
Lignin is burnt as black liquor in the recovery boiler to 
produce steam and electricity for the pulp manufactur-

ing process, but it could also be separated and comprise 
the feedstock for new “green” revenue streams. Although 
the lignin chemical structure is dominated by aromatics 
and methoxyl groups, it also includes a variety of other 
functional units, which makes it potentially valuable in a 
wide range of applications [1,2]. Recent progress in lignin 
extraction from black liquor has resulted in the emergence 
of the first commercial plants in the United States, Canada, 
and Sweden, using either the LignoBoost process [3] or the 
LignoForce process [4]. Both of these processes are based 
on the use of carbon dioxide to lower the black liquor 
pH to 9-10, and causing lignin to precipitate [5,6]. Fig. 1 
illustrates operational steps of a generic lignin precipita-
tion process. Alternatively, lignin can be extracted directly 

from wood through various biomass fractionation process-
es [7], as generically illustrated in Fig. 2. A solvent-based 
technology can be employed for that purpose, which has 
a less damaging effect on the lignin structure compared 
to the kraft pulping process. The cases of lignin precipita-
tion units integrated within an existing kraft-pulping mill 
and of lignin extraction within a stand-alone organosolv 
plant have been systematically treated by Diffo Téguia et 
al. from a techno-economic perspective [8]; nevertheless, 
extracting and/or producing lignin is only the first step of 
a successful biorefinery transformation. Companies face 
the complex choice of identifying the right applications 
to which they should sell their lignin, knowing that each 
option implies unique technical and market challenges, 
while the precise understanding of the linkage between 
lignin properties, derivative product performance, and 
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ABSTRACT: The lignin biorefinery is emerging; there has been significant progress in recent years regarding lig-
nin extraction and conversion processes, their implementation at the commercial scale, and the validation of lignin 
substitution potential in various applications. In this paper, seven strategies for implementing the lignin-based biore-
finery into a kraft pulp mill were considered, and different performance metrics for these strategies were calculated 
in order to identify the “most preferred”. The different options addressed two distinctly different objectives that 
companies can consider regarding their biorefinery strategy, either (1) a near-term mill-level profitability improve-
ment vision, or (2) a longer-term revenue growth-oriented vision. A phased-implementation approach was systemat-
ically defined for each option in order to mitigate technology and market risks. Lignin product applications that were 
considered included phenol replacement in phenol-formaldehyde (PF) resins, polyols replacement in polyurethane 
(PU) foams, and polyacrylonitrile (PAN) replacement in carbon fiber.

A Multi-Criteria Decision-Making (MCDM) panel was executed for evaluating the seven lignin-based biorefinery 
strategies, using a set of economic, market risk, and competitiveness criteria. Although the panel selected Internal 
Rate of Return (IRR) as the most important criterion, Competitiveness on Production Costs (CPC) appeared to be the 
most important factor for distinguishing between lignin strategy options. CPC reflects the robustness of the biorefin-
ery strategy relative to an aggressive price-cutting strategy from the competition. Overall, strategies involving lignin 
precipitation were more attractive economically, while those involving larger-scale solvent pulping processes and 
the associated larger revenue streams were considered better long-term strategies. The most preferred strategy 
considered by the panel was for precipitated lignin sold for both PF resin and PU foam applications. The next pre-
ferred strategy considered lignin sales to the same market segments, but at larger volumes. The next closely-ranked 
strategy considered the production of a lignin-based PF resin at the host mill. These three strategies were identified 
as “preferred,” for further, more detailed assessment.

	 Application: This paper provides an evaluation of lignin-based biorefinery strategies in the context of retrofit 
implementation within a market kraft pulp mill. The evaluation is made though a Multi-Criteria Decision-Making 
panel, whose members considered a set of profitability, market, and risk-based criteria.
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market supply/demand growth remains uncertain.
Considering this context, this paper aims to assess differ-

ent strategies for the deployment of the lignin-based biorefin-
ery. Risk mitigation using a phased implementation approach 
is considered, taking into consideration technology and mar-
ket uncertainties associated with the business model. The fol-
lowing objectives were addressed in this project:

1. �Generalize the market and technology landscape associ-
ated with the conversion of lignin into added-value de-
rivatives.

2. �Define a set of lignin-based biorefinery strategies, poten-
tially suitable for implementation within an existing 
kraft pulp mill.

3. �Define a set of technology, market and risk-based crite-
ria, and consider these in a panel methodology, in order 
to identify the “most preferred” lignin-based biorefinery 
strategies.

LIGNIN DERIVATIVES AND  
MARKET APPLICATIONS

The spectrum of products that can potentially be synthesized 
from lignin is fairly diversified. Holladay et al. [9] generally 
described this spectrum as including power, fuel, and syngas 
products, macromolecules, and aromatics, which can further 
be classified as near-term, medium-term, and long-term op-
portunities. 

