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Uncertainty Evaluation in Capital Cost Projection .

Uncertainty Evaluation in Capital
Cost Projection

Chemical engincers and technical managers involved in research, development
and demonstration (RD&D) of advanced processes can bencfit from a systematic
approach for characterizing uncertainties in new process technologies. Quantita-
tive characterizations of these uncertaintics provide an understanding of the po-
tential performance and cost payofts of advanced technology, as well as the risks
of new technology relative to a baseline commercial system. In addition, detailed
uncertainty analysis can allow managers 10 better focus and prioritize research to
reduce technology risks and increase payotts.

We will describe a methodological approach 10 uncertainty analysis of ad-
vanced chemical process technology performance and cost, and we will discuss
the types of insights provided by such analyses. We also will present a detailed
case study of an advanced integrated gasification combined cycle (IGCC) power
system to illustrate the methodology.

Decisionmaking During RD&D

Let’s first define innovative technology. It is a concept that departs in some fun-
damental way from existing technology and that holds the promise of a significant
improvement in performance or cost. The transtormation of an innovative concept
into a commercial technology involves many decisions at various stages of de-
velopment. This is illustrated in Fig. 1, based on a discussion in Mcrrow et al.
11}

Typically, a new concept may be evaluated theoretically and then tested at a
small (for instance, bench top) scale. If promising technical results are obtained,
a preliminary cost estimate of a commercial-sacle design may be made. If the
cost appuars high, the project may be dropped or rescarch may continue to identify
more attractive variants of the technology. If the costs are promising, rescarch is
likely to continue to a larger scale of development. Pilot plants of varying size
and design may be built and, as confidence in the technology improves, a more
definitive cost estimate may be commissioned prior to designing a full-scate plant.
At this stage, there still may be significant uncertainties in cost and performance
that only a full-scale demonstration plant can resolve.

Important decisions made during RD&D include whether a new technology
should be developed or rejected, where the process development should be fo-
cused, and what improvements should be made 1o optimize the process. The
uncertaintics inherent in these types of cvaluations and decisions often are not
properly characterized, however. As a result, mislcading estimates of performance
and cost may be used 10 justity rescarch on new technologies that might not
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‘ Screening
R&D Cost
Estimate

Commit
$ for Scope
Definition

Project
Definition

Unresolved
Technicat
Uncertainties?

R&D
or
Pilot Plant?

No Demonstration

Plant
Good Resuhts? No
A
Commercialization

FIG. 1 A numbcr of decisions must be made during the RD&D Process

otherwise have been pursued, or (o tocus rescarch on the wrong arcis of poten-
lially promising technology.

Sources of Uncertainty

Predicting the commercial performance of an innovative €onCept POSES enormous
challenges. In the carly stages of process development, predictions may be based
on limited experimental work and may rely heavily on mass and energy balances.
As a concept proceeds 1o small-scale testing or 10 a process development unit
(PDU), laboratory data may become available to help identity more realistic val-
ues for key process parameters. Uncertainties in the interpretation of test data,
however, may arise from:
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L. Statistical errors in the data
2. Differences in configuration between the PDU and a commercial-scale plant
3. Potential problems in scale up from the PDU to commercial-size equipment

The lack of full-scale operating experience 1o verity predictions of commer-
cial-scale performance of new technology means that many of these uncertaintics
only can be resolved by building a full-scale demonstration plant at considerable
cost.

Uncertainties in key performance parameters of an innovative process give
rise 10 uncertaintics in key output characteristics such as plant efficiency, cost, or
emissions of pollutants. For example, uncertainties in key system flow rates may
lead to uncertainties in the required size of process equipment, the consumption
of reagents (for example, sorbent), and auxiliary power requirements. This pro-
duces uncertainties in capital and operating costs—the ultimate measures of in-
terest for comparative analysis. Even if process performance were known with
certainty, uncertaintics regarding many components of cost (such as equipment
not previously used in commercial-scale service) would still remain.

