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Review 

Technoeconomic analysis for near-term scale-up of 
bioprocesses
Tuhin K Poddar1,2 and Corinne D Scown1,2,3,4

Growing the bioeconomy requires products and pathways that 
are cost-competitive. Technoeconomic analyses (TEAs) aim to 
predict the long-term economic viability and often use what are 
known as nth plant cost and performance parameters. However, 
as TEA is more widely adopted to inform everything from early- 
stage research to company and investor decision-making, the nth 

plant approach is inadequate and risks being misused to inform 
the early stages of scale-up. Some methods exist for conducting 
first-of-a-kind/pioneer plant cost analyses, but these receive less 
attention and have not been critically evaluated. This article 
explores TEA methods for early-stage scale-up, critically 
evaluates their applicability to biofuels and bioproducts, and 
recommends strategies for producing TEA results better suited 
to guiding prioritization and successful scale-up of bioprocesses.
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Introduction
The development of low-carbon bioenergy and biopro-
ducts is vital to reducing global greenhouse gas emissions 
from sectors, including transportation and chemical man-
ufacturing [1]. Deep decarbonization requires a transition 
that extends beyond first-generation production and le-
verages new research and development (R&D) to convert 

sustainably harvested biomass and waste resources to fuels 
and products [2,3]. The typical trajectory of a bioprocess 
facility’s scale-up begins with process innovation and de-
velopment at the lab scale, followed by a pilot plant, a 
demonstration facility, a first-of-a-kind (FOAK, also re-
ferred to as a pioneer) plant, and, finally, what is known as 
an nth plant, which is typically the fifth commercial plant 
and onward that is built and brought online [4]. By the 
time a bioprocess facility is deemed an nth plant, econo-
mies of scale, reliable plant performance, along with stable 
feedstock availability and product output, all bring costs 
down relative to the FOAK plant [5].

Technoeconomic analysis (TEA) is an approach used to 
gain early insights into the long-term economic viability 
of biobased production pathways using a combination of 
engineering design, computer simulations, and perfor-
mance data generated in the R&D phase [6]. TEAs, 
particularly those done by researchers, often exclusively 
use nth plant assumptions for several reasons: (1) re-
searchers are motivated to prove the viability of their 
own technologies and (2) FOAK plants are understood to 
be costly, carry the risk of delays, and have unexpected 
cost overruns that are difficult to predict. However, the 
exclusive focus on nth plant analysis misses a critical 
opportunity to inform and prioritize R&D based on the 
metrics of greatest importance at the early stages of 
scale-up, where other factors may play an outsized role 
in the costs. Process simplicity, reduced capital ex-
penditures (CapEx), and minimizing reliance on tech-
nologically immature unit processes are all likely to be 
important. Conducting FOAK and nth plant TEAs in 
parallel can address this gap, and there are several ex-
amples of this in the literature [7–12]. In this paper, we 
review recent efforts to assess the economic performance 
of bioprocesses at various stages of scale-up, evaluate 
these methods, and highlight shortcomings that can be 
addressed in the future.

Path to commercialization and scale-up of 
bioenergy and bioproduct facilities
The construction and operation of a FOAK (pioneer) 
plant is the primary hurdle that stands in the way of 
successful commercialization of a new bioprocess. The 
typical stages of scale-up of a biobased process are shown 
in Figure 1. The FOAK plant plays an important role in 
proving that a process can work at scale and demon-
strating the robustness of the feedstock supply chain as 
well as the off-take value chain [4,13]. FOAK plants, 
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particularly for bioprocesses, may not achieve competi-
tive product selling prices, but they are critical as a 
bridge from the R&D stage to the commercial stage.

Reliance of technoeconomic analyses on nth 

plant assumptions
Across all stages of bioprocess R&D and scale-up, TEA 
is frequently used to gauge the likelihood of success and 
identify technical and cost bottlenecks [14]. Much of the 
TEA community, particularly those working on biofuels 
and bioproducts, has coalesced around a set of standard 
input parameters for nth plant analyses. These analyses 
include (but are not limited to) articles by Kim et al., 
Dutta et al., Jones et al., and Tan et al. [15–18]. Nth plant 
assumptions based on more established technologies 
have also been adapted for emerging areas of bioprocess 
R&D, including algal biofuels and integrated bior-
efineries [19,20]. When researchers apply nth plant as-
sumptions, costs that would be incurred for FOAK 
plants are not included, such as special financing, large 
contingency costs, and longer start-up times. The nth 

plant functions as a common basis for comparison and 
represents a well-defined hypothetical plant with the 
calculated costs being indicative of a future scenario 

when the technologies involved are mature, and several 
similar plants have already been built and are operating 
[21]. Table 1 is a summary of the main nth plant as-
sumptions that have been used in TEA studies in recent 
years and values that would likely need to be adjusted 
for an FOAK analysis.