Lignosulfonates obtained from the sulfite pulping process 
are the most widely used today among technical lignin types; 
for example, they are used as concrete and animal feed addi-
tives, for dust control, or as a precursor in the production of 
vanillin, dimethyl sulfide (DMS), and dimethyl sulfoxide 
(DMSO). Phenol-formaldehyde (PF) resins, polyurethane (PU) 
foams, and carbon fibers are emerging as promising near-term 
opportunities for kraft and organosolv lignins [10-12], the cat-
egory of lignins considered in this paper. For example, lignin 
can theoretically replace more than 50% of phenol used in 
resin formulations [13]; however, high levels of substitution 
are not recommended yet due to the lower performance of 
the resulting resin (bond strength, hardening time, mechani-

cal properties of panels) [14]. In practice, at the present time 
the substitution potential of essentially unmodified lignin in 
PF resins is limited to 25%, and it can increase to 40% if the 
lignin is pre-treated, as by phenolation prior to resin manufac-
turing, for example [15]. 

With regards to PU foams manufacturing, lignin can be 
used as a replacement of polyols and is more suitable for rigid 
foams applications. Lignin depolymerization to obtain polyols 
can be realized with high yields (80%-90%) but this process 
remains embryonic for the moment [16]. A level of substitu-
tion of 15% has been achieved using a mechanically ground 
lignin (without chemical modification), while chemically 
modified lignin can replace up to 30% of polyols in PU foams 
[12], achieved through an oxyalkylation process.

The opportunity to produce carbon fiber from lignin is 
arguably one of the most attractive potential applications. Car-
bon fiber exhibits unique physical and mechanical properties 
that make it suitable for replacing metals in various applica-
tions, including in the automobile and aerospace industries 
[17]. Despite growing demand, carbon fiber production vol-
umes remain low due to its high cost, which is related in good 
part to the cost of precursors. Lignin can potentially be a 
much cheaper alternative to polyacrylonitrile (PAN), which 
is currently the most common precursor used in the industry 
[18]. The conventional carbon fiber manufacturing process 
includes four steps: fiber spinning, stabilization, carboniza-
tion, and surface treatment. The lignin substitution potential 
varies with the type of spinning employed, ranging from 50% 
in the case of wet spinning to a full replacement when melt 
spinning is used [19]. Past studies have highlighted some dif-
ficulties for the spinning step using softwood kraft lignin, 
which charred at high temperature. Recent developments 
have overcome that limitation by separating the black liquor 
into distinct molecular weight fractions using an ultrafiltra-
tion membrane prior to lignin precipitation and using only the 
low-molecular weight fraction as a carbon fiber precursor 
[20]. Nevertheless, the current performance of lignin-based 
carbon fibers are not yet equivalent to PAN-based ones, espe-
cially for high-strength applications [17].
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1. Simplified lignin precipitation process from black liquor.
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MITIGATING BIOREFINERY RISKS  
THROUGH PHASED IMPLEMENTATION

Despite risks associated with lignin product performance and 
market growth, several forest product companies seek to 
have significant strategic advantages to being first- or early-
to-market with the manufacture of lignin. A practical ap-
proach to mitigating these risks is through phased implemen-
tation. Chambost et al. [21] suggest a nominal three-phase 
approach.

Various factors influence the definition of phases from the 
perspective of mitigating risk, including (1) the product 
point-of-entry on the existing value chain, (2) the market 
characteristics and associated penetration needed, and (3) 
the technology development approach for the deployment of 
the strategy [22]. For the example of lignin use in phenolic 
resin applications, the first factor would consider whether 
lignin is sold as phenol replacement for resin manufacture, 
or whether it is mixed/converted into the PF resin. The pen-
etration rate for a given position on the value chain, which is 
dependent on the substitution potential, leads to defining the 
design capacity of the process over several phases. Will the 
lignin be sold internally, or sold and re-purchased from the 
PF resin supplier? The third element considers whether the 
company is open to horizontal or vertical integration. Is the 
company open to vertical integration, as well as increasing 
risk and added value from manufacture of the downstream 
phenolic resin, requiring that their strategy brings them clos-
er to the final user? What would be the company’s competi-
tive position to achieve this goal, relative to others?

EVALUATION AND SELECTION  
OF BIOREFINERY OPTIONS

The problem of biorefinery strategy selection has been ad-
dressed in various studies, and several methods have been 
developed to address the evaluation and decision-making re-
garding individual projects or project portfolios [23-26]. The 
success of a biorefinery initiative is dependent on a wide 
range of factors identified using different perspectives, 
among which the most important must be identified and 
taken into account during the biorefinery selection process. 