Thus, the aspects of a process evaluation that may be subject to uncertainty
include process performance variables, equipment sizing parameters, process-area
capital costs, requirements for initial catalysts and chemicals, indirect capital
cosls, process maintenance costs, consumables needed during plant operation, and
the unit costs of consumables, byproducts, wastes, and fuel. Any one or all of
these parameters may be uncertain, depending on the state of development of the
technology, the level of detail of the performance and cost estimates, future market
conditions, and so on. Hence, performance and cost figures developed in carly
stages of technology development casily could prove incorrect.

The Rand Corporation has studied the problems of estimating the performance
and cost of first-of-a-kind innovative process plants [1]. Typical of their findings
are that:

Bias and uncertainty in performance and cost estimates result from low levels of
process and project understanding, particularly for new technologies.

Cost-underestimation of new technologies is widespread and systematically re-
lated to low levels of project definition and the use of unproven technology.

Performance over-estimation is also widespread and largely associated with un-
proven technology in a process concept.

Traditional Approaches to Handling Uncertainty

In developing commercial-scale performance and cosl estimates of technologies
that are still in carly stages of development, the most common approach is for
engincers 10 use a ‘‘best guess’” point-value for key process and cost parameters
for a speciticd flow sheet. These assumptions may reflect either some degree of
optimism or some degree of conservatism. The basis for most assumptions and
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the scope of thought that went into them typically are not documented, however,
in conceptual design studies. Thus, the degree of contidence that should be placed
in the performance and cost estimate is often not rigorously considered or re-
ported.

The most common approach to handling uncertainties is cither Lo ignore them
or to use simple sensitivity analysis. I[n sensitivity analysis, the value of a partic-
ular parameter is varicd across some low to high range, while all other parameters
are kept at their nominal values, and the effect on some key output parameter is
observed. In practical probiems, however, many input variables may be uncertain,
The combinatorial cxplosion of possible seasitivity scenarivs (for instance, one
variable high, another low, and so on) quickly becomes unmanageable. Because
of this, it is often difficuli to identify the input variables for which results are
most sensitive. Nor is sensitivily analysis able to capture the result of many var-
iables that are uncentain simultaneously. Furthermore, sensitivity analysis provides
no insight into the likelihood of obtaining any particular result across a range of
high to low values.

A specific approach 1o handling uncertainty in capital cost estimates, whether
for new or existing technology or for preliminary or detailed cost estimating,
employs contingency factors. The contingency often is the single largest expense
in the cost estimate and yet it is also the least documented or understood. In
general, a contingency is used 1o represent additional costs that are expected o
occur, but that are not in¢luded explicitly in other parts of the cost estimate |2).

In many cases, the approaches used to come up with contingency factors have
not been validated by actual data {3). The Rand Corporation conducted a survey
of 18 companies in the chemical and petroleum industries to determine the actual
methods used to develop contingency factors {2]. The study indicates that con-
tingency factors are often badly underestimated and thus may be leading to bad
decisions about certain projects. Rand recommends the increased and more for-
malized use of experience in developing estimates, the use of a delphi technigue
to get multiple expert inputs, and the inclusion of costs associated with risks and
innovation.

Some companies are beginning to usce probabilistic modeling approaches 10
explicitly characterize uncertainties in new process technologics. For example,
some studies of advanced power generation technologics prepared for the Electric
Power Research Institute (EPRI) have included a risk analysis involving proba-
bilistic simulation (for instance, Ref. 4). The specitication of uncertaintics, how-
ever, has been only on cost-related parameters. Furthermore, the analysis of un-
certainty has been confined just to capital costs, not operating and maintenance
costs (which may be a considerable portion of the total cost). Most analyses are
insufficiently documented to allow critical evaluation of the modeling results.

A Quantitative Approach to Uncertainty Analysis

The potential losses associated with poorly-informed RD&D decisions, and the
shortcomings associated with traditional approaches to handling uncertaintics,
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Uncertainties
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:uggcsl a slrf)ng need for quantitative uncertainty analysis in the evaluation of
olh_ lh". mrlormancc and cost of advanced process technologies. A number of
motivating questions for such an approach include:

L. What is the expected commercial performance and cost based on what is
currently known?

2. How reliable are these estimates for mature, commercial plants?

3. Wh%ll arc‘lhc key factors driving uncertainty in performance and cost?

4. Whlch 9( these factors can be the focus of targeted research to reduce the
risks or increase the payoff of the technology?

