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The North American forest sector has faced significant 
economic challenges in recent decades [1]. Once 

having a position of global leadership in forest products 
manufacturing, the industry is now seeking opportunities 
to survive, and make a continued contribution to society 
through responsible exploitation of the renewable forest 
resource. At the same time, there have been significant 
reductions in capital investment in the forestry sector, 
and a reduced capacity for innovation and product devel-
opment [2]. Individual pulp and paper mills can either 
continue their emphasis on reducing operating costs and 
improving their cash flow, or couple this with an objec-
tive to renew their business strategies and benefit from 
emerging opportunities that can potentially improve their 
profitability over the longer term [3]. The biorefinery 
concept has thus increasingly become an alternative for 
transformation of the forestry industry, potentially leading 
to the production of biofuels and added-value biomaterials 
and biochemicals [4].

The most appropriate implementation configuration(s) of 
the biorefinery remains far from obvious for most forestry 
companies. What is clear is that the biorefinery implementa-
tion strategy will mostly differ from one forestry company to 
another, which makes it essential to have an evaluation meth-
odology of biorefinery technology options and the implicated 
products that allows for the particular values and situation of 
companies to be systematically expressed. The Forest Prod-

ucts Association of Canada (FPAC) notes that, “bio-energy and 
bio-product opportunities are stronger economically and so-
cially when integrated within the traditional industry’s opera-
tions rather than on a standalone basis. Both the traditional 
and emerging bio-energy and bio-products operations enjoy 
higher economic returns and perform better when integrated. 
The forest products industry produces far more jobs and gen-
erates greater GDP than emerging bio-industries in isolation” 
[5]. Forestry companies need to execute a systematic process 
that helps to identify their unique biorefinery strategies that 
will provide long-term competitive advantages by integrating 
new product families into their existing portfolio [6], and 
should avoid strategies that provide short-term but unsustain-
able returns. This imperative is being increasingly recognized 
by forestry companies.

EARLY-STAGE BIOREFINERY  
DECISION-MAKING

Identifying a biorefinery strategy implies a complicated deci-
sion-making process that must take into account multiple and 
interdisciplinary considerations; it should not be based solely 
on a return on investment (ROI) evaluation. For instance, for-
est biorefinery (FBR) strategies potentially can (a) help for-
estry companies to optimize the harvesting and use of forest 
biomass, (b) enlarge product portfolios with bioproducts to 
improve company profit margins, (c) optimize mill energy 
consumption, and (d) reduce their GHG emissions and land 
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use impact [7]. For example, systematic analyses must con-
sider a range of methodologies related to economic and tech-
nological feasibility, technology risks for emerging technolo-
gies, market opportunities and risks, partnership potential, 
value at the supply chain management level, energy consump-
tion, and environmental footprints. 

At the early biorefinery design stage, the scarcity and un-
certainty of information about emerging biorefinery technol-
ogies currently under development represent a significant risk 
regarding scale-up, overall performance (e.g., yields, produc-
tion capacities, operating costs, etc.), and future improve-
ments in capital and operating cost performance for a technol-
ogy as it matures. These risks directly affect ROI calculations 
and influence the confidence level of calculated values. Using 
another example, most emerging FBR technologies have not 
reached the demonstration scale yet, and many have focused 
on ethanol production, a commodity product requiring large 
quantities of biomass for an appropriate production scale [8]. 
This implies risk associated with process scale-up and feed-
stock supply that also should be taken into account when 
evaluating the implementation of FBR technologies at the 
early design stage [9]. However, forestry companies typically 
have limited access to validated information and the resourc-
es needed to evaluate the numerous emerging technologies 
and product markets in adequate detail, which limits their 
capacity to make well-informed decisions that are critical to 
their longer-term sustainability.

The comparison of biorefinery product-process options is 
far from obvious, given the multitude of pathways [10], the 
recent development of FBR technologies and their maturity 
level (i.e., bench, pilot, and demonstration scale), and the var-
ious retrofit installation possibilities, which in turn depend 
on the infrastructure at pulp and paper mills, and specific 
company interests and values [11]. This paper presents a meth-
odology that forest companies can apply to identify promising 
FBR technologies and products from the multitude of possi-
bilities, based on limited information, in a practical manner. 

