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Chemical-processing plants that can be numbered up by installing and operating

many replicate facilities are economically and technically well suited for the con-

version of geographically distributed sources of renewable or waste carbon into

fuels or chemicals. Examples from the manufacture of chemicals and the installa-

tion of flue gas treatment technology suggest that the relative cost diminution

should correlate through a power law (Cost/Cost1 / E−a) with E, a measure of the

experience of operating those facilities and/or the number of units that are mass

manufactured and installed. The exponent, a, can be related to the complexity of

the process and the characteristics of the products.
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1 | INTRODUCTION

This overview borrows liberally from other industries and
previous analyses of the manufacturing of fuels and chemi-
cals[1] and pollution abatement[2] to present correlations that
may be useful in estimating the economics of numbering up
a distributed chemical process. The target example will be
the production of chemicals and intermediates derived from
feedstocks that are now disposed as waste (eg, sewage
sludge, manure) and that therefore may be cost-advantaged
over less noisome feedstocks generated purposely for mak-
ing the products, for example, a purpose-grown energy crop.

If the inputs (viz., feedstocks, energy) to a chemical pro-
cess are derived from geographically dispersed sources that
are expensive to aggregate or if delivery of a product would
benefit from very close proximity to its customers, then an
enterprise consisting of many replicate facilities that satisfy
the distributed market should be preferred to a centralized
facility that operates at the same rate of production. The
preference could arise, as it may for process intensification,
because of economics,[3,4] resiliency,[5] or safety.[6] Exam-
ples of distributed feedstocks (inputs) include flue gas;
renewably sourced electricity (in the absence of a lossless

grid); and biomass and wastes from farms, landfills, or water
treatment plants. Examples of dispersion-benefited products
include shelf life-limited pharmaceuticals, highly reactive
reagents (eg, Cl2, H2O2, performic acid), and other interme-
diates that enhance a just-in-time production strategy.

2 | DISCUSSION

Chemical engineers are well schooled in estimating the eco-
nomics of scaling up a process through the use of Lang fac-
tors and allometric relations between production capacity
and unit costs,[7,8] particularly for stick-built facilities (ie,
those constructed on site). The benefits of modulariza-
tion[9,10] discussed to date deal with the ease and rapidity of
assembly or installation, not the sort of mass manufacturing
that is susceptible to economies of manufacturing scale,
which is the topic here.

The term enterprise refers to either a conventional cen-
tralized facility or the aggregation of the distributed facili-
ties. Thus, a 100 ton/day enterprise could mean either a
centralized facility that operates at that rate of production or
a set of 100 individual 1−t/day facilities, distributed to be
close to the feedstocks or customers.
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The term experience refers to the cumulative operation of
either enterprise. It includes both the learning associated
with the construction of plants beyond the pioneer installa-
tion as well as the refinements gleaned from time on stream.

Centralized plants are typically stick-built to accommo-
date unique demands of the site and of the customer.
They are rarely numerous, identical replicates, so there is
no opportunity to benefit from economies of learning
from mass manufacturing.[11] Experience in this instance
therefore typically signifies time on stream or cumulative
throughput.

Distributed plants, on the other hand, would most likely
consist of prefabricated, modular components, so experience
can include the learning associated with designing, fabricat-
ing, assembling, and installing the plants, as well as the
learning gained through operating the fleet of replicate
facilities.

3 | EXPERIENCE CURVES

The cost of a produced unit, whether it is a service, a mate-
rial, or a widget, is generally found to decrease with
experience[12,13](Figure 1). Again, experience can include
cumulative production and/or cumulative hours spent on
stream. This type of correlation was initially attributed to
learning by workers on assembly lines[14] but has been
observed in other industries as well,[13] so it may also
include learning by management, improvements in the man-
ner of production, decreases in the cost of inputs, and other
factors.[2] The exponent, a in Figure 1, is related to a quan-
tity called the progress ratio, p = 2−a; each doubling of

experience lowers the per-unit cost by a factor, (1−p), called
the learning rate. Therefore, the smaller the progress ratio,
the larger the learning rate and the faster the cost reduction;
a progress ratio of 100% means that costs do not decrease
with experience.

For stick-built plants,[11,15] learning ratios for con-
struction appear to be no larger than about 10%. How-
ever, several examples from the chemical process
industry can exhibit cost savings that scale with experi-
ence equated with cumulative throughput[1,2] as exempli-
fied by Figure 1.