S. Whal are the risks and payofts of the new technology compared to conven-
tional technology?

Tq answer all of these questions rigorously requires a comprehensive and
quanluuhvg approach to uncertainty analysis. Predictions about the performance
and-cosl of innovative technologics should reflect the degree of confidence that
engineers have in the input assumptions used to generale the predictions. In this
w9rk, the approach taken is 1o explicitly quantify both the range and liketihood
0.1 vuluu.-s for parameters used as inputs 1o engineering models. Using probabilistic
simulation techniques, the cffect of simultaneous input parameter uncertainties
can pc pr.opugalcd through the model to yicld an explicit indication of the un-
cerlainty in output values, as illustrated in Fig. 2.

Engineering Performance and Cost

Model of a New Process Technology Output
Uncertainties
Performance e
Parameters erformance .
E— ‘
Emissions .
Cost
Par, s ]
T ost .

FIG. 2 Madcling by representing uncertaintics i key mput pectormance and cost parameters as
probability distributions allows their ctlcets 1o be propagated thiough the moded
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Characterizing Uncertainties

Estimating uncertaintics for new chemical process involves several steps. These
include:

1. Reviewing the technical basis for uncertainty in the process

2. Identifying candidate parameiers that should be treated as uncertain

3. Determining the source of information regarding uncertainty for cach
parameter

4. Developing, depending on the availability of information, estimates of
uncertainty

Estimates of uncertainty can be based on:

Published judgments in the literature (which are rarcly availuble)

Published information, both quantitative and qualitative, that can be uscd o inter
a judgment about uncertainty

Statistical analysis of data

Judgments elicited from technical experts

The classical approach in probability theory requires that cstimates for prob-
ability distributions must be based on empirical data. Statistical analysis tech-
niques are well known and are not reviewed here. In many practical cases, how-
ever, the available data may not be relevant 1o the problem at hand. For example,
test results from a PDU under a given set of conditions may not be dircctly
applicable for estimating the performance of a sixth-of-a-kind commercial scalke
plant under a different st of operating conditions. Thus, statistical manipulation
of data may be an insufficient basis for estimating uncerlainty in a real system of
interest. Engincering analysis or judgments about the data may be required.

An alternative approach differs in how probability distributions arc interpreted.
In the so-called **Bayesian™ view, the assessment of the probability of an outcome
is based on a ““degree of belicf”” that the outcome will oceur, based on all of the
relevant information an analyst cusrently has about the system. Thus, the proba-
bility distribution may be based on empirical data or other considerations such as
technically-informed judgments |5]. The approaches to developing probability dis-
tributions for model parameters are similar in many ways to the approach one
might take to pick a single **best guess’” number tor deterministic (point estimate)
analysis or 10 select a range of values to use in a seasitivity analysis. The devel-
opment of estimates of uncertainty, however, usually requires more detailed think-
ing about possible outcomes and their relative likelihoods. This is an advantage
for the analysl, because by thinking systematically and critically about uncertain-
ties, one is more likely to anticipate otherwise overlooked problems or to identily
otherwise overlooked payoffs of a system.
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Using Probability Distributions

In the cases where expert judgments regarding uncertainties are required, an
expert may specify a judgment using different types of probability distributions.
A few cxamples are shown schematically in Fig. 3. The uses of these are described
here briefly:

Uniform. Uniform probability of obtaining a value between upper and lower
limits. This distribution is useful when an expert is willing to specify a finite
range of possible values, but is unable to decide which values in the range are
more likely to occur than others. The use of the uniform distribution is also a
signal that the details about uncertainty in the variable are not known. It is useful
for screening studies.