A committee of decision-makers rather than a single individ-
ual is typically responsible for capital investment recommen-
dations in the company, and the committee must respect-
fully consider a range of technology, market, and risk issues.  
This emphasizes the need for a decision-making method that 
is practical for summarizing critical information, and using 
this to aggregate the perspectives of stakeholders in order to 
reach a balanced decision. Multi-criteria methods suitable for 
this purpose have been successfully employed to solve bio-
refinery decision problems in past studies [27-30]. Among 
these, multi-criteria decision-making (MCDM) aggregates the 
panel member preferences systematically and in an interac-
tive context, resulting in an outcome that is readily interpre-
table, which facilitates alignment between stakeholders re-
garding “preferred” strategies.

In the MCDM process, the definition of the set of evalua-
tion criteria is critical. Significant care is needed to define 
important criteria that reflect the values of the company [31]. 
Criteria can be defined using top-down [32] or bottom-up 
approaches [33], ultimately resulting in a consistent family of 
attributes, which should be exhaustive, monotonic, minimal, 
legible, and operational [34].

OBJECTIVE
This study considers the implementation of a lignin-based 
biorefinery at a North-American forest product company 
that owns sawmills and panel board mills, as well as kraft 
pulp and paper mills. The company seeks to diversify its 
product offering, starting with one of its market pulp mills. 
The mill produces 1500 air dried (a.d.) metric tons of kraft 
softwood pulp per day and is adjacent to a sawmill also 
owned by the company. Two recovery boilers and one hog 
fuel boiler are running under normal operating conditions, 
and the mill has enough cogenerated power to be energy 
self-sufficient. With regards to the integration of biorefinery 
processes with the existing pulping process, there is a rea-
sonable capacity for a certain additional steam production, 
whereas spare capacity at the wastewater treatment plant 
is more limited. Additional biomass of approximately 1500 
bone dry (b.d.) metric tons/day of hardwood saw logs is 

2. Simplified solvent-based biomass fractionation process.



ECONOMIC ANALYSIS

232  TAPPI JOURNAL | VOL. 16 NO. 4 | APRIL 2017 

available as potential feedstock for the biorefinery from the 
mill-owned forest management area (FMA). 

It is assumed that in the base case, a lignin precipitation 
unit producing 30 b.d. metric tons/day of lignin from black 
liquor has been implemented at the mill. The objective of 
the project was to assess the different strategies available to 
the mill and to maximize the value of the lignin-based bio-
refinery.

Candidate biorefinery strategies
A preliminary screening of lignin applications was made con-
sidering (1) technology and market readiness for different lig-
nin products, and (2) the potential to create competitive ad-
vantage in the near and longer terms. This analysis led to 
retaining polyols replacement in PU foams among immedi-
ately achievable alternatives to PF resins applications, while 
PAN replacement in carbon fibers was retained among the 
longer-term applications. All strategies were defined as exten-
sions of the Base Case situation, considering phased implemen-
tation. The first strategy, referenced as “Ligno 90•PF,” aims to 
improve market position by increasing production volume. It 
considers tripling the capacity of the lignin precipitation unit 
from 30 metric tons/day to 90 metric tons/day, still having 
minimal impact on recovery boiler operations. Two strategy 
alternatives emerge from this: (1) a mill-centric strategy that 
focuses on improving the competitive position of the host mill 
at the current scale (Group 1 strategies), and (2) strategies that 
seek larger manufacturing scales and greater impact in terms 
of revenue diversification (Group 2 strategies).

Ligno 90•PF PU and Ligno 90•PF CF strategies consider 
commercializing lignin for PU foams and carbon fiber appli-
cations, respectively. In both cases, 7% of the production 
would be used in company owned panel board mills, 60% 
would be sold for PF resin applications, and 33% for either PU 
foams or carbon fiber applications. A vertical integration ap-
proach is represented through the strategy Resin 90, which 
considers on-site manufacturing of a lignin-phenol-formalde-
hyde resin. In this case, the acquisition of an existing resin 
manufacturer is considered in order to facilitate the integra-
tion of resin production, as well as access to distribution 
channels.

In the second group of strategies, a joint venture is 
considered for the implementation of a standalone solvent 
pulping plant in parallel to the existing process. It would 
convert the available supply of hardwood into a portfolio with 
isobutanol (sold as a biofuel), a hemicellulose-rich sugar syrup 
(sold as animal feed), and lignin derivatives. The non-lignin 
products were selected using minimum technology and 
market risk considerations and remain fixed for all scenarios. 
The first lignin strategy, Ligno 90 + SP•PF, considers additional 
sales with the main lignin application. The last two,  
Ligno 90 + SP•PF PU and Ligno 90 + SP•PF CFs, consider 
product diversification into PU foams and carbon fiber 
applications. Table I summarizes the Phases for each of the 
seven strategies.

ANALYSIS METHODOLOGY
Information relative to mass and energy balances for the de-
sign of processes associated with the lignin-based biorefinery 
strategies was collected from the literature. A large-block 
analysis approach [35] was employed to obtain capital and 
operating costs estimates for each implementation phase of 
each strategy. 