A survey by Merrow[1] of more than 40 chemical pro-
cesses, which included operating experiences as well as con-
struction experience, has demonstrated progress ratios closer
to 80% (ie, learning rates averaging about 20%), the trend
varying with the complexity and other characteristics of the
process and product:

Progress ratio,

p = 92:3− 3:2%*number of chemical processes

+ 6:5%if the main process train involves solids handling

+ 5:0%if the product is a primary chemical

eg, sulfuric acidð Þ
+ 5:0%if the product is a liquid ð1Þ
Of course, there are exceptions to the highly empirical

observation of the effects of experience, with respect to the
rate of learning rate, its constancy, and even its general pro-
gress; there are well-documented examples of forgetting as
well as learning.[15–18]

An example that does show cost savings from experien-
tial learning, flue gas desulfurization (FGD), is presented in
the next section. Implications of cumulative learning for dis-
tributed processing of waste carbon resources will be dis-
cussed subsequently.

3.1 | Flue gas desulfurization

FGD consists of three principal operations (Figure 2) that
serve to remove sulfur dioxide, produced from burning fuel-
borne sulfur, most usually as calcium sulfate, which can
either be sold as gypsum or disposed.

The history of the technology and its implementation of
FGD, from 1971 through 2004, have been reviewed.[2] The
capital costs for this necessarily distributed chemical process
exhibited a progress rate of about 88% (ie, a learning rate of
12%) across a 30-fold increase in experience, represented by
the capacity installed during that period (Figure 3). As men-
tioned above, that learning rate is typical of stick-built facili-
ties, perhaps due to the customization required to retrofit
each unique site.

FIGURE 1 Prototypic experience curve showing how cost, relative
to the initial cost, varies with an assumed learning rate = 20%, that is, a
progress ratio, P = 80%, −a = 0.32 = −log2(0.8)
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According to that formula and the schematic process flow
diagram shown in Figure 2, the progress ratio for FGD
would have been predicted to be:

pfgd = 92:3 – 3:2%*4 process steps

+ 6:5% for handling the calcium oxide and gypsumð Þ
= 86% cf 88%from Figure 3ð Þ:

The agreement between the observed effects of
experience on the capital expense of FGD and that
predicted according to the correlation devised by Mer-
row[1] is notable. However, the data illustrate, as has

been found elsewhere,[16,19–21] that the rate of learning
may be only approximately constant across the phases
of development and implementation of a technology
(Table 1).

3.2 | Distributed processing of waste carbon

We have recently overviewed[3,4] the conversion of waste
carbon into fuels and chemicals. A large number of plants
would be needed to contend with the many, widely distrib-
uted sources of renewably produced biomass and carbon-
containing waste streams. Therefore, such an enterprise
would involve the fabrication, installation, and operation of
facilities, whose economics would benefit from both
manufacturing learning and operational learning. As an
example, consider that the United States has about 15 000
municipal wastewater treatment plants[22] and about 40 000
dairy farms[23] that produce sludge and manure, which can
be converted into a bio-oil via hydrothermal liquefaction.[24]

We have estimated the cost of constructing a process that
couples the hydrothermal liquefaction with electrochemical
upgrading (HTL-ECU) of the bio-oil (Figure 4) at a scale in
the range of 1 to 10 barrels/day of bio-oil (ca 1 t/day of liq-
uid product). The cost estimates were derived from the
Aspen Capital Cost Estimator,[25] scaled allometrically
(exponent ’ 0.6) to this very small scale. We assumed a
Lang installation factor of 1.7, corresponding to the installa-
tion of a new modular facility at an existing site (Scenario
4 of Sievers et al[10]). The capital costs for the depolymeriza-
tion operations (HTL) and balance of plant were taken from
a preliminary Pacific Northwest National Laboratory esti-
mate.[24] The capital cost for the electrolysis reactor was
adapted[3] from a detailed technoeconomic analysis of a
redox flow battery.[26] At this early stage, we consider those
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FIGURE 2 Schematic of the unit operations comprising flue gas
desulfurization. The history of the technology and its implementation
of FGD, from 1971 through 2004, have been reviewed.[2] The capital
costs for this necessarily distributed chemical process exhibited a
progress rate of about 88% (ie, a learning rate of 12%) across a 30-fold
increase in experience, represented by the capacity installed during that
period (Figure 3). As mentioned above, that learning rate is typical of
stick-built facilities, perhaps due to the customization required to
retrofit each unique site

FIGURE 3 The capital cost of flue gas desulfurization (from data
presented by Rubin et al[2]) decreases with experience, represented by
cumulative installed capacity