Triangle. Similar to uniform except a mode is also specified. Use it when an
expert is willing to specify both a finite range of possible values and a ‘‘most
likely”” (mode) value. The triangle distribution may be symmetric or skewed, as
in Fig. 3(b). Like the uniform, this distribution indicates that additional details
aboul uncertainty are not yet known. The triangle distribution is excellent for
screening studics and casy to obtain judgments for.

Normal. A symmelsic distribution with mean, mode, and median at the same
point. Often assumcd in statistical analysis as the basis for unbiased measurement
errors, the normal distribution has infinite (ails; however, over 99 percent of all
values of the normal distribution lie within =3¢ (standard deviations) of the
mean. Thus, when used to represent uncertainty in physical quantities that must
be greater than zero, o should not be more than about 20--30% of the mean or
else the distribution must be truncated.

(a) Uniform

Probability Density
Probability Density

Velue of \ariable

\alue of \briable

{c) Normal

{d) Fractile

Probability Density
Probability Density

Value of Variable Value of \ariable

FIG. 3 Common types of probabidiy distiibutions used o repiesent Judgments aboul uncertaintics
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Fractile. Here, the finite range of possible values is divided into subintervals.
Within cach subinterval, the values are sampled unitormly according 1o a specificd
frequency for cach subinterval. This distribution looks like a histogram and can
be used to represent any arbitrary data or judgment about uncertaintics in a pa-
rameter when the parameter is continuous. It explicitly shows detail of the judg-
ments about uncertaintics.

Probabilistic Modeling

In order to analyze uncertainties in innovative process technologics, a probabilistic
modeling environment is required. A typical approach is the use of Monte Carlo
simulation, as described by Ang and Tang [6], and others. In Monte Carlo sim-
ulation, a model is run repeatedly, using difterent values for cach of the uncertain
input parameters each time. The values of each of the uncertain input paramelers
are generated based on the probability distribution for the parameter. It there are
two or more uncertain input parameters, one value from cach is sampled simul-
tancously in each repetition in the simulation. Over the course of a simulation,
20-100 or more repetitions are made. The sample size is sclected based on the
desired precision of the estimate of the output distribution. The result, then, is a
set of values for cach of the model output variables that can be treated statistically
as if it were an experimentally or empirically obscrved sct of data. Appropriate
sampling procedures can be adopted to properly account for correlation structures
among input variables.

Although the generation of sample values for model input paramcters is prob-
abilistic, the execution of the model for a given set of samples is deterministic.
The advantage of Monte Carlo methods is that the repetition of deterministic
simulations yields important insights into the interactions of many uncertain input
parameters, as well as into the likelihood of obtaining any particular outcome.
Monte Carlo methods also aliow the modeler 10 use any type of probability dis-
tribution for which values can be gencrated on a computer, rather than being
restricted to forms that are analytically tractable.

Using Monte Carlo or similar techniques, it is therefore possible 1o represent
uncertainty in a model of a process technology by generating sample values for
uncertain variables and running the model repetitively. Instead of obtaining a
single number for model outputs, as in deterministic simuliation, a sct of samples
is obtained. These can be represented as cumulative distribution functions and
summarized using typical statistics such as mean and variance. Furthermore, the
input uncertainties which are the most significant contributors to key results can
be identificd and ranked using a varicty of statistical analysis techmiques, such as
sample correlation coctficicnts or multivariate regression.

Thus, probabilistic modeling gives a decisionmaker both explicit measures of
uncertainty in key decision variables (for instance, levetized cost or process el
ficicncy) and a listing of key input uncertaintics. The former can be used 10
understand the risks and payofts of the new technology, while the later can be



488

Uncertainty Evaluation in Capital Cost Projection

used 1o focus rescarch on reducing the specitic input parameter uncertainties that
contribute most to the risk of technology faifure.

An Example

To illustraic the types of insights provided by probabilistic analysis of process
technologics in early stages of development, a detailed case study of an advanced
integrated gasification combined cycle (IGCC) concept is briefly described. Com-
plete details are available elsewhere |7].

