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Part 1

C
apital cost estimates are a cru-
cial step in order to make prudent 
decisions regarding any devel-
opment project. Specifically, the 

economic viability of a development proj-
ect must be sufficiently supported in order 
to move forward in the planning process. In 
the early phases of a development project, 
cost engineers are often engaged in devel-
oping conceptual capital-cost estimates for 
various types of industrial assets, including 
full chemical plants, production units, or 
even individual pieces of equipment. A major 
hurdle cost engineers can encounter comes 
when seeking to identify facilities or produc-
tion units that are similar to the proposed 
project to serve as benchmarks or pricing 
reference points. Even when other existing 
facilities or production units are similar in 
many aspects, it is very common that the fa-
cility or production unit being considered for 
development differs materially in technology, 
capacity, location or time of construction. In 
such instances, an understanding of how to 
appropriately apply conceptual capital-cost 
estimating methods is critical.

This article briefly discusses various con-
ceptual capital-cost estimating methods. 
It then presents a detailed discussion and 
example on one method for conceptual 
capital-cost estimating: the cost-to-capacity 
method, also commonly referred to as the 
capacity-factored estimating technique. Fur-
ther, the appropriate application of scale fac-
tors utilized in the cost-to-capacity method 
is presented, along with applicable method-
ology for scale-factor derivations. Scale fac-
tors are also commonly referred to as scaling 
exponents, scaleup exponents, cost-capac-
ity factors, cost-to-capacity factors and ca-
pacity factors. 

Conceptual cost-estimating methods
As identified by the Association for the Ad-
vancement of Cost Engineering (AACE In-
ternational; Morgantown, W.Va.; www.aacei.
org), there are five classes of cost estimates, 
Class 1 through Class 5. A Class 1 cost es-
timate is the most detailed and is based on 
a fully defined project scope, while a Class 
4 or Class 5 estimate is more conceptual in 
nature and is based on more limited infor-
mation and a project scope that is not fully 
defined [1, 2, 3].

There are multiple commonly utilized con-
ceptual capital-cost estimating methods 
which would be considered a Class 4 or 
Class 5 estimate, including but not limited 
to, the following [4]:
Cost-to-capacity estimating method (also 
referred to as capacity factored method).  
Historical or current capital cost data for a 
similar project, but with a different capacity, 
is utilized with a non-linear scaling exponent 
as the primary basis for the cost estimate of 
the proposed project.
End-product units estimating method.  
Historical capital cost data for similar proj-
ects are utilized in conjunction with units 
of capacity to apply a linear relationship as 
the primary basis for the estimate of a pro-
posed project.
Physical dimensions estimating method.  
Historical capital cost data for similar proj-
ects are utilized in conjunction with physical 
dimensions to apply a linear relationship as 
the primary basis for the estimate of a pro-
posed project.
Analogy estimating method. Historical 
capital cost data for similar projects with 
similar capacities are utilized as the primary 
basis for the estimate of a proposed project.
Expert judgment estimating method.  
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Primarily utilized when there is no 
reasonably similar project for com-
parison or available capital costs, the 
judgment of subject matter experts 
is used as the primary basis for the 
estimate of the proposed project.

Cost-to-capacity methodology
Among the previously presented 
conceptual capital-cost estimat-
ing methods, the cost-to-capacity 
method is one of the most utilized 
and easiest to apply. Yet, the method 
is often not fully understood and is 
commonly applied in inappropriate 
and inconsistent ways in conceptual 
cost-estimating analyses. 

The cost-to-capacity concept 
was originally developed in 1947 by 
Roger Williams Jr. to develop equip-
ment cost estimates. In 1950, C.H. 
Chilton expanded the concept’s ap-
plication to estimate total chemical 
plant costs [3, 5].

The fundamental concept behind 
the cost-to-capacity method is that 
the costs of similar facilities, pro-
duction units, or pieces of equip-
ment with different capacities vary 
nonlinearly. More specifically, cost 
is a function of capacity raised to 
an exponent or scale factor [3, 6] 
(Equation (1)).

