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Abstract: Strategic investments in biorefinery projects are increasingly being made, and involve nontraditional decision making, especially considering the technology and market risks involved. From
the investor’s perspective, the decision-making process leading to product/process combinations for
implementation as a biorefinery to achieve a sustainable business model and good economic returns is
not obvious. Typical metrics used for investment decision making have some limitations regarding the
recognition of acceptable technology risks relative to economic returns. They often do not appropriately
consider factors and analyses related to, for example, environmental impact and the longer term competitive position of new product portfolios. The methodology presented in this article is an approach to
identifying a ‘practical’ set of multi-disciplinary decision-making criteria to enable the selection of the
preferred product/process biorefinery implementation strategy. The case of investment options in the
triticale (X Triticosecale Wittmack) biorefinery is used as an example. Through this risk-based methodology, technology risks as well as economic, environmental, and competitive benefits associated with
different business model options are identified. This methodology leads to the development of a series
of multi-criteria decision-making (MCDM) panels to define a set of practical criteria suitable for a final
MCDM for the identification of triticale-based biorefinery alternatives leading to long-term and sustainable business models. © 2018 Society of Chemical Industry and John Wiley & Sons, Ltd
Keywords: biorefinery; business model; triticale, decision making

Introduction

I

n the emerging era of the bio-based economy, key issues
such as volatile energy prices, global warming, and
greenhouse gas (GHG) emissions reduction targets,
government energy policy, and economic disruptions are

influencing the decision making of industry and government institutions involved in biorefinery investment strategies. Furthermore, making rational biorefinery investment choices depends on knowledge about issues such
as feedstock access, emerging bioprocesses, bioproducts,
and new bioproduct markets.1 For investors, a sustainable
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competitive position over the long term is sought, and
evaluating the likelihood of reaching this ambitious objective is far from obvious considering the many biorefinery
design options available, each of which implies different
risks, involves different process technologies, and yields
different economic returns. Increased competition for
access to feedstock, optimization of the existing business
model, and value creation and maximization are critical
biorefinery investment drivers. Issues such as greenfield
versus retrofit implementation, agricultural versus other
biomass feedstock such as algae or forest, and commoditydriven versus value-added-oriented bioproduct portfolios
further contextualize the investment decision at hand.2 For
instance, from the perspective of the agricultural biorefinery, the gross value per hectare that addresses the switching costs from existing cultivation to biorefinery crops,
as well as the use of all components of the crop to remain
profitable on a per-hectare basis governs investment decision making.3 From a farmer’s perspective, the biorefinery
value proposal should contribute to mitigating the risk
of dedicating crops to one specific business opportunity,
while providing a premium for the sale of agricultural byproducts such as straw. From the investor’s perspective,
the biorefinery value proposal should enable the creation
and capture of value over the longer term, while mitigating
procurement, technology, and market risks. For instance,
volatility in biomass prices due to the tight relationship
between crop supply and demand as well as changes in
production practices may increase the economic and commercial uncertainty around the agricultural biorefinery.4
Financial and capital performance metrics such as
return on investment (ROI) or internal rate of return
(IRR) are typically used for capital spending decisions but
have certain limitations when considering strategic biorefinery investment. Hytönen et al.5 emphasized the importance of a more thorough analysis of the process and
economic risks associated with a specific biorefinery technology, along with the business transformation potential
that the project may imply. This means that more than
one project evaluation criterion should be considered6 to
quantify more accurately the underlying risks and uncertainties of different capital spending scenarios by incorporating information from an advanced cost accounting
method such as activity-based costing (ABC).7,8 On the
topic of technology risks, Cohen et al.9 discussed a methodological framework and a set of decision-making criteria related to the evaluation of a range of biorefinery technology strategies before detailed engineering analysis. In
this approach, multi-disciplinary decision-making criteria
were defined to support the evaluation of the economic
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and environmental profile of different technologies, and
the associated competitive position from biomass and
product portfolio perspectives. Using such a multidisciplinary perspective to address investment decision
making at the business-model development level is not
yet a common approach. The competitive position of the
product portfolio, the robustness of the business strategy in the face of volatility in demand and prices, and
the potential of the technology strategy to support the
development of the business strategy are some of the key
success factors that should be defined and considered
when evaluating an investment opportunity.10 As part of a
sustainability approach, the environmental impacts associated with various biorefinery options are generally characterized using life-cycle assessment (LCA), which leads
to the quantification of different environmental aspects.11
The complete spectrum of environmental impact categories should be refined to a set of necessary and sufficient
indicators to enable decision making in a specific biorefinery context.12
The objective of this paper is to introduce a risk-based
methodology that uses a multi-disciplinary approach for
investment decision-making about product/process biorefinery alternatives. Based on the multi-criteria decisionmaking (MCDM) framework, the methodology provides
a definition of a set of necessary and sufficient criteria,
which are suitable for assessing the sustainability of various biorefinery investment strategies.
The triticale (X Triticosecale Wittmack) biorefinery is
presented as a case study. Triticale is a human-developed
crop resulting from the breeding of wheat and rye and
having the potential to become a major industrial crop
platform. Triticale’s competitive advantages against
other crops have been demonstrated, including a potential of 20% higher yield than Canadian Prairie Spring
(CPS) wheat, higher biomass and starch content than
other crops, good agronomics on marginal soil, lack of
competition for food and feed applications, and a good
prospect for genetic modifications for improved trait
expression.13 Triticale offers potential for use as a feedstock for biofuel production14,15 at a cost per tonne lower
than feed wheat.16 Principally in Alberta, 76 000 acres
of triticale have been reported, of which 15 000 acres are
harvested as grain, while the remainder of the crop is
used primarily for silage and pasture, often in combination with other crops. Conversion of the land these other
crops occupy to triticale cultivation could potentially
increase the total acreage by approximately 300 000
acres.17 Triticale development in Alberta is part of a shift
in land use from cereals to canola. Continued research
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Figure 1. Stage-wise multi-criteria decision-making methodology.