Previous studies comparing the economic performance of 
bioproducts manufacturing technologies have used a high 
decision-making level, and have not focused on the investing 
company perspective [12,13]. Foust [14] compared two bio-
chemical and thermochemical pathways for producing biofu-
els based on capital and operating costs, energy efficiency, 
and emissions to the environment. This study proposed that 
some technical (i.e., catalyst inhibitors and poisons, feedstock 
sources, integration, and recycle possibilities) and market (i.e., 
product diversification) considerations also should be taken 
into account for a more rigorous comparison. Thorp [15] and 
FPAC [5] developed a framework for identifying promising 
FBR technologies at the early design stage using a specific set 
of criteria, while considering that the users of this framework 
do not have access to basic economic metrics such as ROI. 
Thorp [15] suggests identifying opportunities based on raw 
materials supply, market opportunities, most promising path-
way, and most promising technology within a pathway. FPAC 

[5], in contrast, is evaluating six lines of inquiry for many bio-
refinery technologies including 1) market readiness of the 
emerging technologies; 2) key economic, social, and environ-
mental metrics related to the main existing and emerging bio-
products; 3) economic fiber supply; 4) market potential of 
emerging bioproducts; 5) new approaches to managing the 
value chain; and 6) development of partnerships. Pätäri [16] 
used a Delphi methodology (a panel-based method collecting 
opinions from specialists with a background in different in-
dustries) to identify industry-level and company-level factors 
that are most likely to influence the bioenergy sector and its 
value creation potential. This panel-based approach “proved 
to be a valuable research tool with which it was possible to 
obtain comprehensive information on a subject that lacks his-
torical and financial data, and yet requires input from many 
quarters” [16]. 

In earlier work directly related to this study, Cohen et al. [9] 
defined a set of multidisciplinary criteria for assessing emerg-
ing FBR technologies at the early design stage. The definition 
of these criteria was based on a literature review and several 
internal revisions. In carrying out a multicriteria decision-mak-
ing (MCDM) panel, FBR specialists were asked to elicit the 
importance of different criteria when implementing biorefin-
ery technologies at a specific mill. The relative weight assigned 
by panel members to each criterion was then used to identify 
the competitive advantages of different FBR technologies. This 
approach permitted less promising technologies to be screened 
out, based on a set of well-defined criteria addressing critical 
issues to be considered for early stage FBR design decision-
making. However, the results of an MCDM panel are likely a 
function of the background of each of the panel members, and 
of the panel dynamics resulting from panel members’ person-
alities and values. MCDM criteria must be clearly defined to 
allow a common interpretation among the panel members. An 
interesting question arose concerning the reproducibility of 
the MCDM method: Do subjectivity in criteria interpretation 
or changes in panel dynamics influence the MCDM panel re-
sults to a large extent, or do different panels arrive at similar 
conclusions after the panel process? The methodology de-
scribed in this paper was developed to address this important 
question and refine the MCDM panel approach.

OBJECTIVES
The objectives of this analysis were to evaluate the differenc-
es between the results of two different MCDM panels involv-
ing FBR (technology) specialists having similar backgrounds, 
and to compare and contrast these results with those from a 
panel that consisted of forest industry decision makers from 
mill and corporate levels. 

METHODOLOGY
A three-step overall methodology for the panels (Fig. 1) was 
used to address the objectives of this study. In the first step, a 
set of process-product biorefinery strategies were identified, 
and the metrics for these were calculated according to meth-
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ods described by Cohen et al. [9]. The criteria and related 
metrics were evaluated by two different panels comprised of 
biorefinery specialists. During the second step, the same cri-
teria were evaluated by forestry company decision makers. 
The objective of this step was to identify differences and sim-
ilarities between FBR specialist and industry perspectives, and 
the possible causes for these differences. The third step of the 
methodology for the criteria assessment consisted of a statisti-
cal analysis of the results obtained during the three panels. It 
identified the differences between the results of the FBR spe-
cialist panels (B1, B2), and compared and contrasted those 
with the industry panel (PP), taking into account the consen-
sus between panel members. 

