THE MTS JOURNAL

Scaling Laws: Uses and Misuses in Industrial Plant and Equipment Replacement Cost Estimates
Clayton Baumann, PE, CCP & Alexander Lopatnikov, ASA, RICS

Abstract

Scaling laws are ubiquitous in the study of nature, biology, computer
networks, economics and other social sciences, and various engineering
applications. They establish a relationship, often in the form of a power
law, between certain key parameters and characteristics of complex
systems. Scaling laws can prove to be practical tools in developing
simplifications while allowing meaningful comparison or inferences to be
made about the behavior of complex systems. However, as is commonly
the case, the laws have tradeoffs and limitations that must be taken into
consideration.

Appraisers and cost engineers often use a variation of a scaling law,
known as an empirical rule or the cost-to-capacity method. This article addresses the basics of the cost-to-capacity method
when applied in cost estimating or comparing replacement costs of various industrial facilities and equipment, with a specific
focus on the limitations of this method that practitioners need to be aware of.

Introduction

Appraisers and cost engineers are often engaged in developing higher level assessments of replacement cost for various types
of industrial plants and production units. These may vary from complex facilities such as crude oil refineries, petrochemical
plants, or steel plants, to simpler and seemingly straightforward pieces of machinery or vehicles. One of the issues appraisers
and cost engineers typically struggle most with in developing replacement cost estimates is identifying similar facilities to apply
as benchmarks or pricing reference points. It is not unusual to find that the plant, or production unit, under consideration differs
from comparable facilities in production capacity (size, power, throughput, or other parameters), even when the facilities are
similar in many other respects. In such instances, an understanding of how specific plant or equipment costs scale up or down
is critical.

Engineers confront a similar problem when designing a new complex system and need to describe its behavior for which there
is no closed-form solution or exhaustive analysis. This usually “leads to a tedious, time consuming, and detailed study of the
engineering process in question, delaying the overall process of design and limiting the total number of possibilities that can be
investigated. A set of simple and intuitive design laws based only on the most relevant parameters would be of enormous help
in this case.”

The underlying reasons for the wide applicability of power law models in engineering include the following:
e The combination of units has the form of a power law;
e The expressions of many physical phenomena have the form of power laws, as noted above; and

e Many empirical regressions of engineering data in log-log plots tend to give a straight line, which corresponds to a
power law.

Scaling laws and the cost-to-capacity method are particularly useful in developing cost estimates for industrial plants or
equipment where the scope is narrowly defined and the exact configuration and specific design are unknown. If performed
correctly, the cost-to-capacity method can provide time-effective and reliable cost estimations to determine the feasibility of a
design, optimal size or capacity, and aids in deciding what configuration and materials might be optimal. It is for these same
reasons that scaling laws are a highly useful and practical tool for valuation professionals, along with other high-level empirical
methods such as Nelson’s complexity indices for the refining and petrochemical industries.
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With valuation opinions being essentially a judgment under conditions of uncertainty, it is important for such judgment to
conform with the definition. The Merriam-Webster dictionary defines judgement as “a formal utterance of an authoritative
opinion; the process of forming an opinion or evaluation by discerning and comparing.” This implies that an opinion based
on application of the cost-to-capacity method can be considered authoritative only when the appraiser or cost engineer
understands and has investigated the nature of the scaling relationship and the limits of its application.

Scaling Exponents and Cost-to-Capacity Methodology

In the cost-to-capacity method, scaling exponents are applied to develop cost estimates. The cost-to-capacity method is a cost
estimation tool that utilizes costs and capacities for existing facilities or pieces of machinery and equipment (“M&E”) to develop
cost estimates for a planned or hypothetical facility or piece of M&E.* This cost estimation method is governed by the concept
that the costs of facilities or M&E of similar technology, but different size or capacity, vary nonlinearly. Specifically, cost is a
function of size or capacity raised to a scaling exponent or scale factor.® The applicable equation is as follows:

C2 _ (&)X

Cq Q1
C, = Unknown 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,
Q, = Known capacity of Facility 2 (or Piece of M&E 2)

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

The scaling exponent captures the nonlinear relationship that exists and economies of scale where, as a capacity of a facility or
piece of M&E increases, the incremental cost decreases for each additional unit of capacity.®

The Association for the Advancement of Cost Engineering (“AACE”) International identifies five classes of costs estimates,
from 1 through 5. Class 1 cost estimates are the most detailed and are based on a fully defined project scope, while Class 5
estimates are more preliminary in nature and are based on a project scope that is not fully defined. Costs developed by the
cost-to-capacity method are considered Class 5 or Class 4 estimates according to AACE International.”

Scaling Exponent Principles

Costs associated with different capacity facilities or pieces of M&E do not all vary nonlinearly or experience economies of
scale. A scaling exponent of less than 1 indicates that economies of scale exist and the incremental cost of the next added
unit of capacity will cost less than the previous unit of capacity. When the scaling exponent is greater than 1, the opposite is
true, i.e. the incremental cost increases for every added unit of capacity. A scaling exponent of exactly 1 indicates that a linear
relationship between cost and capacity exists.® A scaling exponent of 1 may also indicate that it is just as economically feasible
to build two small facilities as one large facility with the same capacity.’

It is important to note that one scaling exponent may not be applicable to all ranges of capacity for a facility or piece of M&E. In
many cases, the scaling exponent increases at certain ranges of capacity due to fixed increases in costs for larger equipment
sizes.'® Scaling exponents can also vary between technologies and types of facilities or pieces of M&E based on numerous
factors including but not limited to differences in materials costs, labor requirements, overhead, and market economics.™
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The table below shows several scaling exponents for certain industrial facilities and M&E.

Scaling
Description Exponent (a)(b)
Combined Cycle Gas Turbine Power Plant® 0.80
Chlorine Chemical Plant 0.45
Ethylene Chemical Plant 0.83
Oil Refinery Hydrotreating Unit 0.65
Centrifugal Blower 0.59
Rotary Compressor 0.79
Centrifugal Fan 0.44
Squirrel Cage Motor, 440 volts 0.69

(a) Note that the capacity or size to which the scaling exponent applies had not been identified.
(b) Unless otherwise noted source is Jelen's Cost and Optimization Engineering.™
(c) Independently derived based on Gas Turbine World Data.

We briefly describe certain scaling relationships developed from the authors own research in order to help understand why
certain exponents may differ. The following graph illustrates actual costs for mining trucks with various payloads. It represents a
so-called super-linear relationship between the parameter of capacity (i.e., payload) and cost, with the scaling exponent being
higher than 1, at 1.14.
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We have also found super-linear relationship between cost and capacity for both industrial trucks and cars. It may be attributed
to the fact that as payload or engine power increases, all critical components also grow in complexity and hence, cost also
increases. Additionally, high-power trucks or luxury vehicles often are produced in small lots, or sometimes made to order,
which also explains why their costs may scale up disproportionally.
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Another example represents an analysis of two-crank single-action presses for sheet metal stamping used in automotive
plants. As shown in the graph below, this type of equipment scales with an exponent of 0.51, a sub-linear relationship which is
more typical for industrial machinery.

Cost vs. Tonnage
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It is noteworthy that when performing graphical analysis for certain M&E, a power law scaling curve with a good fit may not
exist, which may be attributed to the specific design of particular models.

Below are two graphs that depict additional examples of sub-linear scaling with various exponents and quality of fit. These
graphs were developed as part of our research for cost versus capacity of several coal-fired and combined cycle natural gas—
fired power plants in Central Europe.