Integrated gasification combined cycle (IGCC) systems are an emerging lech-
nology for the clean and more efficient use of coal for electric power generation.
Only a few IGCC concepts have been demonstrated at a commercial scale, with
many more advanced concepts under evaluation at the laboratory- and small pilot
plant scale. One such concept is the air-blown dry-ash Lurgi-gasificr-based sys-
tem, shown in Fig. 4. In this particular design, an advanced dry, high-temperature
desulfurization process is used to remove H,S from the gasified coal prior to
combustion of the fuel gas in a gas-turbine combined-cycle system. The desul-
furization process uses small pellets of a mixed metal oxide, zine ferrite, in a
fixed-bed rector that cycles between absorption and regeneration modes.

Gasifier Steam

Shift & Regen.
Steam

Exhaust Gas

v__|

Gasifier Air
Captured Fines internal
Electric
Loads

Tailgas Sulfuric
Acid

Air

FIG. 4 Schenune diagram ol the air-blown Lusgi-gasitice-based 1GCC systen.
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An engineering performance model of the 1GCC concept was developed at
the U.S. Department of Energy’s Morgantown Energy Technology Center (DOE/
METC) using the ASPEN chemical process simulator. The performance model
was adopted and modified for this study o better estimate gas-turbine and zine
ferrite desulfurization performance, plant discharge mass-flow rates, and vther
process parameters required to calculate costs. A key limitation of the DOE per-
formance model was the fack of a directly coupled cost model. Theretore, a cost
model was developed based on a review of approximately 30 conceptual design
studies of IGCC and similar systems [8]. The cost mode! characterizes direct and
lotal capital cost, fixed operating costs, variable operating costs, and the annual-
ized cost of electricity. The cost model is sensitive to over 100 performance and
Cost parameters.

For the Lurgi-based 1GCC system, 47 parameters in the performance and cost
models were characterized probabilistically. While most of these uncertaintics
were based on data analysis and literature review, approximately one-third of the
unceriainty estimates were based on expert judgmcats clicited from process cn-
gincers. These judgments primarily concerned process performance uncertaintics
in the gasitication and zinc ferrite desulfurization process arcas.

An example of one expert judgment for the uncertainty in the desulfurization-
sorbent attrition rate in a future commercial plant is shown in Fig. 5. This is an
important parameter since it significantly affects plant cost. ‘The expert indicated
that high attrition rates of up to 25% weight loss per absorption/regencration cycle
could occur if there were carbon deposition on the sorbent Ieading 1o the for-
mation of iron carbides or if there were process upsets leading 1o water conden-
sation on the sorbent. The expent also indicated, however, that there was a4 75%
probability that the atirition rate could be Iess than 1.5% loss per cycle, with the
rate most likely to be around 0.5% per cycle.

0.0 2.5
Sorbent Replacement Rate, wt-%/cycle

V| prepres ey
5.0 /\/ 22.5 25.0

FIG. 5  An cxpert’s judgment regarding the uncertainty in predicting zine ferite sotbent attntion
rate in a tull-scale 1GCC desulturization system.
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The judgment shown in Fig. 5 illustrates several features of uncertainty char-
acterization. The expert was abie to provide a technical basis for the different
values assumed for this particular performance parameter. He also was able 1o
make judgments about the relative likelihood of different outcomes. The resulting
probability distribution is skewed, which is often the case when experts are asked
to make judgments about uncertaintics. Thus, the use of a single ““most likely™”
value in conventional deterministic estimates may be highly misleading because
it completely ignores the possibility of less optimistic outcomes.

The 1GCC performance and cost models were run on a DEC minicomputer.
As pant of earlier work at Carnegic Mellon University, a probabilistic modeling
capability was added to the public version of ASPEN, permitting the analysis of
uncertainties in any process flow sheet [9]. Other software environments also have
been developed to analyze process performance probabilistically [10]. In the case
of probabilistic simulation, the flow sheet is executed many times, with a different
set of values (samples) assigned to all uncenain input parameters each time. For
the IGCC system analyzed here, a sample size of 100 iterations took 6 hours to
run. However, while probabilistic simulation requires an initial computer-intensive
phase, the interpretation of results is much casier and more meaningful compared
to sensitivity analysis.