Figure 2. Schematic representation of the steps in decision analysis.23

into triticale productivity improvement and safety and
nutrition aspects is critical for the future competitiveness
of the crop.

The hypothetical case of a greenfield biorefinery implementation near Red Deer, Alberta, has been investigated in this
research. This strategic location is based on potential access
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to a large volume of biomass and to the existing petrochemical and chemical value chains in the region. Three investment strategies involving different product/process platform
scenarios were developed: (1) production of commodities
such as ethanol, (2) production of value-added chemicals
such as polylactic acid (PLA), and (3) production of biomaterials such as thermoplastic starch (TPS) and biocomposites.
Each product/process platform implies different levels of
technology risks and uncertainties. A biomass supply-chain
procurement model was developed to account for the logistical requirements related to harvesting and transportation of
both grain and straw to the biorefinery.18 The case study lays
the groundwork for a deeper analysis of the economic, competitive, and environmental profile of each alternative with
the intent of identifying a sustainable business model.

Investment decision-making for the
biorefinery
Biorefinery investment potential
For investors seeking to implement a biorefinery project,
business model outcomes over the longer term should
be the drivers for setting short- and mid-term product/
process strategies. A broad range of emerging technologies with different level of associated risks and uncertainties can be considered, leading to a large slate of product
options, ranging from chemical building blocks to valueadded chemicals.19 Depending on the investors’ business
vision, different technological, commercial, financial, and
partnership strategies might be identified.20 Chambost
et al.1 developed a phased approach that recommends
the incremental implementation of a biorefinery strategy
including identification of a flexible product portfolio and
the best associated technology strategy. What is the optimal product portfolio that will lead to long-term competitive advantages on the market, and for which supply chain

can synergies be defined? What emerging technologies
(biochemical, thermochemical, or chemical) will enable
new product portfolio development while providing the
targeted return on investment and mitigating risks? The
investment challenge does not lie only in the choice of
technology and the maturity of the process selected. Even
more important is identifying promising markets for commodity or specialty chemicals or both, considering the
potential for replacement and/or substitution and their
associated risks.21 Through the development of a valuechain approach, Batsy et al.22 suggested that competitive
advantages should be maximized through development of:
(1) robust product portfolios, (2) access to a large volume
of low-cost biomass, (3) collaborative market penetration
strategies, and (4) supply-chain synergies and manufacturing flexibility to react better to market price fluctuations.

Methodology for sustainable business
model development
In the context of investment in the triticale-based biorefinery, a stage-wise MCDM approach is presented here
for assessing the sustainability of various product/process
investment options (Fig. 1).