TABLE 1 Preliminary estimate of the capital expense (CapEx,
Projected to 2016) for the fixed equipment for a first-of-a-kind and
1500th copy of a facility for depolymerizing waste biomass via
hydrothermal liquefaction and electrochemical upgrading under two
learning regimes

Unit

Installed
CapEx for
first
10-bbl/day
plant

Installed CapEx
for 1500th
10-bbl/day plant
with P = 90%

Installed
CapEx for
1500th
10-bbl/day
plant
with P = 80%

HTL
production

$920 000 $303 000 $87 400

Electrolyzer $98 000 $32 200 $9300

Installation $645 000 $212 200 $61 300

Cost per barrel
per day

$166 300 $54 740 $15 800
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costs to be plausible but highly uncertain, in part due to the
excessively large range over which we downscaled the
equipment costs.

We have chosen to estimate the cost for the 1500th instal-
lation, which corresponds to an enterprise comprising the
equivalent of 15 000 bbl/day of production, which is in the
range considered for biorefineries.[27]

We considered two learning regimes (Table 1), one char-
acteristic of stick-built plants (p = 90%) and the other corre-
sponding to a value of p = 80% estimated from Equation 1,
assuming eight unit operations (three of which reside in the
electrolysis cell: oxidation at the anode, reduction at the
cathode, and ion transport across the membrane):

Progress ratioHTL-ECU
= 92:3 – 3:2%*8 thermo−ð Þ chemical steps

+ 5% for a primary chemicalð Þ
+ 5% for a liquid productð Þ
= 77% which, to be conservative, we rounded up to 80%ð Þ:

Those two values approximate the range of learning rates
characteristic of facilities generating renewable electric-
ity[20]: photovoltaics, where p = 73%, and wind turbines,
where p = 89% (Figure 5).

If the product of the HTL-ECU process was a fuel feed-
stock that could be sold at a profit of, say, $30/bbl, then the
estimated capital expense for a 10-bbl/day facility that fol-
lowed 20% learning would be paid back in about 1.5 years:

15, 800= 30=bbl*1 bbl=day*365 day=yearÞ = 1:4 yearð
and about 5 years if the learning rate was only 10%:

54, 740= 30=bbl*1 bbl=day*365 day=yearÞ = 5 yearð
Either should be well within the economic grasp of a

municipality or even an individual investor. Of course, a
well-considered investment would include detailed operating

FIGURE 4 The schematic of a
process that combines
hydrothermal liquefaction of
manures and sludge with
electrochemical upgrading of the
bio-oil and purification of the
water

FIGURE 5 Comparison of the learning rates for the installation
costs of two sources of renewable electricity from data reported by
Nemet[20]
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costs, as well as the likely negative cost of the feedstock (the
tipping fee for sludge can exceed $100/t).[28]

The effect of learning on the capital cost is, as would be
expected, sensitive to the value of the learning rate; it is
much less sensitive to the size of the enterprise (Figure 6).

4 | CONCLUSIONS

The economic effect of experience, which is frequently cap-
tured as a rate of learning, is an empirical correlation that
needs to be adjusted and validated for each case. However,
evidence from several examples of chemical processes sug-
gests that their economics are susceptible to the benefits of
experience, not just scale. The effects of learning will be
critical to the economic success of chemical processing of
distributed resources (and products) where aggregation may
not be sufficient to justify the scaling typical of the approach
that is conventional in enterprises for the chemical-
processing industry.

ACKNOWLEDGEMENTS

This work was supported by Laboratory Directed Research
and Development funding at Pacific Northwest National
Laboratory (PNNL). PNNL is a multiprogram national labo-
ratory operated for the US Department of Energy by Battelle
under contract DE-AC05-76RL01830.

CONFLICT OF INTEREST

The authors declare no conflict of interest from the analysis
or opinions expressed here.

ORCID

Robert S. Weber https://orcid.org/0000-0003-3731-8461

REFERENCES

[1] E. W. Merrow, An Analysis of Cost Improvement in Chemical
Process Technologies. Santa Monica, CA: RAND Corporation,
1989. https://www.rand.org/content/dam/rand/pubs/reports/2006/
R3357.pdf. Accessed March 5, 2019.

[2] E. S. Rubin, M. R. Taylor, S. Yeh, D. A. Hounshell,
L. Schrattenholzer, K. Riahi, L. Baretto, R. Shilpa, The Effect of
Government Actions on Environmental Technology Innovation:
Applications to the Integrated Assessment of Carbon Sequestra-
tion Technologies. Oak Ridge, Tennessee: US Department of
Energy, 2004. https://www.osti.gov/servlets/purl/825164.
Accessed March 5, 2019.

