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Abstract

This paper discusses the cost-to-capacity method and scale factors that are used in its application. The
main focus is the application of the cost-to-capacity method and scale factors in completing order-of-
magnitude cost estimates for entire industrial facilities and pieces of machinery and equipment. Basic
methodology is discussed along with considerations that should be noted before applying the cost-to-
capacity method and scale factors. Examples are also presented to provide a better understanding of
basic methodologies. While the concepts presented were originally developed more than a half century
ago, they continue to be effective tools in developing reliable order-of-magnitude cost estimates. A
fundamental understanding of the cost-to-capacity method and scale factors should be obtained by all
professionals involved in the development of cost estimates.

Introduction

The cost-to-capacity method: What is it, and how is it applied? The concepts and methodology behind the cost-to-capacity
method are not overly complex. Yet, the method is often not fully understood, and thus it is applied in an inappropriate and
inconsistent manner in various cost estimating analyses.

In the early stages of nearly any project, cost estimates are needed in order to make educated decisions going forward.
Specifically, the economic viability of a project must be sufficiently supported in order to move forward in the planning process.
The cost-to-capacity method is an effective tool that can be used to quickly perform required cost estimates and can be applied to
both overall industrial facilities, and individual pieces of industrial machinery and equipment (“M&E")."

This paper discusses the cost-to-capacity method as well as scale factors that are used in its application. More specifically,
applications of the cost-to-capacity method in cost estimation modeling for various types of industrial facilities (or M&E) are
discussed. Basic methodology and pertinent factors related to the application of the cost-to-capacity method in cost estimation
modeling are presented, along with an example. The correct application of scale factors in the cost-to-capacity method is then
discussed, along with applicable methodology and a scale factor derivation example.

Cost-to-Capacity Methodology

The cost-to-capacity method is an order-of-magnitude cost estimation tool that uses historical costs and capacity in order to
develop current cost estimates for an entire facility or a particular piece of machinery or equipment.? The cost-to-capacity concept
was originally applied in 1947 by Roger Williams Jr. to develop equipment cost estimates; later, in 1950, C.H. Chilton expanded
the concept’s application to estimate total chemical plant costs.?

Cost estimates developed by the cost-to-capacity method can be classified as Class 5 or Class 4 estimates as indicated by the

Association for the Advancement of Cost Engineering (“AACE”) International.* Per AAGE International, there are five classes of

estimates from 1 through 5. Both Class 5 and Class 4 estimates are preliminary in nature and are based on limited information,
while a Class 1 estimate is highly detailed and based on a fully defined project scope.®

The fundamental concept behind the cost-to-capacity method is that the costs of facilities (or pieces of M&E) of similar
technology but with different sizes vary nonlinearly. More specifically, cost is a function of size raised to an exponent or scale
factor.t The governing equation is as follows:
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(Equation 1)
gz(&)*
C1 Q1
C, = Required cost of Facility 2 (or Piece of M&E 2), with capacity Q,
C, = Known cost of Facility 1 (or Piece of M&E 1), with capacity Q,
0, = Known capacity of Facility 2 (or Piece of M&E 2)

Q, = Known capacity of Facility 1 (or Piece of M&E 1)
x = Scale factor for technology of Facility 2 and 1 (or Pieces of M&E 2 and 1)

The raised scale factor in Equation 1 above accounts for the nonlinear relationship and introduces the concept of economies of
scale where, as a facility (or piece of M&E) becomes larger, the incremental cost is reduced for each additional unit of capacity.’
However, not all facilities (or pieces of M&E) actually experience economies of scale related to costs. A scale factor of less than
1 indicates that economies of scale exist and the incremental cost of the next added unit of capacity will be cheaper than the
previous unit of capacity. When the scale factor is greater than 1, economies of scale do not exist; rather, diseconomies of scale
exist and the incremental cost becomes more expensive for every added unit of capacity. A scale factor of exactly 1 indicates that
a linear relationship exists and there is no change in the incremental cost per unit of added capacity.® A scale factor of 1 also
indicates that it is just as economically feasible to build two small facilities as one large facility with the same capacity.®

Cost-to-Capacity Method Application Considerations

One of the main advantages of the cost-to-capacity method is its relatively easy application. It can be applied to quickly develop
reasonable order-of-magnitude cost estimates. Potentially even more useful is its capacity to allow sensitivity analyses to be
quickly performed when high degrees of accuracy are not required.® However, there are a number of considerations that must be
addressed prior to applying the cost-to-capacity method.