The economic assumptions and operating conditions 
assumed for an nth plant do not all apply to FOAK plants, 
as noted in Table 1. For example, a 90% on-stream 
percentage is virtually impossible for an FOAK plant 
after start-up, and these facilities can take up to 18–24 
months to reach a stable production capacity. Econom-
ically, an nth plant has lower financing costs and low 
contingency costs relative to an FOAK plant, which 
carries more uncertainty and risk [22].

Some studies have compared bioprocess TEAs using 
both the nth plant and a FOAK scenario [9,10,22], but 
the nth plant remains the default for most publications. 
Humbird et al. [23] argued that including higher costs 
associated with FOAK plants, like risk financing, longer 
start-up times, etc., all of which are outside the control of 
scientists and engineers seeking to optimize the process, 

Figure 1  
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obscures the impacts of process improvements on overall 
economics. While this critique of FOAK TEA is valid, it 
discounts the role that R&D can play in producing 
processes that increase the likelihood of success during 
the FOAK stage, provided researchers have robust TEA 
results to guide their efforts.

Existing methods used for technoeconomic 
analysis of first-of-a-kind facilities
The RAND method developed by Merrow et al. [24] in 
1981, remains the most commonly used method for esti-
mating FOAK costs [6,8], is based on the statistical re-
gression analysis of data from 44 process plants to derive 
empirical equations to help estimate the higher costs and 
performance shortfall of FOAK plants. The RAND method 
relies on more detailed TEA outputs for an nth plant design 
and provides adjustment factors to estimate costs and per-
formance for the FOAK plant (referred to in the method as 
pioneer plant). A key drawback of this approach is the 
length of time that has passed since it was updated. Al-
though it is possible to adjust for inflation, some costs re-
levant to industrial facilities may have changed more/less 
than inflation. The two main predictive equations used by 
the RAND method are shown in Equation 1 [25]. Table 2
provides variable definitions and quantitative ranges:  

Cost growth factor = 1.12196 − 0.00297*PCTNEW − 0.02125*IMPURIT-
IES − 0.01137*COMPLEXITY + 0.00111*INCLUSIVEN-
ESS + C*PROJECT DEFINITION                                             (1)

Plant performance factor = 85.77 − 9.69*NEWST-
EPS + 0.33*BALEQS − 4.12*WASTE − 17.91*SOLIDS                     (2) 

Equation 1 is used to inflate the total capital investment 
(TCI) for a FOAK plant compared to the estimated nth 

plant cost, which analysts must still estimate before 
using the RAND method. By inputting values for the 
variables in Equation 1, a cost growth factor is calculated, 
which then can be used to estimate the TCI of the 
FOAK plant as shown below in Equation 3:  

TCIPioneer = TCInthplant/cost growth factor                                      (3) 

At the extreme end of each input enumerated in Table 2
(most complexity, new processes, challenges with im-
purities, etc.), the TCI for a FOAK plant as calculated 
with Equation 3 will be 5.1 times the TCI of the nth 

plant. To estimate the shortfall in plant performance, 
Equation 2 is used to calculate a performance factor, 
which is used in Equation 4 to get the production ca-
pacity of a FOAK plant:  

Plant capacity pioneer = Nameplate capacity*plant performance factor    (4) 

Recent studies applying the RAND method have mostly 
used it to estimate the FOAK TCI, reported alongside 
results for the nth plant. Snowden-Swan et al. [8] assessed 
hydrothermal processing of wastewater sludge pathway 
and found that the TCI for the pioneer plant would cost 
75% more than the nth plant version and the on-stream 
factor of the pioneer plant would be approximately 9% 
less than the nth plant. A similar methodology was used 
in recent studies by Cervi et al. [26], Mukherjee et al. 
[27], Huang et al. [28], and Tao et al. [9] and in older 
studies by Kazi et al. [10,22], Swanson et al. [21], Wright 
et al. [29], and Anex et al. [11] to estimate the FOAK/ 
pioneer plant costs.