[3] R. S. Weber, J. E. Holladay, Engineering 2017, 3, 330.
[4] R. S. Weber, J. E. Holladay, C. Jenks, E. A. Panisko,

L. J. Snowden-Swan, M. Ramirez-Corredores, B. Baynes,
L. T. Angenent, D. Boysen, WIREs Energy Environ. 2017, 7,
e308.

[5] J. A. Moulijn, A. I. Stankiewicz, J. Grievink, A. Gorak, in 16th
European Symp. on Computer Aided Process Engineering and
9th International Symp. on Process Systems Engineering,
Garmisch-Partenkirchen, Germany 2006.

[6] J. C. Etchells, Process Saf. Environ. Prot. 2005, 83, 85.
[7] M. S. Peters, K. D. Timmerhaus, R. E. West, Plant Design and

Economics for Chemical Engineers, McGraw Hill, New York
2003.

[8] Y. A. Wain, PM World J. 2014, 3, 1.
[9] G. C. Ricci-Rossi, Fette Seifen Anstrichm. 1985, 87, 529.
[10] S. Sievers, T. Seifert, M. Franzen, G. Schembecker,

C. Bramsiepe, Chem. Eng. Sci. 2017, 158, 395.
[11] L. M. Boldon, P Sabharwall, Small Modular Reactor: First-of-a-

Kind (FOAK) and Nth-of-a-Kind (NOAK) Economic Analysis,
Oak Ridge, Tennessee, 2014, https://www.osti.gov/biblio/
1167545-small-modular-reactor-first-kind-foak-nth-kind-noak-
economic-analysis. Accessed March 5, 2019.

[12] A. Silbertson, Econ. J. 1972, 82, 369.
[13] The Boston Consulting Group, Perspectives on Experience, The

Boston Consulting Group, Boston, MA 1970.
[14] T. P. Wright, J. Aeronaut. Sci. 1936, 3, 122.
[15] National Energy Technology Laboratory, Technology Learning

Curve (FOAK to NOAK), Morgantown, West Virginia, 2013,
https://www.netl.doe.gov/energy-analyses/pubs/QGESSSec8.pdf
(accessed: December 2016).

[16] N. Baloff, J. Oper. Res. Soc. 2017, 22, 329.
[17] K. J. Arrow, The Economic Implications of Learning by Doing,

ONR Technical Report 101, 1961, http://www.dtic.
mil/dtic/tr/fulltext/u2/268919.pdf. Accessed March 5, 2019.

[18] L. Argote, D. N. Epple, Science 1990, 247, 920.
[19] J. A. Cunningham, IEEE Spectrum 1980, 17, 45.
[20] G. F. Nemet, How Well does Learning-by-doing Explain Cost Reduc-

tions in a Carbon-free Energy Technology?Milan, Italy, 2006, https://
core.ac.uk/download/pdf/6264599.pdf (accessed: January 2019).

[21] L. E. Yelle, Decis. Sci. 2007, 10, 302.
[22] T. E. Seiple, A. M. Coleman, R. L. Skaggs, J. Environ. Manage.

2017, 197, 673.
[23] Progressive Dairyman, 2017 U.S. Dairy Trade & Processing

Jerome, Idaho, 2007, https://www.progressivepublish.com/
downloads/2018/general/2017-pd-stats-highres.pdf (accessed:
January 2019).

FIGURE 6 Sensitivity of the relative cost of the nth replicate (Cn/
C1) to the learning parameters near the base case (learning rate = 20%,
enterprise size = 1500 units)

WEBER AND SNOWDEN-SWAN 5 of 6

https://orcid.org/0000-0003-3731-8461
https://orcid.org/0000-0003-3731-8461
https://www.rand.org/content/dam/rand/pubs/reports/2006/R3357.pdf
https://www.rand.org/content/dam/rand/pubs/reports/2006/R3357.pdf
https://www.osti.gov/servlets/purl/825164
https://www.osti.gov/biblio/1167545-small-modular-reactor-first-kind-foak-nth-kind-noak-economic-analysis
https://www.osti.gov/biblio/1167545-small-modular-reactor-first-kind-foak-nth-kind-noak-economic-analysis
https://www.osti.gov/biblio/1167545-small-modular-reactor-first-kind-foak-nth-kind-noak-economic-analysis
https://www.netl.doe.gov/energy-analyses/pubs/QGESSSec8.pdf
http://www.dtic.mil/dtic/tr/fulltext/u2/268919.pdf
http://www.dtic.mil/dtic/tr/fulltext/u2/268919.pdf
https://core.ac.uk/download/pdf/6264599.pdf
https://core.ac.uk/download/pdf/6264599.pdf
https://www.progressivepublish.com/downloads/2018/general/2017-pd-stats-highres.pdf
https://www.progressivepublish.com/downloads/2018/general/2017-pd-stats-highres.pdf