The roll-out for the two biorefinery specialist panels (B1 
and B2) and the pulp and paper industry panel (PP) was in-
spired by previous work [9,17], and consisted of four steps 
(Fig. 2):

�1. �Presentation of the decision problem, definition of the 
metrics and criteria, and calculated results for each 
product-process biorefinery strategy.

�2. �Interpretation of the MCDM criteria by each panel 
member until an interpretation consensus is achieved.

3. Elicitation of panel members’ preferences.
4. Calculation of the decision weights [17]. 

Consensus indicates the level of agreement between the 
panel members after a clear definition and interpretation of 
the evaluation criteria have been established. A measure of 
consensus was defined as the normalized standard deviation 
of the panel members’ trade-off values for each criterion and 
a consensus evaluation scale was proposed (Table I). The 
values in Table I were established from an analysis of the re-
sults. The ranges were set to qualitatively, but clearly, distin-
guish relative consensus. Statistically, the MCDM panels were 
considered as independent samples, and a normal distribution 
for the criteria weights was assumed for the analysis approach. 

A pair-wise t-test comparison [17] was carried out to evaluate 
whether the FBR panels’ results differed significantly from the 
industry panel. 

 

where:
σ = Standard deviation
χ = Trade-off values
i = Criterion number
j = Panelist number

RESULTS AND DISCUSSION
Criteria and weighting interpretation 

Figure 3 summarizes the overall results from the three pan-
els. The criterion termed “adjusted ROI,” which takes into ac-
count estimated future technology improvements for the ROI 
calculation, was chosen as the most important criterion by all 
three panels (Fig. 3). This unexpected result indicated that 
expert and industry panel members felt that an interpretation 
of the information supplied by biorefinery technology suppli-

1. Methodology for criteria assessment.

2. Multicriteria decision-making (MCDM) panel roll-out 
methodology.

Level of Consensus Normalized Score

High agreement (H) 0 ≤ c ≤ 0.4

Good agreement (G) 0.4 < c ≤ 0.7

Relatively less agreement (RL) 0.7 < c ≤ 1

I. Consensus (c) evaluation scale.
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ers is critical for their evaluation, and that the future capital 
and operating cost performance of a biorefinery technology 
might be similar to or very different from the technology sup-
plier claims. This opinion was more pronounced for the in-
dustry panel than for the expert panels. Because of this high 
weighting for adjusted ROI, the directly calculated ROI had a 
lower weighting than anticipated. Figure 3 also shows the 
level of consensus reached during each panel (high agree-
ment, good agreement, and relatively less agreement). The 
consensus measure was not calculated for the panel members’ 
agreement regarding the adjusted ROI criterion because of the 
trade-off method used for the calculation of the weighting 
criteria, for which panel consensus must be unanimous for 
the most important criterion.

Tables II and III summarize differences between the 
two biorefinery specialist panels, and between each of the 
biorefinery specialist panels and the industry panel. A statisti-
cal difference was found between the biorefinery specialist 
panels for only two criteria, whereas greater differences were 

found between the specialist panels and the industry panel. 
The biorefinery specialist panels agreed that, given the eco-
nomic imperative of forestry companies, the ROI criterion 
provided an important short-term perspective for technology 
evaluation. They had a greater emphasis on having good rev-
enues now, without considering future technology genera-
tions and the uncertainty of technology supplier information. 
Nevertheless, the specialist panel members recognized that 
data provided by biorefinery technology suppliers is less cer-
tain, especially because of different levels of optimism be-
tween different technology suppliers. Similar opinions of the 
specialist panels resulted in statistically equal weights for this 
criterion. On the other hand, forest industry decision makers 
were more skeptical about the information provided by tech-
nology suppliers, and they agreed that revising such informa-

3. Weights and consensus comparison between three MCDM 
panels.

III. Results of pair-wise comparisons between the two forest biorefinery specialists MCDM panels and the industrial panel (t-tests, 
p=0.05).

No. Criterion

Significant difference 
between the two  

biorefinery  
specialist panels?

