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ABSTRACT

Techno-economic Analysis and Supply Chain Design for a Forest Biorefinery to
Produce Value-added Bio-based Products from Lignin

Dessbesell, L. 2019. Techno-economuc Analysis and Supply Chain Design for a Forest
Biorefinery to Produce Value-added Bio-based Products from Lignin
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lignin, biophenol, biopolyol, plant capacity, monte carlo stmulation, supply chain, cost
mimmization, biomass, black hiquor surplus, value-added bio-based products

By far, several commercial projects for production of lignin-based chemicals started
operations around the world. For instance, the LignoBoost process was mstalled by Domtar
i 2013 in the Umted States, and in 2015 by Stora Enso in Finland. Lather, in 2016, the
LignoForce system came into operation at West Fraser in Canada. These commercial
mitiatives show that lignin has proven its potential as an alternative to petroleum, to reduce
emissions and generate a new stream of revenue in the forestry sector. Lignin deems to be
a smtable feedstock for energy generation or value-added bioproducts as substitutes to
petroleum-based products. However, ligmin’s charactenistics (specifically large molecular
weights and low reactivity) limit its direct use as chenucals to substitute petroleum-derived
chemucals.

More than 30 years of research towards lignin modification have shown that
depolymenization 1s one of the promising routes to achieve its high-value applications in
chemicals. A novel depolymenization process using low-pressure and low-temperature has
been developed by Dr. Xu's group — from the laboratory-scale production of
depolymenized lignin (DL) to value-added applications of DL for bio-based materials
(patent pending). In thus process, kraft higmin (KL) 1s depolymerized using sodium
hydroxide as catalyst and ethylene glycol as solvent. The depolymerized kraft lignin (DKL)
products have suitable charactenistics, such as hugh hydroxyl a moderately low weight-
average molecular weight, for synthesis of biopolymers. The DKL can substitute up to 75%
phenol m the manufacture of phenol-formaldehyde resins (PF) and up to 50% in the
formulation of polyurethane (PU) foams. The next logical step 1s to assess the feasibility
of this technology. Therefore, the general purpose of this research 1s to develop a techno-
economuc analysis and a supply chain (SC) design to identify the most promising technical
and economic aspects of commercial production and long-term feasibility of bio-based
value-added chemucals and materials from KL.

To this end, firstly the process was scaled up to a pilot scale (~ 4,000 t/'y of DKL),
and its use as bio-polyols or bio-phenols were assessed in terms of recovery, capital
investment, selling price, and feedstock cost. Our imtial findings show that production of
bio-polyols from KL is slightly more expensive than bio-phenol; however, polyols have a
higher market price that compensates the extra cost, resuling in the DKL -to-polyols
strategy being imtially more attractive than that of DKIL-to-phenol. Since the capital
expenses tend to decrease as plant size increases, scaling up 1s crucial to the success of
production of bio-based chemucals from lignin. Therefore, our second task focused on the
capacity design of a KL biorefinery for the production of bio-phenols. Canada alone has a



KL surplus of ~1.06 nmillion tonnes per year generated by the kraft pulp mulls. In this
context, several DKL production capacities were designed and its economic feasibility
evaluated. The total fixed manufacturing costs varied from ~63 to 154 US$/t for 120,000
to 10,000 t/y KL processing capacities. All scenarios are feasible; however, small capacity
results in more extended payback periods (PBP), and KL capacities above 40,000 t/y lead
to ~3-year PBPs and high NPVs (above US$35M). Uncertainties in price, feedstock costs,
KL supply. capital costs, and demand have a significant impact on the implementation and
successful lunching of the biorefining technology for bioproducts. In our first two tasks,
the uncertainties in bioproducts prices, feedstock costs and capital costs were addressed
through probability analysis using historical data. Nevertheless, competitive advantages
are tied to well-designed supply chain (SC) strategies.

Hence, the third task examines a SC design for KI.-based phenols and polyols in
North Amernica. A SC cost mimmization model was applied to several demand scenarios
(20% to 50% demand) for a case study for the Canadian kraft pulp industry. At 30% polyols
and phenols demand the model indicates eight biorefinery locations resulting in a DKL
minimum selling price varying from 1.602 to 1.137 US$/t, small to larger capacities,
respectively. This vanation 1s due to fixed costs being higher for smaller plant sizes. The
variable cost reduction from transport cost mininuzation did not compensate installing
small DKL plants in the case study. To the best of our knowledge, this 15 the first in-depth
study on the analysis for DKI.-based bioproducts production. As future work, mntroducing
capacity flexibility into the model and looking into the effect of mill-specific information
and market requirements on the SC design should be investigated m order to make lignin-
derived bioproducts a part of the forest industry value chain.
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CHAPTER 1 — General introduction and thesis objectives
1.1 Introduction

The petrochemical industry relies on petroleum that 1s refined to produce fuels and
platform chenucals - precursors of a variety of products, such as, solvents, plastics and
paint. The worldwide concerns about crude o1l dependence, depletion and the associated
environmental enussions have intensified the efforts to discover renewable alternatives to
petroleum-based products [1].