The probabilistic modeling environment can be used to characterize the un-
certainty in any desired measure of plant performance, emissions, or cost. For the
IGCC system cxamined here, the levelized cost of clectricity is the single most
comprehensive measure of interest, because it reflects on (and is sensitive to) all
of the factors that determine capital costs, fixed operating costs, and variable
operating costs. Because it is expressed on a net electricity-production basis, it is
also sensitive to the plant thermal efficiency.

The uncertainty in the net cost of electricity is shown as a cumulative distri-
bution function (cdf) in Fig. 6. The ordinate, cumulative probability, shows the

Deterministic

——*— Probabilistic

A

00+ T T T
40 60 80 100 120

Cost of Electricity, Constant 1989 mills/kWh

FIG. 6 Uncettanty i the develized cost of electnicity.
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probability of being at or below the corresponding abscissa value, cost of elec-
tricity. The probabilistic results are based on the propagation of 47 input uncer-
tainties through the model. Also shown is a deterministic estimate based on **best
guess” or “‘most likely’” value for all process performance and cost parameters.
The range of uncertainty in the total cost varics by a factor ol 2.5 from the lowest
10 the highest values. The central values of the probability distribution are higher
than the “‘best guess’” estimate. There is a high probability that the cost of clee-
tricity will be higher than the deterministic estimate, due to the interactions of
skewed judgments regarding uncertaintics and various nonlincaritics in the engi-
neering model. In this case, these interactions result in an 85% probability that
the cost of electricity will be higher than the “‘best guess™ deterministic estimate,
with a 20% probability of exceeding 60 mills/kWh.

Prioritizing Research

A benefit of probabilistic analysis is the ability to identify key sources of uncer-
tainty when many parameters are varying simultancously. These key uncertaintics
then can be prioritized for further research using statistical techniques such as
correlation or regression analysis. The key input uncertainties that affect uncer-
tainty in the total cost of electricity for the IGCC case study are shown in ‘lable
1. These include both performance and cost parameters in the zine ferrite, gas-
turbine, and gasifier process areas. Thus, simultancous interactions among several
process areas are shown to be important here.

The interactions among uncertainties also can be illustrated graphically. Fig.
7 shows the uncertainty in the cost of electricity resulting from:

1. Performance uncertaintics only (for instance, mass and encrgy flows)

2, Cost parameter uncertainties only (for example, the unit cost of sorbent or
the cost of a specified vessel)

3. The combined interactions simultancously

TABLE 1  Key Input Uncertainties that
Affect Levelized Total Cost

Zinc fernte sorbent attrition rate
Zinc ferrite sorbent sulfur loading
Gasitier coual throughput
Gas-turbine dircct capital cost
Gasilicr mainienance cost
Project-related indirect costs

Zinc ferrite sorbent unit costs
Gasifier direct capital cost
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FIG. 7 Sources of uncertainty in the levelized cost of clectsicity.

The results in the figure show that the long tail towards high cost is attrib-
utable to performance-related uncertainties, while both performance and cost un-
certaintics have interactive etfects on the central values of the distribution. As
seen in Table 1, the key performance uncertainties are in the zinc ferrite process
arca. These uncertainties may be reduced through a targeted research program.

While the results shown here reflect the judgments of one set of technical
experts, the analysis easily can be repeated using other experts 10 identify areas
of agreement or disagreement; see [7]. For the IGCC system shown here, three
sets of expert judgments all led to the same conclusion of a skewed cost distri-
bution, driven primarily by unccrtainties in process performance parameters.

Comparing Technologies

In the preceding sections, we have focused on applications of uncertainty analysis
to an individual technology. The method also is usciul for comparing competing
technologies. Here, the advanced Lurgi-based system is compared probabilisti-
cally 10 a more conventional 1IGCC design. In cases where uncertainties are com-
mon 1o both systems (such as interest rates or ash disposal cost), the comparison
takes into account the underlying correlation structure.

