually, our uncertainty
declines over time. As we have seen, uncertainty has a cost,
so how uncertainty resolves over time may be important when
the timing of decisions is considered. Our final group of exam-
ples is intended to demonstrate that when uncertainty resolves,
and what alternatives the fuel planner has available when it
does, are also very important aspects of the contract mix
problem and can influence current decisions.

We now add one more factor to our simple example
model. Suppose that in addition to the previous uncertainty
about burn, there is also a 50% chance that a nuclear plant will
be coming on line. If the plant comes on line (is not delayed),
the expected burn at our example plant will be reduced by 2
Mtpy, to 3 Mtpy. If the plant does not come on line, the
expected burn will still be 5 Mtpy. For simplicity we assume
that, in either case, there will still be the same variation
around the expected burn. For this example, the only contract
alternative is the inflexible contract described above.

If the nuclear plant is delayed, the fuel planner's choice
to minimize expected costs will be as in the earlier examples,
4.5 Mtpy or 90% of expected burn (see Figure 7). If the plant
will be online, the least-cost contract quantity turns out to be
2.5 Mtpy. The results given that the fuel planner knows the
nuclear plant status at the time of his contract decision are
summarized in Figure 16.

Now consider the situation where the fuel planner will
not know whether the nuclear plant will be on line at the time
he must commit to a contract quantity (perhaps his suppliers
require a one-year lead time before deliveries commence). In
this case his least-cost contract quantity is 3.4 Mtpy (Figure
17). This quantity is clearly a compromise--he is most likely
over contract if the plant comes online, and under contract if
it does not.

Without the benefit of the knowledge about the nuclear
plant status, expected costs are $1.5M higher. The information
about the nuclear plant status therefore is worth $1. 5M to the
fuel planner. He should be willing to pay up to $1. 5M to find
out the status of the nuclear plant in time for his decision.
Alternately, he should be willing to pay up to $1.5M to be
permitted by his supplier to delay his commitment. Clearly,
when uncertainty resolves is an important factor in this
example.
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Suppose next that the fuel planner has a new contract
option that has a base price 1% more expensive than the previ-
ous contract, and has no lead time. In this case, he minimizes
costs by contracting for 2.6 Mtpy of the previous contract, and
adding 1.9 Mtpy of the new, more expensive contract only if
the nuclear plant turns out to be delayed (Figure 18). If the
nuclear plant is on line no quantity of the new contract is
selected, as its only advantage is its short lead time. Costs are
now only $0.2M greater than if the information about the
nuclear plant is available in time for all decisions.

With the addition of the new contract option, the cost-
minimizing quantity of the previous contract to be selected is
reduced from 3.4 Mtpy to 2.6 Mtpy. This example demon-
strates that options available in the future may influence
current decisions.

The final figure in this section (Figure 19) shows that not
only does the information about the nuclear plant reduce
expected costs, but also exposure to very high cost outcomes.
The value of the information may be even higher when risk is
considered.

We've seen that the timing of the information available
to the fuel planner, and the future options available to him,
may determine the best current strategy. Commonly-used
analytical methods, which usually consider future scenarios
individually, cannot determine the fuel planner's likely state of
information at the time of future decisions. By representing
how much the fuel planner will know and when he will know it,
the methodology presented here permits simulation of a real-
istic reaction to events. The result is that the range of
possible outcomes associated with any strategy is more
accurately identified and the strategy may be more accurately
evaluated.
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Figure 16. Expected Cost Minimizing Contract Decisions
with Knowledge of Nuclear Plant Status.
Expected Decision-Dependent Cost = $3.1M.
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Figure 17. Expected Cost Minimizing Contract Decisions
Without Knowledge of Nuclear Plant Status.
Expected Decision-Dependent Cost = $4.6M.
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SUMMARY

Through incorporating uncertainty explicitly in a compre-
hensive modeling framework (rather than piecewise through an
approach such as scenario analysis) the costs and risks of
contracting strategies may be identified and evaluated. The
methodology permits generating types of information and
comparisons that are necessary for sound fuel planning in the
face of uncertainty and are not available using other methods.

Uncertainties result in higher expected fuel cost. The
cost of uncertainty implies a value for flexibility that can
reduce exposure to undesirable outcomes. The cost of uncer-
tainty also implies a value for information that reduces the
uncertainty. The value of specific types of information or
flexibility may be quantified under a particular utility's unique
set of circumstances.

Due to risk considerations, a fuel planner's objective may
not be to minimize expected fuel costs. Incorporating uncer-
tainty in the analysis allows generation of the kinds of
information needed to evaluate exposure to various types of
undesirable outcomes.
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Figure 18. Expected Cost Minimizing Contract Decisions
Without Knowledge of Nuclear Plant Status and
With Short Lead Time Contract Option.
Expected Decision-Dependent Cost = $3.3M.