Techno-economic analysis
Considering retrofit implementation, the specifics of the case 
study host mill were taken into account for integration poten-
tial. This analysis emphasized the materials handling system, 
the inventory of unused equipment, the energy island and the 
wastewater treatment plant with the purpose of (1) identify-
ing technology risks and additional costs for their mitigation, 
as well as (2) the potential for cost reduction resulting from 
synergies with the existing process.

In order to determine realistic values for capital expenses, 
capital costs were first estimated considering information in 
the literature on comparable processes, in a manner consis-
tent with Diffo Téguia et al. [8]. Equipment with similar func-
tions were identified, then data were scaled up to the case 
study design capacities and actualized using proper cost index 
factors. Common design heuristics were used to extrapolate 
components of direct and indirect capital costs for the inte-
grated precipitation units, while the Lang method was em-
ployed for the case of standalone solvent pulping plants. De-
sign heuristics were also employed for estimating fixed 
components of operating costs.

The basis for feed material costs and product prices in-
volved making projections over the period of the project life-
time. Correlations were made between historical feed costs 
or product prices and energy commodities (crude oil, natural 
gas, and/or electricity). Average, minimum and maximum 
values of projections for energy commodities in reports from 
the International Energy Agency (IEA) [36] and the U.S. En-
ergy Information Administration (EIA) [37] were used to ex-
trapolate to future values for feed materials and products.  
For materials not directly linked to energy commodities, only 
historical values were used as the main basis for pricing. 
Table II summarizes feed material unit costs, and Table III 
summarizes product prices considered in this study.

Conservative discounts have been considered for the first 
three years following the market launch of derivative lignin 
products. These were nominally set based on the maturity of 
the targeted applications at: 10% for the replacement of PF 
resin, 20% for the replacement of phenol and polyols, and 30% 
for the replacement of PAN. For cash flow calculations, a 
1-year construction period was assumed for capacity increase 
of the precipitation unit and for the solvent pulping demon-
stration plant, while a 2-year period was assumed for construc-
tion of the full-scale solvent pulping plant. In order to compare 
the impacts of each strategy, cash flow values were actualized 
to the year of the capacity increase occurring in Phase I of all 
strategies.
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Strategic 
Orientation

Lignin Biorefinery 
Strategies

Phase 0  
Year 0 – Year 4

Phase I  
Year 5 – Year 9

Phase II  
Year 10 – Year 30

Base Case 30 metric tons/
day lignin precipitation

Group 1:  
Improve mill  
competitive  

position

Ligno 90•PF

Same as  
Base Case

Increase of lignin precipitation capacity to 90 
metric tons/day
• �Year 5: 6 metric tons/day burnt, 6 metric tons/

day to board mills, 48 metric tons/day to PF 
resin market

• �Year 6: 6 metric tons/day to board mills,  
84 metric tons/day to PF resin market

Ligno 90• PF PU

Same as Ligno 90•PF, excepting:
• �Year 5: 33 metric tons/day to PF resins,  

15 metric tons/day to PU foams
• �Year 6: 54 metric tons/day to PF resins,  

30 metric tons/day to PU foams

Ligno 90•PF CFs

Same as Ligno 90•PF, excepting:
• �Year 5: 33 metric tons/day to PF resins,  

15 metric tons/day to carbon fibers
• �Year 6: 54 metric tons/day to PF resins,  

30 metric tons/day to carbon fibers

Resin 90 Same as Ligno 90•PF

Acquisition of a resin 
producer
• �Year 10: 290 metric 

tons/day of resin  
produced

• �Year 11: 435 metric 
tons/day of resin  
produced

Group 2:  
Larger-scale  

revenue  
diversification

Ligno 90 + SP•PF
Same as Ligno 90•PF + 
Solvent pulping demo 
plant1

Increase of solvent 
pulping to full capacity2

Ligno 90 + SP•PF PU

Same as Ligno 90 + SP•PF, excepting lignin  
distribution: 6 metric tons/day to board mills,  
220 metric tons/day to PF resins, 124 metric 
tons/day to PU foams

Ligno 90 + SP•PF CFs

Same as Ligno 90 + SP•PF, excepting lignin  
distribution:
6 metric tons/day to board mills, 220 metric tons/
day to PF resins, 124 metric tons/day to carbon 
fibers

1 The demo plant extracts 9 b.d. metric tons/day of lignin from 50 b.d. metric tons/day of hardwood.
2 There is a capacity ramp up of the full-scale plant from Year 10-12 resulting in 220, 270, and 350 b.d. metric tons/day of lignin extracted.

I. Summary of lignin-based biorefinery strategies and phased implementation (PF = phenol-formaldehyde; PU = polyurethane;  
CF = carbon fiber).