C2/C1 = (Q2/Q1)X                                 (1)

C2 = Unknown capital cost of pro-
posed facility, with capacity Q2
C1 = Known cost of existing facility, 
with capacity Q1
Q2 = Known capacity of proposed 
facility
Q1 = Known capacity of existing fa-
cility
X  = Scale factor for existing and pro-
posed facilities

The scale factor in the above 
equation accounts for the nonlinear 
relationship and introduces the con-
cept of economies of scale, where, 
as a facility becomes larger, the in-
cremental cost is reduced for each 
additional unit of capacity [3, 7]. 
However, not all facilities, production 
units, or pieces of equipment actually 
experience economies of scale re-
lated to capital costs. A scale factor 
of less than 1 indicates that econo-

mies of scale exist and the incremen-
tal cost of the next added unit of ca-
pacity will be less expensive than the 
previous unit of capacity. When the 
scale factor is greater than 1, econ-
omies of scale do not exist; rather, 
dis-economies of scale are at play, 
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 [3, 8]. A scale factor of 1 
also indicates that it is just as eco-
nomically feasible to build two small 
facilities as one large facility with the 
same capacity [3, 4].

Application considerations
One of the main advantages of the 
cost-to-capacity method is its rela-
tively easy application. It can be ap-
plied to quickly develop reasonable 
order-of-magnitude capital cost es-
timates. Potentially even more use-
ful is its capacity to allow sensitivity 
analyses to be quickly performed 
when high degrees of accuracy are 
not required [3, 4]. However, there 
are a number of considerations that 
must be addressed prior to applying 
the cost-to-capacity method [3].

To obtain reasonable results, the 
technology of the development fa-
cility should be the same as, or very 
close to, that of the existing facility 
with a known capital cost. Likewise, 
the scale factor that is applied must 
appropriately reflect both the tech-
nology of the existing facility and the 
development facility. As will subse-
quently be discussed in more de-
tail, the scale factor that is applied 
should also be specifically applica-
ble to the range of capacities for the 
specific technology of existing facil-
ity and development facility [3].

In addition to technology, the cost 
engineer must consider the configu-
ration of the existing and develop-
ment facility, their location, and any 
unique design and site character-
istics of each. Differences in loca-
tion would almost always require 
the application of a locational cost 
adjustment factor. There are various 
sources that publish location-based 
indices that can be used for making 

location adjustments, including the 
following: Compass International 
Estimating Yearbooks, Marshall 
& Swift (M&S) Valuation Service, 
RSMeans Cost Manuals, Engineer-
ing News-Record and U.S. Depart-
ment of Defense publications. To 
develop a location adjustment fac-
tor, the same basic equation that is 
subsequently presented for mak-
ing time adjustments is applicable. 
Likewise, different configurations or 
unique design or site characteris-
tics of the existing or development 
facility would require a cost adjust-
ment prior to completing the cost-
to-capacity analysis. Significant 
differences between the existing 
and development facility in any of 
the aforementioned areas can yield 
nonmeaningful capital cost esti-
mates [3, 7].

Lastly, prior to applying the cost-
to-capacity method, the known 
capital costs of the existing facility 
that have a specified reference year 
must be appropriately adjusted for 
inflation in order to develop a reliable 
cost estimate for the proposed facil-
ity. For example, it may be required 
to develop a capital cost estimate 
for a proposed chemical facility in 
current dollars but the known capi-
tal costs of the similar existing refer-
ence facility are in 2020 dollars. In 
general terms, to appropriately ac-
count for the effects of cost inflation, 
the known capital costs for the exist-
ing facility must be escalated using 
appropriate cost indices applicable 
to the technology in question [3, 7]. 
In this example, the known capital 
costs for the existing facility must be 
multiplied by a ratio of the current 
year index and the 2020 index [3, 6].

Equation (2) illustrates the general 
relationship:

C2 = C1 (Index2/Index1)                          (2)

C2 = Estimated cost of proposed fa-
cility in applicable year
C1 = Known capital cost of existing 
facility in reference year
Index2 = Proposed facility estimated 
year cost index
Index1 = Existing facility reference 
year cost index
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When using cost indices to escalate known capital 
costs, there are some nuances of which to be aware. 
The older the known capital costs are, the greater 
potential there is to have diminished accuracy in the 
capital cost estimate of the proposed facility. Thus, 
known capital costs for existing facilities that are es-
calated for inflation using the previously presented 
equation need to be analyzed to determine whether 
they are still appropriate and relevant. When estimat-
ing capital costs for a development facility, the use of 
known capital costs for existing facilities that are as 
current as possible will typically yield more meaningful 
results [3, 6].