1
Return on investment 
(ROI)

No

2 Adjusted ROI No

3 Feedstock flexibility No

4 Technology risk Yes

5
Energy and potential  
integration value

No

6
Product and revenue 
diversification

Yes

7
Potential for new  
products

No

8
Potential environmental 
impact

No

II. Results of the comparison between the two biorefinery 
specialists MCDM panels (t-test, p=0.05).

No. Criterion
Significant difference between 
biorefinery specialist 1 panel 

and industrial panel?

Significant difference between 
biorefinery specialist 2 panel and 

industrial panel?

1 Return on investment (ROI) Yes Yes

2 Adjusted ROI Yes Yes

3 Feedstock flexibility No Yes

4 Technology risk Yes No

5 Energy and potential integration value Yes Yes

6 Product and revenue diversification No Yes

7 Potential for new products No No

8 Potential environmental impact No No
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tion would give them more confidence when making a deci-
sion concerning biorefinery strategy. Furthermore, the 
industrial panel members agreed that the adjusted ROI crite-
rion provided more comparable values between options. This 
result indicates that industry decision makers do not want to 
rely on information provided by technology suppliers without 
doing a critical analysis of this information. It also might re-
flect the risk-averse decision behavior of the industry decision 
makers, which is in accordance with the finding of Janssen 
and Stuart [17] that, according to another panel, the forest in-
dustry’s risk-averse investment culture is the main barrier for 
implementation of biorefinery technology.

Regarding the feedstock flexibility criterion, the three pan-
els agreed that this criterion was very important, but it was 
not especially relevant when calculated for the particular case 
study, and thus the criterion had the lowest weight. Neverthe-
less, a qualitative difference was identified between the sec-
ond biorefinery specialist panel and the two others. The panel 
members of B1 and PP considered that the possibility to pro-
cess diverse sources of biomass would be a commercial and 
operating advantage for biorefinery technologies, whereas 
panel B2 members felt that feedstock availability (economi-
cally viable at large quantities) is more important than feed-
stock flexibility and thus gave a lower weight.

The importance of the technology risk criterion was con-
sistent – it was the third most important criterion in the first 
biorefinery specialist panel and second in the two other pan-
els. Although the industry panel had relatively less agreement 
for this criterion (Fig. 1), this resulted mainly because one of 
the panel members considered this criterion to be less impor-
tant because a high-risk technology could represent a com-

petitive opportunity for forestry companies over those using 
less risky technology options. 

The perspectives of biorefinery specialists and industry 
decision makers regarding the energy and potential for inte-
gration criterion differed significantly (Table III). Panels B1 
and B2 gave weights of 14% and 13%, respectively, to this cri-
terion, but panel PP only gave it a 5% weight. The biorefinery 
specialists considered the potential for integration of FBR 
technologies to be a key component to enhance the core busi-
ness of pulp and paper mills to keep operating the mill while 
taking advantage of the commercial and environmental ben-
efits offered by the developing biorefinery. On the other hand, 
during the industry panel, the potential for integration was 
considered more as a bonus. According to industrial panel 
members, the mill and the biorefinery each would need to be 
able to provide attractive profit margins. 

The two market-oriented criteria (“product and revenue 
diversification” and “potential for new products”) received 
similar weights in all three panels. The panelists agreed that it 
is important to diversify revenue streams by looking for eco-
nomic benefits from co-product commercialization, and devel-
oping and commercializing new products in the future. Nev-
ertheless, there were some differences in consensus regarding 
the importance of these criteria between the panels. Co-prod-
ucts commercialization (“product and revenue diversifica-
tion”) had a high level of consensus for each panel, whereas 
the importance of potential for new products had relatively 
less agreement in panels B1 and PP and a good consensus level 
in panel B2. The lower agreement in panel B1 was because one 
panel member believed it was not important to consider future 
new products at this early stage of decision making and that it 

4. Technology ranking comparison between three MCDM panels. Note: these results are specific to the case study for which the 
MCDM panels were conducted,  and cannot be interpreted as being valid for any other mill case.
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would be enough to develop a strategy that benefits from co-
products to diversify revenue sources. Regarding product and 
revenue diversification, panel B2 members attributed more 
importance to developing new products in the future than tak-
ing advantage of co-products commercialization.