To obtain reasonable results, the technology of the facility (or M&E) for which the cost is being estimated must be the same

as, or very close to, that of the facility (or M&E) with a known historical cost. Likewise, the scale factor that is applied must
appropriately reflect both the technology of the known and cost-estimated facilities (or M&E). As will be explained in more detail
in a subsequent section, the scale factor that is used should also be specifically applicable to the range of sizes for the specific
technology of facility (or M&E) being analyzed.

In addition to technology, the analysis must consider the configuration of the facility (or piece of M&E), its location, and any
unique design and site characteristics. Differences in location would almost always require the application of a locational cost
adjustment factor due to factors that include but are not limited to regional differences in skilled labor rates (union vs. non-
union), material costs, equipment costs, and general site condition costs (rural vs. urban). Likewise, different configurations or
unique design or site characteristics would require a cost adjustment prior to completing the cost-to-capacity analysis which
could include construction material differences, atypical off-site assets, and government mandated environmental control and
monitoring equipment which vary by state or region, to name a few. Significant deviation between the known and estimated
facilities (or M&E) in any of the aforementioned categories can yield non-meaningful cost estimate results.”

Lastly, prior to applying the cost-to-capacity method, the known historical costs that have a specified reference year must be
adjusted for inflation in order to develop a correct cost estimate for the required year. For example, it may be required to develop
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a cost estimate for a piece of industrial equipment in current dollars but the known costs are based on 2010 dollars. In general
terms, to appropriately account for the effects of cost inflation, the known historical cost must be escalated using cost indices
applicable to the technology in question.” The known historical cost with a specified reference year must be multiplied by a ratio
of the index of the required year's cost and the index of the reference year's cost.t

The following equation illustrates the general relationship:

C.=C: (Indexz) (Equation 29)

Index;

C, = Required cost of facility (or M&E) in required year

C, = Known historical cost of facility (or M&E) in reference year
Index,= Required year cost index

Index, = Reference year cost index

It should be noted that using indices to escalate historical costs should be approached with some caution. The older the historical
costs are, the greater potential they have to diminish the accuracy of the estimate. Thus, historical cost estimates that are
escalated using Equation 2 should be analyzed to determine whether the cost vintages are still relevant. Using historical costs that
are as current as possible will typically yield more meaningful results.®

Some commonly used, cost indices that can be applied to industrial facilities and M&E include the following: Handy-Whitman
Index of Public Utility Construction Costs, Engineering News-Record (“ENR”) Construction Cost Index, Nelson-Farrar Refinery
Cost Index, IHS Downstream Capital Cost Index (“DCCI”), Chemical Engineering’s Plant Cost Index, Marshall and Swift (“M&S”)
Cost Index, and various indices published by the US Bureau of Labor Statistics (“BLS”).

Cost-to-Capacity Method Example

In order to better illustrate the previously discussed concepts and methodologies, a simple application example of the cost-to-
capacity method is given below:

An order-of-magnitude cost estimation is needed for a proposed 1,240-megawatt (“MW”) combined cycle power plant, as of
January 2013. Research indicates that a combined cycle power plant with a capacity of 620 MW with the same technology
had construction completed in 2011 in the same regional area. The total cost of the existing plant in 2011 dollars was
approximately $580,000,000. It is determined that, in addition to being located in the same region, the existing plant

is almost identical to the proposed plant in terms of overall design, with the exception of having fewer units. Thus, it is
concluded that the historical cost of this plant is a good reference for the required cost estimation. Because the existing plant
is located in the same regional area, no locational adjustment is required; further, the almost identical design requires no
additional cost adjustment for unique design characteristics. The only adjustments that need to be taken into account in this
cost estimation are cost inflation and size scaling.

First, the 2011 dollars must be converted to 2013 dollars. An applicable index related to costs associated with combined
cycle power plants must be referenced. An appropriate index indicates a 2011 index value of 1.56 and a 2013 index value of
1.76. Thus, the 2011 historical cost must be escalated to 2013 dollars per the previously introduced Equation 2, as shown
below:
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Existing Plant 2013 Escalated Cost=$580,000,000 (%)

Existing Plant 2013 Escalated Cost=$654,000,000 (rounded)

Next, the escalated cost must be scaled to account for the difference in size between the proposed plant and the existing
plant. As derived from 2012 Gas Turbine World Handbook (“GTW”) data in a subsequent section of this paper an appropriate
scale factor to apply in cost estimates for combined cycle power plants is 0.82. The previously introduced Equation 1 can
now be mathematically manipulated and solved as follows:

_ 1,240 MW \**
2013 Cost Estimate=$654,000,000 (_6 20 MW)

2013 Cost Estimate=$1,155,000,000 (rounded)

As represented by the above cost estimate example, a size increase of 2 times results in a cost increase of approximately 1.77
times. This expresses the previously introduced concept of economies of scale inherent in applying a scale factor of less than 1.
Similarly illustrated is the fact that as the capacity of the power plant in this example increases, it becomes incrementally cheaper
for each additional unit of added capacity.