One of the efforts 1s to use lignocellulosic biomass, the most abundant renewable
resource on the earth, to replace or substitute petroleum-based chenucals, fuels and
materials. Bio-chenucals, also called green chenucals, can be called replacements — with
1dentical chenucal structure as the product being replaced; or, substitutes — with different
chemical structure and similar or improved functionality [2].

Lignocellulosic resources are primarily constituted of cellulose (40-50%),
hemicellulose (25-30%), and hgnin (20-30%) [3]. “Lignin 1s a complex three-
dimensional biopolymer of aromatic alcohols™ [4]. The primary source of technical lignin
15 the pulp and paper industry [5]. The global production of lignin 1s over 70 million
t/year, of which 95% 1s burned n recovery boilers for steam and power generation. Only
about 5% of lignin (mainly in the form of lignosulphonate) 1s utilized for the production
of value-added bio-based products, such as dispersants, adhesives and surfactants [6].

Modem kraft pulp mulls burn “black liquor” (stream contaimng kraft lignin (KL))
to recover the pulpmg chemicals while generating energy. The recovery boiler’s capacity
linitation allows the removal of a portion of the K1, which could be used in the
production of value-added chenucals [7]. Up to 25% of KL could be removed, depending

on the black liquor heating value, without significant impact on the recovery boiler



operation. For mstance, in the scenario of a typical kraft null (assuming ~10% KL
removal for a 1,000 t/day kraft pulp mull) it represents up to 50 t/day of KL, which 1s
associated with up to 50 t/day of added pulp production in the null [8].

Research on bio-based chenucals and materials from lignin has been successfully
achieved in the laboratory and pilot scale, but 1t 1s still struggling to gain commercial
scale importance and interest of market users [1]. For instance, in 2007, an extensive
study by the National Renewable Energy Laboratory (NREL) and the Pacific Northwest
National Laboratory (PNNL) [9] reported potentially feasible products from hignin, such
as carbon fibre, modified polymers, resins and adhesives as a potential investment in a
medium-term future. Moreover, bio-based chemucals are expected to grow significantly
and mcrease their share in overall chenucal production to an estimated 9% by 2020 [10],
while some of this growth could be attributed to lignin-based chemicals.

Some studies can be found on the process stmulation, technical design, economic
and environmental assessment of lignocellulosic biorefineries. Examples of economic
and technical analysis studies include: fermentation-based sugar conversion biorefinery
[11]; bio-01] gasification and fast pyrolysis biorefinery [12]; various biorefinery concepts
[13]; and, organosolv biorefinery [14-16]. Examples of techmcal, economic and
environmental analysis studies include a high-octane gasoline biorefinery [17] and a
beech wood-based biorefinery [18]. Such studies demonstrate the great variability of
feedstock and products of prospective biorefineries; however, the majority of the studies
by far focus on bicenergy and biofuels.

A potentially high-volume and high-value application of ligmin 1s 1ts use as
substitute for phenol in phenol-formaldehyde (PF) resins. Because phenol 1s made from

petroleum-based feedstock (specifically from benzene via the cumene process), whose



price has mcreased substantially over the last few years [8]. In addition to bio-phenols,
bio-based polyols are expected to increase their participation in the global polyols
market, as companies are investing in research and development to produce bio-polyols
at a commercial scale [19]. Polyurethane (PU) prepared using polyols 1s one of the most
widely consumed polymer products globally. Polyol products comprise polyether polyols
and polyester polyols. Commercially available PU products include; for example, flexible
foam, ngid foam, coatings, adhesives and sealants [20].

Experts in the field believe that lignin’s time has arrived; they stress that several
pulp mills around the world are investing in lignin extraction, there 1s a large scientific
body of knowledge on ligmin valorization, and that o1l prices are unlikely to reach
extreme low values [21]. All these factors are helpmg the recent pull on lignin
commercial production. However, the mnvestment 1s still small and not enough to

decrease the gap between public and private investment (as illustrated in Figure 1.1).