BIOREFINERY TECHNOLOGY RANKING
The decision weights of each MCDM panel and the values of 
the criteria metrics were used to rank the same FBR technolo-
gies studied by Cohen et al. [9]. Figure 3 shows the relative 
preference for different process-product biorefinery strate-
gies, when applying the panel weights. We can conclude that 
the MCDM methodology resulted in similar results despite 
differences in consensus and in criteria interpretation be-
tween the three panels. 

The average overall scores for biochemical technologies 1, 
2, and 3, and thermochemical technology 2 (Fig. 4) were 
quite similar, which reflects the difficulty at this early stage 
of decision making to make a selection between emerging 
FBR technologies. Even so, the objective of this tool is to 
screen out less promising alternatives. Based on a review of 
the results, the three MCDM panels each concluded that 
biochemical technologies 4 and 5 should not be considered 
for further analyses at their actual stage of development, for 
this particular case study.

CONCLUSIONS
The forest biorefinery offers an interesting opportunity for 
forestry companies to transform their business model over the 
short-term and longer-term, and for companies that develop a 
unique competitive advantage using a sustainable business 
strategy. MCDM is a “formalization of common sense for deci-
sion problems which are too complex for informal use of com-
mon sense” [19]. It provided the information necessary to 
explain differences in outcomes, and provided for effective 
information transfer and productive discussion between 
panel members having different understandings of biorefin-
ery evaluation criteria.

To systematically eliminate process-product biorefinery 
strategies during early stage design it is essential that 1) ap-
proximate process data and other information are systemati-
cally assessed in a consistent manner between processes, 2) 
simple criteria are defined and can be clearly interpreted by 
a panel of decision makers, 3) a panel of decision makers is 
assembled having diverse perspectives, 4) an MCDM process 
is executed whereby decision makers express and justify their 
values, and 5) results are interpreted so that the reasons for 
different process weights can be clearly identified.

Six differences were identified between the biorefinery 
specialist and industry panels based on a statistical analysis 
(Table IV). For three of the criteria (ROI, adjusted ROI, and 

No. Criterion Biorefinery Specialist Perspective Forest Company Perspective

1
Return on investment  
(ROI) 

Shared importance with adjusted ROI  
criterion.
Short-term perspective: looking for  
receiving high revenues as soon as pos-
sible without considering future technology 
improvements and reductions in operating 
costs.

Low relative importance. Higher skepticism 
concerning technology supplier information.

2 Adjusted ROI Shared importance with ROI criterion.
ROI estimations based on future technology 
improvements are more trustworthy and allow 
a better basis for comparison.

3 Feedstock flexibility
Feedstock should be available near the mill 
in high amounts and at low cost.

Being able to process different sources of bio-
mass represents a commercial advantage.

4 Technology risk
Considered technology risk to be indirectly 
reflected in adjusted ROI; however, this is 
not obvious.

Better understanding of criteria definition. 
More consistent ranking.

5
Energy and potential  
integration value

Key component to preserve the core busi-
ness of pulp and paper mills, enhancing 
the mill energy efficiency.

Additional, but separate, advantage. 
Considering integration to keep operating a 
mill may not be a good option in the long 
term, considering the potential for an exit  
strategy from pulp and paper products.

6
Product and revenue  
diversification

Panel members attributed more importance 
to developing new products in the future.

Panel members considered the two market-ori-
ented criteria to have almost equal importance.

IV. Summary of significant differences between MCDM panels.
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energy and potential for integration value), these differences 
are attributable to a difference in the perspective of the forest 
industry decision makers and biorefinery specialists, whereas 
the differences between the other criteria were an issue of a 
different interpretation of the criteria (Table III). 

Despite differences in consensus and some significant 
differences in interpretation between the three panels, the 
average overall technology score was consistent, and resulted 
in the same conclusion regarding which technologies to 
eliminate. These results would, however, be different in each 
case, depending on the mill characteristics and company 
interests. TJ
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