Risk-based approach
Replacement and substitute products are identified primarily on the basis of an evaluation of existing and local value
chains. Base-case scenarios and alternatives are generated
assuming either conventional (base-case) or emerging
processes, each leading to different levels of technology
and commercial risks and uncertainties. The base case is
used as a benchmark to determine the economic potential
associated with higher risk alternatives. The scenarios are
modeled from the farmer’s field where the biomass is harvested to the distribution of the products on the market.

Figure 3. Ethanol base case.
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Preliminary mass and energy balances are generated based
on a targeted production rate for the main product and are
used for techno-economic, environmental, and competitive analysis as well as to develop biomass procurement
strategies. A series of multi-disciplinary analyses are then
conducted, including (1) a competitiveness assessment of
each product portfolio to identify the potential of each alternative for value creation and maximization,11 (2) a technoeconomic assessment to evaluate the economic feasibility of
each biorefinery design strategy,6 (3) a biomass procurement
analysis to determine supply-chain characteristics and models for each alternative,17 and (4) LCA to quantify the potential environmental impacts of each alternative.13 The results
of sensitivity analyses associated with key risks are considered, as well as the potential for crop productivity increases.

Multi-criteria decision making
Decision analysis can be defined as “the formalization of
common sense for decision problems which are too complex for informal use of common sense” and consists of
four steps, 23 as shown in Fig. 2. First, the decision problem is structured by specifying the objectives, criteria,
attributes of each of these, and alternatives. Second, the
possible impact of each alternative is assessed. Third, the
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preference of the decision-makers is elicited by determining decision weights and utility functions for each of the
criteria. The resulting utility functions are rules by which
this assignment is carried out and depend on the preferences of a single decision-maker over a range of attribute
values. Finally, the alternatives are compared and evaluated, and a sensitivity analysis is carried out.
For the purpose of the present methodology and its
application to the triticale-based case study, a trade-off
method 24 was used to weight the decision criteria. To
define the trade-off attribute values for calculating the
decision weights, the decision makers are first asked to
determine the most important decision criterion and then
to establish the trade-off attribute values between this
criterion and all the other criteria for calculating decision
weights (Wi).25 A unique score (SCi) is determined for each
alternative using Wi and the calculated utility value (Ui)
associated with each alternative:
SCe =

EC 6

∑ W ⋅U

i = EC 1

i

i



(1)

Based on the various design analyses, key criteria are
identified to assess the sustainability of each investment
option. A series of three MCDM panels focusing on (1)

Table 1. Product/process alternatives for ethanol production.
Alternative Key objectives

Major characteristics

1

Evaluate the impacts of producing green electricity as a major
co-product.
 Under what market conditions is electricity a more profitable
co-product?

• All straw is sent to the CHP unit.
• The CHP unit is less capital-intensive and implies lower
technological risk.
• Steam and electricity are generated.
• Steam is used in the process, and excess electricity is
sent to the grid.

2

Assess the potential increase in marginal profit of the process
associated with the production of a protein, i.e., an extra valueadded product.
 How will the business model be impacted?

• Replacement of dry milling by wet milling leads to the
production of protein instead of the stillage residues
used in the mill feed.
• 80% of the protein in the grain can be extracted using
wet fractionation by an alkaline agent.

3

Assess under what conditions the biochemical production of
ethanol and value-added products (i.e., xylitol) from straw is
economically feasible.
 How would this impact the purity of ethanol on the straw line?

• Pre-treatment of straw using pressurized low-polarity
water (PLPW)29 followed by simultaneous saccharification and fermentation (SSF).30
• The C5 sugars are used for the production of xylitol.

4

Assess the impacts of a membrane separation process.
 Would the use of membrane separation lead to a product with
higher purity that may impact the business model?

• The membranes used in the separation process (pervaporation) lead to a significant decrease in capital
costs and energy use
• Pervaporation fermentation31 (hybrid followed by a
molecular sieve) changes the fermentation from a batch
to a continuous process.

5

Evaluate the impacts of producing bran and stillage.
 How does this product mix perform compared to dried distillers’ grains with solubles (DDGS)?