Scale Factor Derivation Methodology

One of most crucial components when applying the cost-to-capacity method is an appropriate scale factor. The previously
mentioned study performed by C.H. Chilton in 1950 derived a common scale factor for chemical facilities of approximately 0.6,
which led to the cost-to-capacity method being referred to early on as the “six-tenths rule”.’® Since the Chilton study, many

other sources have published scale factors for various pieces of industrial equipment and entire facilities of certain technologies.
Some scale factor sources include “Process Plant Estimating Evaluation and Control” by Kenneth M. Guthrie published in 1974,
“Quality Guidelines for Energy System Studies, Capital Cost Scaling Methodology” published by the U.S. Department of Energy
in 2013, and the current edition of IHS Chemical Process Economics Program. However, the majority of scale factors that are
published do not provide supporting industry data and derivations. When using published scaled factors multiple sources should
be referenced in order to make certain a reliable figure is applied in any cost-to-capacity analysis.

The methodology for deriving a scale factor is not much more complex than the cost-to-capacity method and the previously
presented Equation 1. If cost and capacity data are known for two different facilities (or pieces of M&E) with the same technology
and design, then the scale factor can be derived. Equation 1 can be transformed by applying natural logarithms to the cost and
capacity data on both sides of the equation to develop a linear relationship. It can then be further manipulated to solve for the
scale factor, x. The below equations show this relationship. (Refer to Equation 1 for variable definitions.)

|n(%):X*|n(%) @:x
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The above relationship outlines the basic concept behind the development of a linear relationship and the derivation of a
scale factor. However, in order to derive a more accurate scale factor for a particular facility (or piece of M&E) with a certain
technology, an entire set of industry cost and capacity data must be analyzed. To accomplish this, natural logarithms can be
applied to an entire set of cost and capacity data and then graphed. A linear regression analysis of the natural logarithm of the
cost and capacity data can then be performed using graphing computer software. The resultant linear regression line slope is
the representative scale factor for that particular type of facility (or M&E) with a specific technology).?

It is important that the cost and capacity data that is gathered and analyzed in the linear regression analysis is consistent with
respect to design parameters such as technology, configuration, location, and unique site characteristics. These are similar to the
considerations of the cost-to-capacity method, as previously stated.

Scale Factor Derivation Example

The previously described scale factor derivation method using regression analysis is best illustrated by an example. The example
again involves combined cycle power plant technology, as introduced in the previous example of the basic cost-to-capacity
method.

Table 1 below shows the net plant capacity in megawatts and associated total cost and cost per net capacity in 2012 dollars for
certain combined cycle power plants per GTW. This data set was developed by GTW in a consistent manner based on contractor
pricing and basic manufacturer designs, in which the location basis, technology, configuration, and costs considered are the
same. Thus, it is a good source for deriving a scale factor for a combined cycle power plant.

Cost Cost
Net Plant Per Net Net Plant Per Net
Capacity  Total Cost Capacity Capacity  Total Cost Capacity
(Mw) ($000) ($/Mw) (Mw) ($000) ($/Mw)
32.9 28,131.1 855.0 344 8 183,321.8 531.7
67.2 48,882.5 727 4 505.0 240,518.4 476.3
13.4 54,012.9 735.9 517.0 248,122.0 4799
74.2 54,6135 736.0 559.7 279,182.0 498.8
79.5 57,848.7 121.7 572.2 283,226.3 495.0
83.6 60,692.6 726.0 620.0 303,058.0 488.8
85.3 61,721.1 7123.6 798.7 367,009.2 459 5
108.7 12,198.7 669.7 820.0 382,371.9 466.3
109.9 74,4018 677.0 870.0 399,246.7 458.9
129.2 84,830.5 656.6 913.6 421,361.9 461.2
130.9 84,505.8 645.6 9429 504,017.0 5345
135.0 88,875.5 658.3 947.0 446,518.0 4715
149.5 93,945.6 628.4 958.8 451,125.2 4705
153.0 94,3294 616.5 1,025.6 481,795.1 469.8
2240 132,302.4 590.6 1,053.3 493,158.3 468.2
2394 141,494 .8 591.0 1,140.0 525,120.7 460.6
270.1 150,519.6 557.3