Funding/ .
Investment zg:ta;f
High Government and GAP
universities >
.LCIW' —_—
Manufacturing-innovation process
Basic Froduction Capacity to Capability in Demonsiration
manufacturing  £7090F in produce production  of production
research labaratory protofype environment rates

Figure 1.1. Funding and mvestment gap in the manufacturing mnovation process [22].

The knowledge gathered at the laboratory level can provide the basis for pilot

scale estimates. Pilot capital and operating costs estimates for biorefineries tend to be



lower than real costs [23]. Therefore, sensitivity analysis 1s necessary to understand the
risks and show investors representative forecasts. It 1s also well accepted that the capital
and operating costs of a process substantially decrease when mcreasing its scale to
commercial scale [23.24]. Although being more expensive, the pilot scale 1s necessary to
provide volumes that can be tested in the customers’ or partners’ production line, and
also to further optimize the process previously developed in controlled laboratory
conditions. More than 15 small-scale lignin production pilots are operating m North
America, mostly with patented technologies originated from many years of laboratory
research; still, they struggle to move towards commercial production.

Lignosulfonates, for nstance, have a proven developed range of applications that
provide a stable commercial production level; this has not yet been developed for KL
[25]. Thus 1s partially because of limitations of KL use without modification after
recovery from black liquor, and lack of studies on the techno-economics, scaling up and
supply chain of KI.-based chemicals. Technology feasibility mvestigation at the early-
stage can provide crucial msights moving from laboratory to pilot, and from pilot to

commercial scales.

1.2 Research objectives

A novel depolymenization process using low-pressure and low-temperature has
been developed by Dr. Xu’s group — from the laboratory-scale production of
depolymerized lignin (DL) to value-added applications of DL for bio-based materials
(patent pending). In this process, KL is depolymerized using sodium hydroxide as
catalyst and ethylene glycol as solvent. The depolymerized kraft lignin (DKL) products

have suitable characteristics, such as high hydroxyl a moderately low weight-average



molecular weight, for synthesis biopolymers. The DKL can substitute up to 75% phenol

in the manufacture of phenol-formaldehyde resins (PF) and up to 50% in the formulation

of polyurethane (PU) foams.

The general purpose of this thesis work was to develop techno-economic analysis

and supply cham (SC) design methods for a forest biorefinery based on the novel low-

temperature/pressure depolymerization process developed by Dr. Xu’s group in order to

achieve economic and commercial production of bio-based phenols/polyols from KL and

its long-term feasibility. The specific objectives of this Ph.D. project were to:

1. Rewview the hiterature on potential products and markets for bio-based value-added

materials and chemucals from lignin, investigate forest biomass SC literature revising

methods applied, and determine the scope of the studies.

(]

Conduct a technical-economic analysis of the forest biorefinery to estimate the

overall costs of bio-polyols produced from KI..

Develop a conceptual process design to estimate fixed and vanable costs for
production of bio-polyols from K1;

Evaluate the feasibility of the production of bio-polyols from K1, compared to
petroleum-based polyols.

Perform a sensitivity and risk analysis to identify the most sensitive parameters to

the feasibility.

. Conduct a technical-economic analysis to estimate the overall costs for production

of bio-phenols from KL by the forest biorefinery.

Develop a conceptual process design to estimate fixed and vanable costs for

production of bio-phenols from K1.;



Evaluate the feasibility of the production of bio-phenols from KI., compared to

petroleum-based phenols.

Perform a sensitive and risk analysis to identify the most sensitive parameters to

the feasibility.

4. Develop an SC network design for a forest biorefinery to produce bio-based

PF/PU polymers from KL

e Review the literature and gather market information on phenol and polyols.

e Conduct a case study considering the KL supply availability m the Canadian
kraft pulp mdustry.

e Identify the SC configuration including location, markets to be supplied, capacity
and KL supply that mininuizes the production and transportation costs of lignin-
based phenols and polyols.

e Perform a scenario analysis to investigate the effects of changes in demand to the

overall mimmum selling price of lignin-based chenucals for PF/PU polymers.

1.3 Thesis outline

This 15 a manuscript-based thesis, including five peer-reviewed papers published or to-be-

published. In each chapter the format of tables, figures and references and English

language style, might differ slightly as per varying publication requirements for the

journals. Efforts have been made to integrate the chapters into one coherent thesis with

caution not to change the content of each paper.

1. Chapter 2 — Dessbesell, L., Leitch, M., Pulkla, R, Xu, C. (Charles). 2019. Lignin
supply, market and applications overview, submutted to Renewable and Sustainable

Energy Review for publication.