Some commonly used, reliable cost indices that can 
be applied in escalating known capital costs for ex-
isting facilities 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), the Chemical Engineering Plant 
Cost Index® (CEPCI) and the M&S Cost Index [3].

Cost-to-capacity example
A simple application example of the cost-to-capacity 
method is given below in order to better illustrate the 
previously discussed concepts and methodologies.

A conceptual capital cost estimate is needed for 
the proposed development of a 1,500 ton/d ammo-
nia plant near Des Moines, Iowa as of a current date. 
There are known capital costs for a similar plant of 
the same technology located near Houston, Texas 
with a capacity of approximately 1,000 ton/d, which 
had construction completed in January 2022. The 
total capital cost of the existing plant in January 2022 
dollars was approximately $715,000,000. It is con-
cluded that because the existing plant is very similar 
to the proposed plant and employs the same process 
technology, no cost adjustment is required for unique 
design characteristics. However, due to the fact that 
proposed facility is located in a different region than 
the existing facility, a location adjustment is required. 
Additionally, an adjustment must be made to the 
known capital costs in January 2022 dollars for time 
and inflation in order to get a cost estimate as of a cur-
rent date. Lastly, an adjustment must be made for the 
difference in capacities of the existing and proposed 
facilities by utilizing the cost-to-capacity method.

First, the known capital costs for the existing am-
monia plant located near Houston must be adjusted 
to get to an estimate of the capital costs if had been 
constructed near Des Moines. A location index ap-
plicable to the chemical industry indicates a location 
index of 117.0 for Houston, Texas and a location 
index of 128.0 for Des Moines, Iowa. Applying the 
two indices in a formula similar to the time adjustment 
formula is shown below:

Existing Plant Capital Cost Adjusted to Des Moines, 
Iowa = $715,000,000 × (128.0/117.0)
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Existing Plant Capital Cost Adjusted 
to Des Moines, Iowa = $782,000,000 
(rounded)

Next, the location-adjusted capital 
costs, which are still in January 2022 
dollars, must be converted to cur-
rent dollars. An applicable cost index 
for the chemical industry indicates a 
January 2022 index value of 1,085.0 
and a current date index value of 
1,180.0. Applying the two indices in 
the previously presented formula is 
presented below:

Location Adjusted Capital Cost 
Escalated to Current Cost = 
$782,000,000 × (1,180.0/1,085.0)

Location Adjusted Capital Cost 
Escalated to Current Cost = 
$850,000,000 (rounded)

Lastly, the location-adjusted, time-
escalated cost must be scaled to ac-
count for the difference in capacities 
between the proposed and existing 
ammonia plants. A credible source 
indicates that an appropriate scale 
factor to apply in cost estimates for 
an ammonia plant is 0.78. The pre-
viously introduced equation for the 
cost-to-capacity method can now 
be mathematically manipulated and 
solved as follows:

Location and Scale Adjusted Cur-
rent Cost Estimate = $850,000,000 

× [(1,500 ton/d)/(1,000 ton/d)]0.78

Location and Scale Adjusted Current 
Cost Estimate = $1,166,000,000 
(rounded)

As shown in the above cost esti-
mate example, a capacity increase 
of 1.5 times results in a capital cost 
increase of approximately 1.37 
times. This expresses the previously 
introduced concept of economies 
of scale inherent in applying a scale 
factor of less than 1 [3].

Scale-factor derivation method
One of most crucial components 
when applying the cost-to-capacity 
method is an appropriate scale fac-
tor. 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” [3, 8]. Since the 
Chilton study, many other sources 
have published scale factors for vari-
ous industrial facilities and equipment 
of certain technologies. However, the 
majority of these scale factors are not 
published with supporting industry 
data and derivations [3].

The methodology for deriving a 
scale factor is similar in nature to the 
cost-to-capacity method equation 
as previously presented. If cost and 
capacity data are known for different 

facilities, production units, or prices 
of equipment with the same or very 
similar technology and design, then 
a scale factor can be derived. The 
previously presented equation for the 
cost-to-capacity method can easily 
be transformed by applying natural 
logarithms (ln) to the cost and capac-
ity data on both sides of the equa-
tion to develop a linear relationship. 
It can then be further manipulated to 
solve for the non-linear scale factor, 
x. Equations (3) through (6) show this 
relationship [3].