Table 2 lists the inputs for each of the variables in 
Equations 1 and 2. Some of the key variables like 

Table 1 

The typical nth plant assumptions for bioprocess TEA [8] and applicability to FOAK plants [20]. 

Description Assumed value for nth plant Potential adjustments for FOAK

Internal rate of return (IRR) 10% Higher IRR between 10% and 20%
Plant financing by equity/debt 40%/60% of total capital investment Higher equity/debt ratio
Plant life 30 years Between 20 and 30 years
Income tax rate 21% (35% before January 2018) No change
Interest rate for debt financing 8.0% annually Higher interest rate
Term for debt financing 10 years 10–15 years
Working capital cost 5.0% of fixed capital investment (excluding land 

purchase cost)
Higher percentage of fixed capital 
investment

Depreciation schedule 7-year Modified Accelerated Cost Recovery System 
(MACRS) schedule

No change

Construction period (spending 
schedule)

3 years (8% Y1, 60% Y2, 32% Y3) Longer construction period

Plant salvage value No value No change
Start-up time 6 months 18–24 months
Revenue and costs during start-up Revenue = 50% of normal Lower revenue and higher variable and fixed 

costsVariable costs = 75% of normal
Fixed costs = 100% of normal

On-stream percentage after start-up 90% (7884 operating hours per year) Lower on-stream percentage

TEA for near-term scale-up Poddar and Scown 3
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IMPURITIES (which represent the difficulty of hand-
ling impurities in the process), PROJECT DEFINIT-
ION, and WASTE handling are subjective in nature. To 
address this subjectivity, Tao et al. and Wright et al. 
analyzed the costs of their FOAK facility under three 
different scenarios using different values. Both studies 
have used ‘most probable’, ‘pessimistic’, and ‘optimistic’ 
scenarios for handling impurities and for project defini-
tion. One component that is important for bioprocesses 
that rely on solid biomass feedstocks and/or other or-
ganic waste streams is heterogeneity and unpredict-
ability of the incoming waste streams, and this is 
arguably missing from the variables in Table 2.

Merrow et al. noted that the RAND method is based on 
data collected from 44 oil, chemical, and mineral pro-
cessing plants, which are not necessarily representative 
of bioconversion facilities [30]. There is little empirical 
evidence in the literature to suggest that the predictive 
equations for cost growth and plant performance are 
accurate and, while one article by Morrison et al. de-
scribed the RAND method as accurate in predicting 
pioneer biofuel plant costs and performance [31], they 
provided no quantitative evidence to support this claim. 
Snowden-Swan et al. [8] were careful to mention fol-
lowing their pioneer plant analysis, that the use of the 
RAND method was only for obtaining an initial estimate 
of a pioneer facility.

Another method that has been used in recent TEAs for 
FOAK plants, which captures the impact of economies 
of scale, but no other factors, is the use of the power law 
scaling relationship, an established mathematical 
method, which extrapolates equipment size from one 
scale to another based on historical data. It is described 
by Equation 5 below [32]:

=C C
S
S

*
n

2 1
2

1 (5) 

where C = cost, S = equipment size/capacity, and n = 
scaling exponent.

Kreutz et al. [33] used the power law scaling equation to 
estimate FOAK costs by calculating the bare erected 
costs of individual plant components of a lignite/bio-
mass-to-jet fuel process plant using data obtained from a 
demonstration plant. Such an approach assumes the 
FOAK plant closely resembles a demonstration plant, 
but larger and is far too simplistic to incorporate real- 
world technology scaling behavior [34]. The power law 
scaling method is most effective when plants that closely 
resemble the new technology already exist and therefore 
can provide the necessary historical data required for the 
relationship to provide useful predictive costs. The 
bioeconomy is still far too young for this method to be 
applied effectively, given the limited data available [34].

Table 2 

Variables used in the RAND method to estimate pioneer plant costs and their possible values [25]. 

Cost growth 
variables

PCTNEW (%) Percentage of total capital cost for equipment that 
has not been commercially proven/demonstrated 
as determined in the more detailed nth plant 
analysis.

0–100 (entered as a whole number 
corresponding to the percentage)

IMPURITIES (subjective 
rating)

Issues that may arise from the buildup of impurities 
as well as corrosion and abrasion effects.