Table 1 — Combined Cycle Power Plant Capacities and Costs'
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Table 1 clearly illustrates a declining trend in the cost per net capacity as the size of the plant increases. This indicates that
economies of scale exist when constructing larger combined cycle power plants. Figure 1 below shows the declining cost per net
capacity relationship.
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Figure 1 — Combined Cycle Power Plant Cost per Net Capacity vs. Net Capacity™

The relationship of economies of scale that exists for combined cycle power plants is what is captured when deriving the scale
factor for the above data set. As previously described, in order to derive a scale factor from the above data set, natural logarithms
are applied to both the total cost and capacity data and then graphed. A linear regression analysis is then performed on the
natural logarithm of the total cost and net capacity to derive a linear regression equation. Figure 2 below shows a graph of the
Figure 2 — Combined Cycle Power Plant Total Cost vs. Capacity Regression Analysis natural logarithm of the total cost and
capacity data from Table 1, along with the resultant linear regression equation.
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Figure 2 — Combined Cycle Power Plant Total Cost vs. Capacity Regression Analysis
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Per the linear regression equation shown in Figure 2 above, the slope of the line is 0.8241. As previously discussed, this slope
is representative of the scale factor for the given set of analyzed data. Thus, the scale factor for the combined cycle power plants
analyzed is concluded to be approximately 0.82.

R2 values calculated in linear regression analyses are indicators of how closely a linear regression line approximates a given
set of data. The closer the R2 value is to 1, the better the regression line estimates the data set. By visual inspection, the linear
regression equation appears to closely match the set of data. Furthermore, the R2 shown in Figure 2 above is 0.9981, indicating
that the linear regression equation is almost ideally approximating the data set.

Scale Factor Considerations

It should be noted that the previous scale factor derivation is a simplified example in that one scale factor was derived for a broad
range of capacities for combined cycle power plants. In many cases, depending on the type of technology of the particular facility
(or piece of M&E), the scale factor increases at certain ranges of capacity due to fixed increases in costs for larger equipment
sizes.” It could be the case that if a particular cost and capacity data set is broken down into smaller subsets and a scale factor
derivation is performed, the resultant scale factors for the larger capacity subsets would be greater than the smaller capacity
subsets. Thus, caution should be used when deriving a single scale factor based on broad ranges of capacity for a particular
facility (or piece of M&E). Likewise, the fact that scale factors may vary over ranges of capacity should warrant the same level of
caution when applying a single scale factor in cost-to-capacity analyses for a broad range of facility or equipment sizes. Utilizing
a scale factor that is too large or too small will lead to less reliable cost estimate results. The accuracy of the scale factor has a
direct impact on the accuracy of the cost estimation that is being developed by a cost-to-capacity analysis.

Conclusion

The cost-to-capacity method allows cost estimates to be developed on the basis of historical cost and capacity information for
similar facilities. It does not involve complex computation and is relatively easy to use. However, the cost-to-capacity analysis
must be applied in a consistent and appropriate manner in order to produce meaningful cost estimate results.

Technologies and various design parameters and characteristics related to a particular facility (or individual piece of M&E) for
which a cost-to-capacity analysis is being applied must be closely analyzed. Required inflationary adjustments and locational
adjustments must also be considered. An appropriate scale factor that is representative of the technology in question must be
applied in the cost-to-capacity analysis to yield reliable results. In deriving an appropriate scale factor, an entire set of cost and
capacity data is required to be compiled on a consistent basis for the specific facility (or M&E) in question. The limitations of
deriving and applying a single scale factor for a broad range of facility (or M&E) sizes in the cost-to-capacity method must be
understood.

When all the necessary factors are considered, the cost-to-capacity method can yield useful cost estimate results. Specifically,
it can provide quick and reliable order-of-magnitude cost estimates when only a limited project scope is known, which can

be critical in determining the economic feasibility of a project. Thus, the cost-to-capacity method is a highly effective tool in
developing cost estimates both for entire facilities, and for individual pieces of industrial machinery and equipment.

Clayton T. Baumann, P.E. is a senior consultant with American Appraisal in Milwaukee, Wisconsin. Mr. Baumann has
valuation experience in ad valorem tax, allocation of purchase/sale price, and insurable value and has appraised property
throughout the United States. His primary industries of focus include oil and gas, power generation, chemical, and public
utilities. Properties he has appraised include merchant and regulated power plants, cogeneration plants, petrochemical facilities,
petroleum refineries, petroleum product terminals, and cement plants. He has been a full-time appraiser since 2010. The views
expressed herein are those of the authors and do not necessarily reflect the views of American Appraisal.
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