C2/C1 = (Q2/Q1 )x                                  (3)
ln(C2/C1) = ln(Q2/Q1 )x                           (4)
ln(C2/C1) = X × ln(Q2/Q1)                        (5)
[ln(C2/C1)] / [ln(Q2/Q1)] = X                     (6)

The above relationship outlines 
the basic concept behind the de-
velopment 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, production unit, or piece of 
equipment with a certain technol-
ogy, an entire set of capital cost and 
capacity data must be available and 
analyzed. To accomplish this, natu-
ral logarithms can be applied to an 
entire set of cost and capacity data 
and then graphed. A linear regres-
sion 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 with a spe-
cific technology [3, 8].FIGURE 1. The graph shows the declining cost per horsepower of capacity for a horizontal centrifugal 

pump

TABLE 1.  HORIZONTAL CENTRIFUGAL 
PUMP CAPACITIES AND COSTS [9]

Capacity (hp)      Cost ($)
  Cost per  
  capacity, 
   ($/hp)

1.0 956.51 956.51

1.5 1,184.13 789.42

2.0 1,279.37 639.69

3.0  1,396.83 465.61

4.0 1,530.16 382.54

5.0 2.083.49 416.61

7.5 2,381.98 317.60

10.0 2,518.44 251.84

15.0 3,492.73 232.85

20.0 4,197.68 209.88
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It is important that the cost and 
capacity data that are gathered and 
analyzed in the linear regression 
analysis are consistent with respect 
to design parameters, such as tech-
nology, configuration, location and 
unique site characteristics. These 
are similar to the considerations of 
the cost-to-capacity method, as 
previously stated [3].

Scale-factor derivation example
An example is best to illustrate the 
derivation of a scale factor using 
regression analysis. Table 1 pres-
ents the capacity and associated 
cost and cost per horsepower (hp) 
for different capacities of horizontal 
centrifugal pumps in current dol-
lars. The data set is for the off-the-
shelf cost for horizontal centrifugal 
pumps from the same manufac-

turer and is concluded to be an 
acceptable data set because it has 
consistent cost information. When 
deriving a scale factor for an entire 
facility or production unit, the most 
reliable data set is one that is con-
sistent and has the same or very 
similar basic manufacturer designs, 
location basis, technology and 
configuration. If there are variations 
in the costs that make up the data 
set in relation to any of these at-
tributes, certain adjustments may 
need to be made prior to perform-
ing the scale factor derivation. It 
should be noted that the method-
ology presented in the following 
example is universal and can apply 
to any data set for known capital 
costs and capacities for entire fa-
cilities, production units, or pieces 
of equipment.

The data in Table 1 illustrate a de-
clining trend in the cost per hp of 
capacity as the size of the horizon-
tal centrifugal pump increases. This 
demonstrates the concept of econo-
mies of scale that exist as capacity 
increases. Figure 1 provides a visual 
depiction of the declining cost per 
horsepower of capacity.

The relationship of economies of 
scale that exists for horizontal cen-
trifugal pumps 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 cost and capacity data 
and then graphed. A linear regres-
sion analysis is then performed on 
the natural logarithm of the total 
cost and capacity to derive a lin-
ear regression equation. Figure 2 
shows a graph of the natural loga-
rithm of the cost and capacity data 
from Table 1, along with the resul-
tant linear regression equation [3].

Per the linear regression equa-
tion shown in Figure 2, the slope 
of the line is 0.4827. As previously 
discussed, this slope is representa-
tive of the scale factor for the given 
set of cost and capacity data ana-
lyzed. Thus, the derived scale fac-
tor for horizontal centrifugal pump 
for the range of capacities analyzed 
is concluded to be approximately 
0.48, rounded.

FIGURE 2. A linear regression equation, using natural logarithms, is shown for the data from Figure 2.  
The slope of the line represents the scale factor for the given data

TABLE 2.  CAPACITY RATIO (Q2/Q1)

Scale  
factor  
applied

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0.20 –18% –29% –37% –42% –47% –50% –53% –55%