• Pearling32 in the grain line results in the production of
bran and stillage.
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competitiveness, (2) economic, 6 and (3) environmental12
criteria was conducted to validate the interpretation
of each criterion and to identify the panelists’ preferences among the criteria to be used for decision making.
These panelists were experts in the field of the biorefinery, and had various backgrounds. This ensured that
the analyzed strategies were considered from different
perspectives. These activities led to the identification
of a set of necessary and sufficient criteria that were
used in a final sustainability-driven MCDM panel,
leading to the identification of promising sustainable
alternatives. 26

Results
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—
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—
—

—
—

—
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Case study context

Base case

Ethanol platform Grain Straw Additional straw Mixed alcohol DDGS Millfeed Protein Xylitol Bran Stillage
Steam
Electricity
Excess
to CHP
consumption consumption electricity
(MW)
(MW)
(MW)
All values in 1000s tonnes per year

Table 2. Mass and energy balances for the production of 40 Mgal ethanol per year.
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The following case study features triticale as a potential
industrial crop platform for bio-product development. An
increase in productivity has been pointed out as the cornerstone of the success of triticale as a feedstock for biorefining in Canada, along with its other competitive advantages compared to cereal grains in terms of yield, disease
resistance, and starch-to-fiber ratios. The objectives of
the case study were the following: (1) to determine the
conditions under which triticale biorefinery scenarios are
economically and environmentally viable, and (2) to assess
the strengths and weaknesses of different product/process
scenarios featuring different levels of risks and different
product portfolio potentials. A greenfield implementation near Red Deer, Alberta, has been investigated. Three
product platforms were considered: (1) ethanol, (2) PLA,
and (3) TPS/PLA polymer blend. Each of these platforms
features a base case and various product/process alternatives. The base case involves use of the most conventional
processes in the grain line, i.e., minimum technology risks
as well as minimum capital costs implied, while using the
most advanced conversion processes in the straw line. The
alternatives involve different levels of technological complexity and risks in both the grain and straw lines, from
which higher returns are expected. The definition of each
alternative is driven by maximization of production of the
main product, i.e., ethanol, PLA, or TPS/PLA.
A biomass procurement model was defined to support
the identification of strategic opportunities to deliver the
right amount of grain and straw to the biorefinery at a
minimum procurement cost.16 Certain key assumptions
were used to develop the model, such as (1) the wheat
supply chain is the current case, (2) biomass losses are
reduced throughout the procurement process, (3) a farmer
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Figure 4. PLA base case.

participation rate is defined for access to grain and straw,
(4) triticale yields vary between 1.1 and 1.8 mt/acre in
Alberta.15 The procurement model supports the identification of a value proposal for the farmers to support the
switch from other cereals to triticale.

Triticale-Based Product/Process
Alternatives
For the purposes of this analysis, the following major
assumptions were made: (1) to ensure environmental benefits, 20% of straw is left on the land after harvest,12,18
(2) triticale straw is assumed to be similar to wheat straw,
(3) the steam produced is used in the plant, whereas excess
electricity is sent to the grid, and, in some cases, (4) extra
biomass is used to maximize electricity production into
the CHP unit.

Ethanol platform
As shown in Fig. 3, the Husky process, 27 which has been
commercialized in Western Canada, is assumed for the
production of ethanol from cereal grain as the base case
with a capacity of 40 million gallons per year, i.e., 143,400
t/y. Although it is not yet a mature technology, the gasification process is used in the straw line, followed by mixedalcohol synthesis.28
Five alternatives are defined in Table 1, all involving the
same ethanol yield, but with different levels of risk associated with the technology and with a different product
portfolio potential.
Alternatives 1 and 3 require a large volume of biomass;
however, significant volumes of electricity and xylitol
respectively are produced. The returns on investment and
the competitive positions in the market may be attractive
but will be different. Technology risks (i.e. technology
maturity level and technology complexity compared to
the base case) associated with alternative 3 are greater
but should be mitigated by higher returns. Alternative

2 implies a standard technology shift and may lead to a
higher risk-reward ratio than alternative 3 with the production of protein. Alternative 4 involves a higher risk and
is a capital-intensive technology, although ethanol purity
is not necessarily a critical factor for business success in
a commodity market. Table 2 illustrates mass and energy
balances for the production of 40 Mgal ethanol per year.