[24] L. J. Snowden-Swan, Y. Zhu, S. B. Jones, D. C. Elliott,
A. J. Schmidt, R. T. Hallen, J. M. Billing, T. R. Hart, S. P. Fox,
G. D. Maupin, Hydrothermal Liquefaction and Upgrading of
Municipal Wastewater Treatment Plant Sludge: A Preliminary
Techno-Economic Analysis. Richland, WA: Pacific Northwest
National Laboratory, 2016.

[25] Aspentech, Aspen Capital Cost Estimator, Bedford, MA, 2019,
www.aspentech.com (accessed: January 2019).

[26] V. Viswanathan, A. Crawford, D. Stephenson, S. Kim, W. Wang,
B. Li, G. Coffey, E. Thomsen, G. Graff, P. Balducci, M. Kintner-
Meyer, V. Sprenkle, J. Power Sources 2014, 247, 1040.

[27] US Department of Energy Bioenergy Technologies Office,
Multi-Year Program Plan, Washington, District of Columbia,
2016, https://www.energy.gov/sites/prod/files/2016/07/f33/mypp_
march2016.pdf (accessed: November 2017).

[28] California Department of Resources Recycling and Recovery,
Landfill Tipping Fees in California, Sacramento, CA, 2015,
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=
web&cd=2&ved=2ahUKEwjRgb7YvOTfAhWSJTQIHRSyAE0
QFjABegQIAhAE&url=https%3A%2F%2Fwww2.calrecycle.ca.
gov%2FPublications%2FDownload%2F1145&usg=AOvVaw3zd
1iZtbmHlTOH4lKbCBWa (accessed: July 2017).

How to cite this article: Weber RS, Snowden-
Swan LJ. The economics of numbering up a chemical
process enterprise. J Adv Manuf Process. 2019;1:
e10011. https://doi.org/10.1002/amp2.10011

6 of 6 WEBER AND SNOWDEN-SWAN

http://www.aspentech.com
https://www.energy.gov/sites/prod/files/2016/07/f33/mypp_march2016.pdf
https://www.energy.gov/sites/prod/files/2016/07/f33/mypp_march2016.pdf
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwjRgb7YvOTfAhWSJTQIHRSyAE0QFjABegQIAhAE&url=https%3A%2F%2Fwww2.calrecycle.ca.gov%2FPublications%2FDownload%2F1145&usg=AOvVaw3zd1iZtbmHlTOH4lKbCBWa
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwjRgb7YvOTfAhWSJTQIHRSyAE0QFjABegQIAhAE&url=https%3A%2F%2Fwww2.calrecycle.ca.gov%2FPublications%2FDownload%2F1145&usg=AOvVaw3zd1iZtbmHlTOH4lKbCBWa
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwjRgb7YvOTfAhWSJTQIHRSyAE0QFjABegQIAhAE&url=https%3A%2F%2Fwww2.calrecycle.ca.gov%2FPublications%2FDownload%2F1145&usg=AOvVaw3zd1iZtbmHlTOH4lKbCBWa
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwjRgb7YvOTfAhWSJTQIHRSyAE0QFjABegQIAhAE&url=https%3A%2F%2Fwww2.calrecycle.ca.gov%2FPublications%2FDownload%2F1145&usg=AOvVaw3zd1iZtbmHlTOH4lKbCBWa
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwjRgb7YvOTfAhWSJTQIHRSyAE0QFjABegQIAhAE&url=https%3A%2F%2Fwww2.calrecycle.ca.gov%2FPublications%2FDownload%2F1145&usg=AOvVaw3zd1iZtbmHlTOH4lKbCBWa
https://doi.org/10.1002/amp2.10011

	 The economics of numbering up a chemical process enterprise
	1  INTRODUCTION
	2  DISCUSSION
	3  EXPERIENCE CURVES
	3.1  Flue gas desulfurization
	3.2  Distributed processing of waste carbon

	4  CONCLUSIONS
	4  ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	  REFERENCES