0.25 –17% –27% –34% –39% –43% –46% –49% –52%

0.30 –15% –24% –31% –36% –39% –43% –45% –47%

0.35 –13% –22% –27% –32% –35% –38% –41% –43%

0.40 –11% –19% –24% –28% –31% –34% –36% –38%

0.45 –10% –16% –20% –24% –27% –29% –31% –33%

0.50 –8% –13% –17% –20% –22% –24% –26% –28%

0.55 –6% –10% –13% –15% –17% –19% –20% –21%

0.60 –4% –7% –9% –10% –12% –13% –14% –15%

0.65 –2% –3% –4% –5% –6% –7% –7% –8%

0.70 0% 0% 0% 0% 0% 0% 0% 0%

0.75 2% 4% 5% 6% 6% 7% 8% 8%

0.80 4% 7% 10% 12% 13% 15% 16% 17%

0.85 6% 11% 15% 18% 21% 23% 25% 27%

0.90 8% 15% 20% 25% 28% 32% 35% 38%

0.95 11% 19% 26% 32% 37% 41% 46% 50%

1.00 13% 23% 32% 39% 46% 52% 57% 62%

1.05 15% 27% 38% 47% 55% 62% 69% 76%

1.10 18% 32% 44% 55% 65% 74% 83% 90%



CHEMICAL ENGINEERING    WWW.CHEMENGONLINE.COM    DECEMBER 2024
24

R2 values calculated in linear re-
gression 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 ap-
pears to closely match the set of 
data. Furthermore, the R2 shown in 
Figure 2 is 0.9722, indicating that the 
linear regression equation is a good 
approximate for the data set [3].

Scale factor considerations
The previously presented scale-
factor derivation for the cost and 
capacity data for the horizontal 
centrifugal pump is a simplified ex-
ample in that one scale factor was 
derived for a range of horsepower 
capacities. Depending on the type 
of technology of the particular fa-
cility, production unit, or piece of 
equipment, the scale factor could 
increase at certain ranges of capac-
ity due to fixed increases in costs 
for larger capacities [3, 10]. In many 
cases, if a set of cost and capac-
ity data are broken down into sub-
sets and a scale-factor derivation is 
performed, the resultant scale fac-
tors for the larger-capacity subsets 
could be greater than the smaller 
capacity subsets. Thus, caution 
should be used when deriving a 
single scale factor based on broad 
ranges of capacities for a particu-
lar facility, production unit, or piece 
of equipment. Understanding that 
scale factors may vary over ranges 
of capacities should cause a level 
of caution to be taken when apply-
ing a single scale factor in cost-to-
capacity analyses for a broad range 
of facility, production unit, or equip-
ment capacity. Utilizing a scale 
factor that is not appropriate for a 
given range of capacities will lead 
to less reliable conceptual capital 
cost estimate results [3].

For illustrative purposes, assume 
a conceptual capital cost estimate 
is undertaken for a development 
project and the appropriate scale 
factor to apply for the given facility 
of a certain technology and capac-
ity is 0.70. Table 2 presents the po-
tential percent error inherent in the 

capital cost estimate if the scale 
factor applied in the analysis devi-
ates from 0.70.

Table 2 shows that the use of an 
inappropriate scale factor can intro-
duce significant error. Thus, it is crit-
ical that the scale factor applied in 
the cost-to-capacity method should 
be supported by publications or 
derivations and should apply to the 
technology and range of capacities 
applicable to the capital cost esti-
mate in order to yield a reliable capi-
tal cost estimation [11].

Concluding remarks
Conceptual capital-cost estimates 
can be useful tools when making 
decisions early on in the planning 
process for a development project 
when only a limited project scope 
exists. In order to arrive at reason-
able capital cost estimates, cost 
engineers must be aware of the 
various conceptual cost-estimating 
methods that exist and certain con-
siderations associated with each. 
The cost-to-capacity method is 
one tool that can allow cost engi-
neers to develop conceptual cap-
ital-cost estimates for entire facili-
ties, production units, or pieces of 
equipment based on known capital 
costs for similar assets with differ-
ent capacities. While mathemati-
cally, the cost-to-capacity method 
is fairly simplistic, it must be ap-
plied in a consistent and appro-
priate manner in order to produce 
meaningful results. Analyzing and 
utilizing cost data for facilities, pro-
duction units, or equipment that 
are not adequately similar to the 
subject of the cost estimate, or ap-
plying a scale factor that is arbitrary 
or not appropriate, can result in a 
significant under- or overstatement 
of the capital cost estimate. How-
ever, when applied appropriately, 
the cost-to-capacity method can 
yield fairly quick and reliable con-
ceptual capital-cost estimates, 
which can be critical in determining 
the ultimate economic feasibility of 
a development project. 	 n
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