• �Year 0: 100% lignin burnt

• �Year 1: 28 metric tons/day 
burnt, 2 metric tons/day to 
board mills

• �Year 2: 24 metric tons/day 
burnt, 6 metric tons/day to 
board mills

• �Year 3: 18 metric tons/day 
burnt, 6 metric tons/day to 
board mills, 6 metric tons/day  
to PF resin market 

• �Year 4: 12 metric tons/day 
burnt, 6 metric tons/day to 
board mills, 12 metric tons/day 
to PF resin market

• �Year 5: 6 metric tons/day burnt, 
6 metric tons/day to board mills, 
18 metric tons/day to PF resin 
market

• �Year 6+: 6 metric tons/day to 
board mills, 24 metric tons/day 
to PF resin market



ECONOMIC ANALYSIS

234  TAPPI JOURNAL | VOL. 16 NO. 4 | APRIL 2017 

Product

Assumed Market Price
($/metric ton)

Basis for Assumed Price

Nominal Minimum

Phenol 1 005 690 Correlation identified with the price of crude oil.

Polyols 2 970 2 035
Correlation identified with the price of propylene, which is conjointly 

influenced by prices of crude oil and natural gas.

PAN 2 480 1 700
Based on target carbon fiber prices between 5-7 $/lb. Minimum value 

based on variations of acrylonitrile, therefore of propylene.

PF resin 2 000 1 485
Average price among different providers. Minimum value linked to 

variations of phenol and formaldehyde.

Sugar syrup 170 155 Molasses price in cattle industry-intensive U.S. states.

Isobutanol 3.08 $/gal 2.11 $/gal Correlation identified with the price of propylene.

Feed  
Material

Assumed Unit Cost  
($/metric ton)

Basis for Assumed Cost

Nominal Maximum

Phenol 1 005 1 905 Correlation identified with the price of crude oil.

Sulfuric acid 180 240
Pricing based on historical trends dictated by phosphate fertilizers 

and copper industries.

Carbon dioxide 300 390
Case-specific values. 

Oxygen 50 65

Caustic 430 810 Correlation identified with the price of crude oil.

Enzymes 2 270 2 500 Latest available price in literature. A 5% increase was considered for 

the maximum, as prices are expected to considerably decrease with 

more economical technologies.
Yeast 1 875 2 060

Biomass 100 (dry) 127 (dry)
30% of the delivery costs were attributed to transportation, which 

was assumed to be varying with crude oil.

Formaldehyde 210 400

Formaldehyde is produced on-site. Methanol represents around 80% 

of production costs, and its price is correlated to both crude oil and 

natural gas.

Electricity 7.9 ¢/kWh 14.8 ¢/kWh
Values adjusted to mill location based on historical trends.

Natural gas 4.35 $/GJ 7.15 $/GJ

II.  Assumed unit costs for feed materials to process.

III. Assumed market prices for lignin-based biorefinery products
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Definition of a minimal and necessary set  
of decision criteria

For the purposes of the case study, a database of MCDM panel 
criteria from many previous panels was considered. There 
were two criteria triage steps, (1) considering the pertinence 
of individual criteria, and (2) considering the family of crite-
ria as a whole. In the first step, criteria judged not relevant, 
important, representative, or discriminative were screened 
[38]. The panel members judged the reliability of criteria 
based on information and assumptions used to calculate cri-
teria metrics. The set of criteria resulting from the first step 
was then enhanced, by assessing that it formed a consistent 
family of criteria [34]. Certain criteria were combined into a 
single one to make a set of workable criteria for the panel, 
with a maximum of eight. 

A set of six criteria were identified in close collaboration 
with panel members, a majority being related to market risk 
and competitiveness. Table IV summarizes the criteria and 
their interpretations as established by the panel members.

Decision-making for the “preferred” lignin-
based biorefinery strategy

An MCDM panel method was employed for decision-making. 
Preferences regarding relative criteria importance (weights) 
were obtained through a pair-wise tradeoff process between 
criteria with the one considered most important by panel 
members. Biorefinery strategies could then be compared 
based on their overall scores, which were calculated using a 
weighted sum as defined by Eq. (1):

	 (1)

	

 Scorecandidate j  = Wi ×Ui(x j)
i = 1

N

∑  

where N is the number of criteria, Wi is the weight of crite-
rion i, Ui is the utility function associated with criterion i, and 
xj is the value obtained by evaluating biorefinery candidate j 
under criterion i. The utility function serves the purpose of 
bringing criteria with different units to a common basis. In 
this case, a linear normalization was employed, using lower 
and upper bounds determined by panel members based on 
the results of criteria evaluation.