PLA platform
The PLA base case (Fig. 4) with a capacity of 100 000 metric tonnes per year involves (1) a commercialized process
from NatureWorks LLC33–36 on the grain line and (2) the
Iogen pre-treatment37 followed by SSCF on the straw line.
Besides PLA, the base case also produces succinic acid,
DDGS, and electricity.
Lime is used as a neutralizing agent for producing lactic
acid in the grain line and as an enhancer for the conversion of hemicellulose to sugars in the straw line. The concentration, separation, and purification of lactic acid and
succinic acid from the broth are carried out using a conventional process based on esterification and distillation.
The five product/process alternatives are defined in Table 3.
As shown in Table 4, the amounts of biomass used in
each alternative are of the same order of magnitude. The
technology used in each alternative is therefore the main
differentiator and determines which chemicals are produced besides the main product. Only the base case and
Alternative 4 have the same product portfolio despite the
use of different technologies in the straw line (thermochemical and biochemical respectively).

TPS/PLA polymer blend platform
The base case uses a well-established thermoplastic starch
(TPS) production process and assumes the production of
a 40%–60% TPS/PLA polymer blend (http://entek.com/
extruders/)39 to reach a production of 75 000 t of this blend
per year based on 30 000 t TPS produced (Fig. 5). Through
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Similar to the ethanol platform (Table 1)

Similar to the ethanol platform (Table 1)

Assess the impacts associated with a more efficient separation process
 How may the production of acetic acid as co-product improve economic performance?

Evaluate the economic impact of intensification of the grain line
 Would higher product quality and volumes be achieved?

Similar to the ethanol platform (Table 1)

1

2

3

4

5

• Similar to the ethanol platform (Table 1)

• An SSF process replaces the separate saccharification and fermentation process steps

• Replacement of the filtration process by an ultra-filtration and electrodialysis process38
• More efficient separation process that yields acetic acid
• Elimination of gypsum production

• Similar to the ethanol platform (Table 1)
• PLA production decreases due to starch loss

• Similar to the ethanol platform (Table 1)

Major characteristics
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Alt 5

Grain
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—
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—
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80

—

—

—
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—

—
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—

—

—

—

—

3

3

3

3

3

3

All values in 1000s tonnes per year
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—
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—

—

—

—

1

—

—

—

21

—

—

—
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126

108

108

131

120

128

7

5

7

8

6

6

23

25

23

22

63

24

Additional
DDGS Millfeed Stillage Succinic acid Protein Acetic acid Bran
Steam
Electricity
Excess
straw to CHP
consumption consumption electricity
(MW)
(MW)
(MW)

Table 4. Mass and energy balances for the production of 100,000 t/y of PLA.

Key objectives

Alternative

Table 3. Product/process alternatives for PLA production.
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45 000 t PLA
Glycerol Water

Pearling

Grain
28 000 t

Dry milling

Extrusion

Pelletizing

75 000 t Polymer blend
TPS/PLA

4 100 t Bran
69 000 t Polypropylene
Straw
33 500 t

Pelletizing

Extrusion

98 500 t Biocomposites

Figure 5. TPS/PLA base case.

Table 5. Product/process alternatives for TPS/PLA polymer blend production.
Alternative Key objectives

Major characteristics

1

Similar to the ethanol platform (Table 1)

• 
Similar to the ethanol platform (Table 1)

2

Similar to the ethanol platform (Table 1)
 How would protein extraction impact the TPS/PLA blend quality,
and would it open new niches in the market?

• S
imilar to the ethanol platform (Table 1)
• 
More grain is needed to produce the same volume of
polymer blend

3

Assess the impact of pre-treating the straw and using pure cellulose as filler in biocomposites
 How would this impact the properties of the biocomposites and
the associated business case?

• M
echanical pulping used to extract cellulose from
straw fiber
• 
Capital-intensive if not integrated into an existing
mechanical pulp mill

the pearling process, a starch purity of 60% is achieved. The
straw is used to produce biocomposite pellets (at a fiberto-polypropylene ratio of 30:70) using the Entek process
(Entek, http://www.entek-mfg.com) for the production of
panels for the construction sector.
Three alternatives were identified (see Table 5), which
imply higher technology risks as well as the development
of new product portfolios.
Alternatives 1 and 3 use significantly more biomass than
the base case and than alternative 2 because electricity is
produced in the CHP unit (Table 6). Nevertheless, alternative 2 has a more diverse product portfolio than alternative
1. Depending on the market value of the products, this
may have a significant impact on the competitiveness of
the alternatives.