Coal-Fired Plant, Cost vs. Capacity
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Combine Cycle Gas-Fired Plant,
Cost vs. Capacity
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As indicated by the lower R? value, the above graph for the coal-fired plants reflects a wider variety of plant design related to
the peculiarities of coal feed and ecological regulation requirements. Gas-fired plants may also differ depending on the type
and manufacturer of turbines and generators. As would probably be expected, despite the economies of scale that are present
for both types of power plant, the graphical analysis indicates they are more significant for coal-fired plants than for gas-fired
plants. This conclusion is indicated by the lower scaling exponent for coal-fired plants of 0.7201, versus 0.8529 for the gas-
fired plants.

Application and Considerations

There are several considerations to take into account prior to applying scaling exponents in the cost-to-capacity method.
Appropriately addressing these factors will lead to more consistent and credible cost estimate results. Specifically, factors to
consider prior to developing a cost-to-capacity analysis are as follows:

e 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.

e Different configurations or unique design or site characteristics may require a cost adjustment.
e Historical costs may need to be cost adjusted to the applicable date using indexes.
e Differences in location may require the application of a locational cost adjustment factor.

e The scaling exponent used must reflect the technology of both the facility or M&E for which the cost is being estimated
and the facility or M&E with a known historical cost.

e The scaling exponent applied must be applicable to the range of capacities or sizes for the specific technology of the
facility or M&E being analyzed.

Failing to consider even one of the above factors can result in non-credible cost estimate results. For example, assume that a
preliminary cost estimate is to be developed for a planned industrial facility based on the known construction cost of an identical
facility that was just completed in the same city. Virtually the only difference between the existing facility and the planned facility
are their production capacities. To develop a reliable cost estimate in this scenario, the only one of the above factors that must
be addressed is the use of an appropriate scaling exponent. Assume that without any appropriate research or due diligence, a
scaling exponent of 0.70 is arbitrarily chosen for application in the analysis. The table on the following page depicts the inherent
percent error in the cost estimate if the actual scaling exponent that is most appropriate to apply differs from 0.70.
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Capacity Ratio (02/Q1)

Actual

Scaling

Exponent 15 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0.20 23% 42% 59% 74% 88% 101% 114% 125%
0.25 21% 37% 52% 65% 77% 88% 98% 108%
0.30 18% 33% 45% 56% 66% 75% 83% 91%
0.35 16% 28% 38% 48% 56% 63% 70% 76%
0.40 13% 24% 32% 40% 46% 52% 58% 63%
0.45 1% 19% 26% 32% 37% 42% 46% 50%
0.50 9% 15% 20% 25% 29% 32% 35% 38%
0.55 6% 1% 15% 18% 21% 23% 26% 28%
0.60 4% 7% 10% 12% 13% 15% 16% 18%
0.65 2% 4% 5% 6% 7% 7% 8% 8%
0.70 0% 0% 0% 0% 0% 0% 0% 0%
0.75 -2% -3% -5% -5% -6% 7% 7% -8%
0.80 -4% 7% -9% -11% -12% -13% -14% -15%
0.85 6% -10% -13% -15% -17% -19% -20% -22%
0.90 -8% -13% -17% -20% -22% -24% -26% -28%
0.95 -10% -16% -21% -24% -27% -30% -32% -33%
1.00 -12% -19% -24% -28% -32% -34% -37% -39%
1.05 -14% -22% -28% -32% -36% -39% 41% -43%
1.10 -15% -25% -31% -36% -40% -43% -45% -48%

The above table shows that the use of an inappropriate scaling exponent can introduce significant error. Thus, the scaling
exponent applied should be supported by publications or derivations in order to develop reliable cost estimation results.

Conclusion

If thoroughly researched and properly applied, cost-to-capacity formulas are an extremely useful and practical tool for
appraisers and cost engineers engaged in developing replacement costs for various complex plants and production units. Key
parameters and the specific design of particular facility, or individual piece of equipment for which a cost-to-capacity analysis
is being applied must be analyzed. Ignoring unique attributes of the asset, or arbitrary selection of the scaling exponent, may
result in a significant under- or overstatement of its replacement costs, while proper use of the method adds credibility to
replacement cost opinions.
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