The panel was composed of seven members, including 
four representatives of the forest products company, and 
three external members. External members are usually fac-
ultative but were included in this case at the request of the 
company. Quintero-Bermudez demonstrated that consistent 
decisions – different criteria weights but similar alternatives 
scores and ranking – are generally achieved even with dif-
ferent panel compositions [39]; however, in order for the 
decision to adequately reflect the company’s vision, its rep-
resentatives must be people with authority on project ap-
proval, which in this case was an accountant and three man-
agers.

RESULTS
Techno-economic estimates 

The techno-economic analysis results are summarized in 
Table V. The “company contribution” considers the joint ven-
ture approach used for the solvent pulping (SP) strategy.

Although these techno-economic results are mill-specific, 
there is an order-of-magnitude difference between costs and 
revenues associated with integrated (Group 1) and larger-scale 
(Group 2) strategies. The Group 1 strategies require relatively 
low capital and operating expenses, but also generate lower 
annual revenues compared to larger scale strategies. On the 
other hand, strategies in Group 2 rely on the availability of 
subsidies and economies-of-scale for attractive returns. Al-
though they generate higher annual margins, the associated 
NPV’s are lower than those of Group 1 strategies with similar 
lignin derivative products. Higher profitability could be ex-
pected if higher value derivatives from cellulosic sugars were 
to be considered; however, it was not the focus of this case 
study. The profitability of the Resin 90 strategy is impressive, 
but implies more economic uncertainties compared to other 
strategies.

Assessment of decision criteria 
Decision-making for corporate transformation to a new prod-
uct portfolio, such as the case for the lignin-based biorefinery, 
should not rely on profitability metrics alone. Technology and 
market risks are critical for this long-term diversification deci-
sion, and thus a more complete set of decision-making metrics 
was considered in the present study. The values for the 6 de-
cision-making criteria identified and defined in Table IV are 
presented in Table VI. (Note: Considering a sustainability 
perspective, environmental, and other criteria would typi-
cally also be considered in an MCDM panel; however, the 
focus of the current work was on technology and market risks 
in addition to profitability.)

The two economic criteria (IRR and CFCE) display a simi-
lar trend, and strategies involving integrated processes are 
more profitable than those involving larger scale processes. 
Group 2 strategies have a greater impact on revenue diversi-
fication and are less vulnerable to fluctuations in energy and 
chemical costs. RPMC displays a unique profile that makes a 
direct comparison between strategies of the two groups less 
obvious. Considering the global picture, no candidate strategy 
results in criteria evaluation that are higher than all other can-
didates for the criteria considered. This justifies the need to 
allocate weights to criteria using an MCDM panel, alongside 
other benefits of MCDM panels, such as alignment of stake-
holders.

MCDM panel outcome
IRR was selected by the panel as the most important criterion 
in the context of the case study, considering the importance 
of profitability for ensuring competitiveness of the overall site 
over the long term. Panel members set the target value of IRR 
at 25%, and an ambitious value of 75% for the upper limit of 
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the normalization range. The latter was justified by the need 
to encompass uncertainty of parameters that influence IRR, 
given especially uncertainty of data for Year 5 and beyond of 
the project timeline. Criteria weights and ranking that result-
ed from tradeoff activities are summarized in Fig. 3, and the 
overall scores obtained when combining the weights with 
normalized calculated outcomes for each strategy criteria are 
presented in Fig. 4.

After IRR, Competitiveness on Production Costs (CPC) was 
attributed the second highest weighting among the criteria, 
mainly due to the impact that pricing strategy has on the po-
tential to penetrate and capture early market share. The rela-
tively high weight of the Revenue Diversification (RD) crite-
rion was linked with the objective of diversifying sources of 
revenues as part of the long-term vision of the forest product 
company. Cash Flow on Capital Employed (CFCE) and Resis-
tance to Energy and Chemicals Market Uncertainty (RECMU) 
criteria received similar weights as indicators of profitability 

and robustness. Since all biorefinery strategies had positive 
margins under poor market conditions, panel members de-
cided not to attribute Robustness to Poor Market Conditions 
(RPMC) a significant weight.

As per Fig. 4, the application of criteria weights to the dif-
ferent biorefinery strategies did not lead to scores disparate 
enough that they were easily distinguished. Criteria weights 
influenced strategies scores in diverse ways. Strategies involv-
ing integrated processes were preferred due their perfor-
mance on economic indicators, while strategies involving 
larger-scale processes were preferred due to their diversifica-
tion potential and robustness. The strategy Ligno 90•PF PU, 
ranked first, adequately combines economic and strategic 
advantages, being the best performer for IRR, CFCE, and CPC. 
Overall, strategies involving PU foams were more preferred 
than strategies using similar processes but promoting carbon 
fiber. The strategy Resin 90 also had an interesting position, 
with a profile distinct to other strategies of comparable scores. 

Category Criterion  Interpretation Metric

E
co

n
o

m
ic

 R
is

k

Internal Rate of Return 
(IRR)

Measure of project profitability under normal 
market conditions, considering all phases of 
the biorefinery strategy. The hurdle rate was 
set at 20%, considering the risk level expected 
in Year 5 of the project.