The probability distribution for the cost savings of the advanced system over
the coaventional IGCC design is shown in Figure 8. There is roughly a 70%
chance that the new technology will be less expensive than the conventional one.
Conversely, there is about a 30% chance that the new technology could be more
expensive, primarily because of potential cost increases in the zine ferrite process
arca.
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FIG. 8 Uncertainty in the cost savings tor advanced vs. conventional technology.

Additional research might change this result, primarily by reducing the risks
of the zinc ferrite process. Hlustrative research results for three major process
areas would increase the probability of cost savings to over Y0%. Similar results
are obtained even if research simultancously reduces uncertainties in the conven-
tional technology. Separate analyses also can quantify the expected cost savings
with and without research, and the magnitude of the mostly likely downside risks

{7}

Avoiding Surprises

Traditional approaches to technology evaluation inadequately account for uncer-
tainties. The result is a history of over-optimistic estimates of performance and
cost of new technologics that often lead to significant wastes of time and re-
sources. The probabilistic ¢valuation method advanced here permits explicit char-
acterization of the uncertaintics in performance, emissions, and costs of devel-
oping technologics. Many of the “*surprises”™ that account for **pertormance
shortfall’” and ‘‘cost growth’’ can be captured by the use of this approach. Quan-
titative techniques can be applied to identify the sources of uncertainty in key
measures of plant performance and cost for the purposc of targeting additional
research. Technologies can be compared probabilistically to gain insight into the
expected payoffs and risks of advanced technologics. These types of insights
allow research planners to make better, more informed decisions that increase the
probabitity of successtul RD&D. While probabilistic modeling ceriainly is not a
panacca for obtaining perfect foresight, it can be an important technique for de-
veloping more realistic estimales and insights needed for rescarch planning and
technology selection.
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Much of this article was excerpted by special permission from Chemical En-
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H. CHRISTOPHER FREY
EDWARD S. RUBIN

During the last two decades, a growing number of U.S. companies scrving the
natural gas, refining and petrochemical industrics have turned to underground
storage as an economical means of storing both raw materials and finished prod-
ucts. The concept of underground storage, however, is not limited to the United
States. European countries, especially Sweden, have underground storage capac-
ity. There, mined caverns can be less expensive than above ground storage be-
cause land is expensive and underground facilities are credited to be as much as
40% less expensive to build and maintain.

Storage Types

There are basically three types of underground storage: (1) Mined caverns, (2)
leached-out holes in salt domes, and (3) subsurface storage tormations accessed
by wells. The later are often tied 10 old or abandoned gas ficlds or 10 underground
waler formations capable of holding (storing) natural gas.

Rock formations in the crust of the earth can be natural or mined-out caverns.
Typically these are used for gas or petrochemicals such as propane. Capacitics
can be 250,000-300,000 bbl with construction taking the form of large caverns
and a labyrinth of tunncls from 400-500 ft in length that arc built by blasting
and excavating or using conventional mining techniques. Both the design, engi-
neering and construction of these facilities involves detailed site analysis and
feasibility investigation. This limits the number of companies whose forte is (o
handle the geological, hydrological, and mechanical conditions. This type of stor-
age can also take the place of using abandoned or depleted mines in mineral or
rock formations that are igncous, metamorphic, or sedimentary (gneiss, granite,
limestone, shale, sali stone). Great care is taken 10 locate an arca where fracturing
is virtually nonexistent.

In contrast, salt dome storage (Appendix 1) involves controlled dissolving of
long vertical holes within sait (sodium chloride) structures called salt domes. The
shape of each dome is different depending upon the origin and growth of the salt
formation (Appendix 2). Typically, a 3-D view of the salt looks like a mushroom
that is as much as 14 miles across the top. The most famous salt dome storage
location is Mont Belvieu, Texas where Warren Petroleum (now part of Chevron)
operales approximately 30 different storage caverns handling everything from an
ethane-propane mix (feedstock to ethylene plants) to unleaded gasoline.

Natural Gas

In recent years there has been much activity 10 build nawral gas storage. This
is partially a reaction to the U.S. Government’s action to break down pipeline