0–5

COMPLEXITY (subjective 
rating)

Number of steps in the process that are 
continuously linked.

1–11 according to the data from 
reference plants used in developing the 
RAND model.

INCLUSIVENESS (%) Percentage of prestartup inventory, personnel, and 
land purchased cost. The lower the inclusiveness, 
the more capital intensive the process.

0–100 (entered as a whole number 
corresponding to the percentage)

C (select 1 of the 2 values) −0.04011 for commercial/ 
precommercial; −0.06361 for processes 
with substantial R&D component

PROJECT DEFINITION 
(subjective rating)

Basic plant layout, process flow conditions, major 
equipment definitions, site-specific information, 
and evaluations. The lower the rating, the more 
well defined the process.

2–8

Plant performance 
variables

NEWSTEPS (number of unit 
processes)

Number of process step blocks in the plant that are 
new in commercial use.

0+

BALEQS (%) Percentage of heat and mass balance equations in 
the nth plant analysis that are based on actual data 
from previous commercial plants.

0–100

WASTE (subjective rating) Difficulty of design that might be encountered with 
waste handling.

0 (none) to 5 (severe)

SOLIDS (binary) A value of 1 if the plant is expected to handle solids 
either as a feedstock, intermediate material, or as a 
product. Value of 0 otherwise.

1 or 0

4 Energy Biotechnology 
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Opportunities for improving first-of-a-kind 
analyses
Although this review has offered some critiques of the 
RAND method, its simplicity makes it easy to adopt as 
an add-on for any study doing a more conventional nth 

plant TEA. At the most basic level, the RAND method 
could be improved by conducting an updated regression 
with data from more recent projects and, ideally, a ver-
sion could be better tailored to bioprocesses specifically. 
Updating the regression, while mathematically simple, 
requires confidential data that are likely difficult to ob-
tain [35].

To expand and improve the TEA community’s approach 
for FOAK analyses, an updated regression is necessary 
but not sufficient. Researchers need to explore FOAK- 
relevant metrics. Scown et al. [14] noted a gap between 
economic metrics used within the research community 
and those valued by industry. Even within the research 
and industry communities, there is no firm consensus on 
the most relevant metrics or even how these metrics are 
calculated. For example, Konzock and Nielsen [36]
discussed the impact of process titers, rates, and yields 
on the cost of goods sold (COGS), which they state in-
cludes depreciation of R&D costs. However, most 
sources indicate that R&D is not included in COGS, 
which is a useful FOAK-level parameter to help assess 
market competitiveness [37]. There are core TEA me-
trics, including capital expenditures (CapEx), operating 
expenditures, net present value, and minimum selling 
price of the product, that are relevant for the FOAK 
through nth plant. Other metrics are more relevant for a 
FOAK plant, while others are applicable to describe an 
nth plant, as shown in Figure 2. For example, profitability 
indicators, such as return on investment, gross margin, 
and payback period, are particularly important for se-
curing investments necessary to build FOAK plants. A 
recent work by Hoey et al. highlighted the use of 

payback period and its sensitivity to production scale to 
evaluate the financial viability of different ethanol pro-
duction processes [38].

In addition to updating the RAND method and ex-
ploring a broader set of economic metrics, another im-
portant advancement in FOAK TEA methodology could 
be the development of design cases that better represent 
FOAK plants [39]. These design cases require better 
agreement as to what scale an FOAK model should re-
present; there is no agreement on whether an FOAK 
facility should be modeled at the same scale as an nth 

plant or considerably smaller (e.g. one-tenth the size). 
The scale impacts design choices, as highlighted by 
Humbird et al. for biomass pyrolysis [40]. Additionally, 
FOAK plants may also rely on more off-the-shelf tech-
nologies or opt to use outside entities to handle their 
wastewater or solid waste to further reduce risk and 
CapEx.

Whether TEA is being used by early-stage researchers to 
gauge the viability of a new technology or applied by 
companies seeking to commercialize a new bioprocess, 
there are clear benefits to expanding the scope of analysis 
beyond nth plant assumptions. FOAK analyses can un-
cover avenues of research that may be critical to reducing 
risk and complexity in early scale-up that would otherwise 
have gone unexplored. The results also provide a clearer 
picture of a technology’s potential, which will lead to 
better-informed investments and policy decisions.
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