Discount rate at which NPV equals 
zero.

	

NPV = tCash flow
1 + IRR( )t

t=0

25

∑  = 0

Cash Flow on  
Capital Employed 
(CFCE)

Ability to generate cash flows from the capital 
investment over the life of the project, and 
thereby to improve the value of the company 
by lowering its debt.

• �Discount rate for future EBITs: 20%
• �Discount rate for capital  

investments: 6%

	

CFCE = 
present value of future EBITs∑

present value of capital investments∑

M
ar

ke
t 

R
is

k 
an

d
 C

o
m

p
et

it
iv

en
es

s

Revenue  
Diversification  
(RD)

Potential to meet revenue growth targets 
from new bioproducts, over the revenue from 
the mill in its current situation. It indicates 
an ability to mitigate market risk by being 
less dependent on pulp sales, due to a more 
diversified source of revenues.

Competitiveness  
on Production Costs 
(CPC)

Robustness of the biorefinery strategy relative 
to an aggressive price-cutting strategy from 
the competition, based on assumptions of a 
low-end production price for the competition.

 

	
CPC = 

Total portfolio revenue( )minimum market prices
 - Operating costs

Total portfolio revenue( )minimum market prices

 

Resistance to Energy 
and Chemicals Market 
Uncertainty  
(RECMU)

Vulnerability of the strategy to production 
cost volatility due to the volatility of feed 
material costs (product transportation and 
logistics not included).

 

Robustness to Poor 
Market Conditions 
(RPMC)

Ability to afford process operation under 
poor market conditions for a 6-month period, 
expressed by EBITDA as a percentage of the 
capital investment. 	

RPMC = (monthly EBITDA under poor market conditions) ×  6 
Total capital costs

IV. Summary of decision criteria used for decision-making panel (NPV = net present value; EBIT = earnings before interest and tax; 
EBITDA = earnings before interest, taxes, depreciation and amortization).

	

RD = Importance of new revenues ×  
          Importance of new products
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Group 1 
Improve mill competitive position

Group 2 
Larger-scale revenue diversification

Indicator
Ligno 
90•PF

Ligno 
90•PF PU

Ligno 
90•PF CFs

Resin  
90

Ligno 90 + 
SP•PF

Ligno 90 + 
SP•PF PU

Ligno 90 + 
SP•PF CFs

Lignin production capacity
90 metric 
tons/day

90 metric 
tons/day

90 metric 
tons/day

90 metric 
tons/day

435 metric 
tons/day 

resin

350 metric 
tons/day

350 metric 
tons/day

350 metric 
tons/day

Capital 
Investment

Total  
project cost

32 M$ 33 M$ 39 M$ 146 M$

432 M$ 438 M$ 436 M$

Company 
contribution

153 M$ 156 M$ 154 M$

Annual 
Operating 
Costs 
(Phase II)

Total costs

6 M$/year 7 M$/year 7 M$/year
104 M$/

year

123 M$/
year

127 M$/
year

126 M$/
year

Company 
contribution

60 M$/year 62 M$/year 61 M$/year

Annual  
Revenues 
(Phase II)

Total  
revenues

21 M$/year 41 M$/year 36 M$/year
287 M$/

year

222 M$/
year

305 M$/
year

284 M$/
year

Company 
share

120 M$/
year

162 M$/
year

151 M$/
year

Annual EBITDA 
(Phase II)

15 M$/year 34 M$/year 29 M$/year
183 M$/

year
60 M$/year

100 M$/
year

90 M$/year

NPV  
(Phases I and II combined)

17 M$ 70 M$ 49 M$ 164 M$ 6 M$ 50 M$ 37 M$

V.  Summary of techno-economic results.

VI.  Summary of results of criteria evaluation.

Group 1 
Improve mill competitive position

Group 2 
Larger-scale revenue diversification

Criterion
Ligno  
90•PF

Ligno  
90•PF PU

Ligno  
90•PF CFs

Resin 
90

Ligno  
90 + SP•PF

Ligno  
90 + SP•PF 

PU

Ligno  
90 + SP•PF 

CFs

Internal Rate of Return  
(IRR)

31% 57% 43% 46% 21% 28% 26%

Cash Flow on Capital 
Employed  
(CFCE)

2.0 4.5 2.9 3.0 1.0 1.4 1.3

Revenue Diversification  
(RD)

2% 7% 7% 22% 29% 51% 48%

Competitiveness on  
Production Costs  
(CPC)

46% 65% 59% 58% 33% 45% 41%

Resistance to Energy  
and Chemicals Market  
Uncertainty  
(RECMU)

21% 30% 28% 14% 82% 83% 83%

Robustness to Poor  
Market Conditions  
(RPMC)

7% 22% 13% 4% 4% 11% 8%



ECONOMIC ANALYSIS

238  TAPPI JOURNAL | VOL. 16 NO. 4 | APRIL 2017 

Based on these results, the panel identified the top three 
strategies as “most preferred” for implementing the lignin-
based biorefinery. The following two could eventually be re-
considered if market conditions become more favorable for 
their implementation. The last two candidate strategies were 
rejected.