Discussion
Preliminary economic review of triticale
alternatives
Which triticale biorefinery strategy will lead to a sustainable and long-term business model supporting costcompetitiveness advantages against other crops such as
wheat?

The triticale biorefinery offers potential for good IRR,
but in certain cases, the IRR can be enhanced using higher
risk technologies. The case of the ethanol platform speaks
for itself. Except for alternative 3, none of the alternatives reached the 20% IRR threshold for justifying capital
investment; most of them achieved an IRR of approximately 9%.6 The highest technology risks are associated
with the implementation of the PLPW technology in
alternative 3; however, higher margins can be achieved
by sale of xylitol on the market. In the cases of the PLA
and TPS/PLA blend platforms, the IRRs are higher than
the threshold. Only two alternatives, alternative 1 for the
PLA platform and alternative 3 for the TPS/PLA platform
respectively, do not present promising economic returns
because they use capital-intensive processes. In all cases,
the procurement strategy is a key driver for economic success. For instance, in the case of commodities production,
more than 50% of the variable production costs can be
attributed to biomass raw materials.
Solely on the basis of economic viability, identifying the
preferred alternative under each platform is not obvious.
The biorefinery implementation must be sustainable over
the longer term, and decisions should not be made on the
basis of short-term returns alone. Market and environmental considerations should be considered, as well as key

© 2018 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. 12 (Suppl. 1):S9–S20 (2018); DOI: 10.1002/bbb

S17

S18

0

—

issues such as the potential impacts of triticale productivity,
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• Market competitive analysis is essential to ensure business-plan development for the long term and to determine which product portfolio combinations maximize
competitive advantage. Part of this analysis involves
the incorporation of advantages related to competitive
access to biomass. In the context of the triticale biorefinery and the existing competition for biomass access,
being able to generate reasonable margins per tonne of
biomass should be considered as a long-term competitive advantage to secure the procurement strategy.
• LCA-based environmental analysis is essential to
ensure that the biorefinery processes are environmentally sound. The question to be investigated involves
the potential of each platform to present a positive
environmental profile while performing economically
and competitively.

98

—

The methodology presented in this paper underlines the
necessity of incorporating variables other than economic
returns in the decision-making process for a more sustainable business model:

—

—
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Towards decision making

Base case

All values in 1000s tonnes per year

0

—
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Steam
consumption
(MW)
Millfeed
Bran Protein
Biocomposites
TPS TPS/PLA
Additional straw to
CHP
Straw
Grain
TPS/PLA platform

Table 6. Order-of-magnitude mass and energy balances for the production of 75 000 t/y TPS/PLA polymer blend.

Energy
Excess
consumption electricity
(MW)
(MW)
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The MCDM approach presented in the methodology is
the appropriate decision-making tool for (1) determining the key criteria that will influence the decision from
different perspectives, and (2) identifying the preferred
biorefinery alternatives while considering the set of refinery criteria.

Conclusions
Sustainability is of critical importance for the long-term
implementation of the triticale biorefinery, and a valuechain approach is needed to define a value proposal extending from the farmer to the biorefinery. From an investor’s
perspective, obtaining a good return is the main driver.
However, investing in the biorefinery is not an unconstrained problem, and decisions should be made on the
basis of which product and which process will lead to sustainable returns. The risk-based approach presented in this
paper makes this decision possible through the definition of
a base case and alternatives and the identification of a tradeoff between risks and benefits. By use of MCDM, balanced
decision making is achieved using a small number of interpretable multi-disciplinary criteria. Three MCDM panels
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were conducted using the case study presented in this paper
and focusing on the identification of a set of necessary and
sufficient criteria for decision-making based on preliminary
economic, competitive, and environmental analysis of each
alternative.6,8 A sustainability-focused MCDM was subsequently executed, based on the case of PLA production
using a set of necessary and sufficient criteria for decision
making regarding the most sustainable PLA alternatives
incorporating economic, competitive, and environmental
concerns for the same investment objective.21
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