DISCUSSION
A marginally profitable strategy is unlikely to be preferred. On 
the other hand, the IRR criterion weight is surprisingly low 
compared to others, due in large part to the upper bound of 

normalization set at 75% by the panel, as in high profitability 
expectations from a lignin-based biorefinery strategy by panel 
members. 

CPC has an important impact for distinguishing between 
strategies and is the most important contributor for five of 
seven strategies. Product pricing, which is dependent on both 
process economics and the comparability of lignin-derived 
with existing products, is a determining factor for the endorse-
ment of the lignin-based biorefinery by forestry companies.

From the perspective of distinguishing between strategies, 
RPMC did not play a distinctive role, as all strategies had good 

29,9% 

24,0% 

18,1% 

13,1% 12,7% 

2,3% 

0% 

10% 

20% 

30% 

40% 

IRR CPC RD CFCE RECMU RPMC 

C
rit

er
ia

 W
ei

gh
ts

 (%
) 

29.9% 

24.0% 

13.1% 

18.1% 

12.7% 

2.3% 

3. Criteria weights resulting from the Multi-Criteria Decision-Making (MCDM) tradeoff panel.
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performance. For the assumptions of the study, the lignin-
produced products from the mill have good potential to be 
cost-competitive compared to similar derivative products that 
use fossil-based feedstocks. 

It is clear that the larger volume strategies are preferred 
due to their more significant revenue growth and their diver-
sified product portfolio for mitigating price volatility. Combin-
ing the best two candidates, a forest product company could: 
(1) increase its lignin precipitation capacity and diversify the 
targeted lignin applications including higher value derivatives 
in the midterm, prior to (2) implementing a larger scale pro-
cess, such as solvent pulping leading to a diversified product 
portfolio to simultaneously improve its market position and 
its robustness. 

Emphasizing vertical integration by entering into the resin-
manufacturing segment was also a preferred lignin-based bio-
refinery strategy. The score of the Resin 90 strategy shows 
that it can potentially create unique competitive advantage for 
the forestry company. Because it can partially absorb unsold 
volumes of lignin or eventually lignin-based resin by using it 
in its own board mills, such a company has the opportunity 
to demonstrate the application, optimize the application, and 
clearly identify the value proposal for lignin-based phenolic 
resins. 

Finally, the ranking and score of the Ligno 90•PF strategy 
demonstrates that minimal risk strategies are unlikely to lead 
to a sustainable competitive position. Market demand is ex-
pected to increase as the usage of lignin derivatives for diverse 
applications gets mature, and a strategy relying solely on in-
creasing the production capacity would be insufficient from 
a competitive point of view. 

CONCLUSIONS
Recent progress towards the emergence of the lignin-based 
biorefinery motivated this study, which aims at the identifica-
tion of promising strategies considering particularly the con-
text of a retrofit implementation of the lignin-based biorefin-
ery within a forest products company. This has been achieved 
through a case study considering seven candidate strategies 
for implementation at an existing kraft pulp mill where a 30 
metric tons/day lignin precipitation unit is already in place. 
Company-specific drivers and barriers led to retaining PF res-
ins, PU foams, and carbon fiber applications as potential mar-
ket segments for lignin positioning. 

The assessment of candidate strategies was made using a 
set of economic and market criteria. Results showed that strat-
egies involving integrated (lignin precipitation) processes 
were more profitable than those involving larger scale (solvent 
pulping) processes, while the latter was more attractive in 
terms of revenue diversification and were more robust to price 
volatility on energy and chemical markets. 

Criteria weighting was made using a Multi-Criteria Deci-
sion-Making (MCDM) panel, during which Internal Rate of 
Return (IRR) received the highest weight. Nevertheless, the 
criterion representing price competitiveness was the highest 

contributor to strategy scores. Price competitiveness relative 
to competing fossil-based products is expected to be critical 
to the development of lignin biorefinery, both for market pen-
etration and positioning. The MCDM panel members identi-
fied that the top three lignin-based biorefinery strategies 
should be retained as “preferred”. The first-ranked strategy 
would sell lignin for PF resins and PU foams at a low volume 
and resulted in strong economic returns, cash flow generation 
and cost competitiveness. The second-ranked strategy consid-
ered the same applications for lignin but at a larger scale, and 
the third-ranked strategy considered on-site manufacturing of 
a lignin-based PF resin.  TJ
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making money!

Through this research, mills can better appreciate 
(a) long-term lignin-based biorefinery strategies, and 
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