2. Chapter 3 —Dessbesell, L, Yuan, Z_, Hanulton, S, Lettch, M, Pulkki R Xu, C.
(Charles). 2018. Bio-based polymers production in a kraft lignin biorefinery: techno-
economuc assessment. Biofuels, Bioproducts and Biorefimng 12, 239-250.

doi.org/10.1002/bbb.1834

3. Chapter 4 — Dessbesell, L., Yuan, Z_, Leitch, M., Paleologou, M., Pulkki R, Xu, C.
(Charles). 2018. Capacity Design of a Kraft Lignin Biorefinery for Production of
Biophenol via a Proprietary Low-Temperature/Low-Pressure Lignin Depolymenzation
Process. ACS Sustainable Chenustry & Engineering 6, 9293-9303.

doiorg/10.1021/acssuschemeng §b01532

4. Chapter 5 —Dessbesell, L., Xu, C. (Charles), Pulkki, R, Leitch, M., Mahmood, N_,
2016. Forest biomass supply chain optinuzation for a biorefinery aiming to produce
high-value bio-based maternals and chemucals from lignin and forestry residues: a
review of literature. Canadian Journal of Forest Research 277288,

doi.org/10.1139/cjfr-2016-0336

5. Chapter 6 — Dessbesell, L, Paleologou, M., Pulkki, R, Xu, C. (Charles). 2018.
Towards commercial lignin-based polymers: supply chain cost nuninuization. J-FOR.
(accepted paper).

Each article as listed above 1s linked to the thesis’s specific objectives. Figure 1.2
shows the motivation and link between the chapters. Objective 1 was achieved in
chapters 2 and 5. These chapters present an extensive review and analysis that provide
background mnformation and identify the knowledge gap of the target research. Chapter 2
demonstrates the potential markets of lignin-based phenols and polyols and the

challenges that prevent 1ts commercialization. In Chapter 5, the screening of



lignocellulosic biomass SC studies shows the lack of studies on bio-based chenucals and
materials from lignin.

Objectives 2 and 3 are covered in chapters 3 and 4. Chapter 3 presents an mitial
design and cost analysis for production of bio-based phenols and polyols from KL via the
forest biorefinery based on the forest biorefinery based on the novel low-
temperature/pressure depolymerization process developed by Dr. Xu's group. Data from
many years of process optimization from our research team were used to estimate the
costs, mass and energy balances mputs to a pilot scale process. Commercial suppliers
were contacted to estimate the single equipment costs and bulk feedstock costs. This
mitial design was then assessed econonucally, and a sensitivity analysis was conducted
followed by a risk evaluation performed to identify the cntical parameters affectng the
feasibility and the likelihood of a successful investment. Chapter 3 demonstrated the need
for further investigation of scalng up the KI-based phenols production. In chapter 4
several capacities were mvestigated, and uncertainty analysis was performed for the
selected techmically and economically feasible commercial capacity.

Objective 4 was accomplished by the study presented in chapter 6. In chapter 6,
several demand scenarios of phenols and polyols in North Amernica were considered. The
SC cost nunimuzation model showed the impact of the fixed and transportation costs on
the unit cost of KIL-based phenols/polyols in a case study of Canadian Kraft pulp nulls.
Demonstrating the importance of SC strategic design insights m the early stage of
biorefinery strategy assessment. Finally. chapter 7 provides general conclusions of the
thesis and recommendations on future work towards lignin valonization for bioproducts

and SC.



All the chapters were proposed, researched, developed and written by Dessbesell
L. Chapter 1 and 7 were developed and written by Dessbesell L. and have been revised
by the Ph D. comnuttee members, Pulkki R Xu C_, Leitch M. Chapter 2 and 5 were
proposed, researched, developed and written by Dessbesell L. In chapters 3 and 4,
Dessbesell L. gathered the cost data, developed the research design, performed the
economuc analyses, ran the recovery, capacity and sensitivity scenarios, developed the
monte carlo simulation, processed and interpreted the results, and wrote and submutted
the papers. In chapter 6, Dessbesell L. gathered the data, designed and wrote the model,
prepared and presented the information, mnterpreted the results, wrote and submutted the
manuscript. Additionally, the coauthors in each article have revised and contributed with

valuable advice on the analysis and interpretation of results for all papers.

Knowledge path
Findings in publication 1

Lignin modification,fractionation is necassary |e.g., de-polymerization)
) Motivation for
Lab-to-pilot-to-commercial scale are crucial steps for the biorefinery success ——— e

publication 2
Is modified KL a feasible alternative for phenols and polyols?

Findings in publication 2

DKL (modified KL by de-polymerization) presents an opportunity for revenue

Motivation for < diversification for the kraft pulp industry

publication 3

Are phenols feasible at commercial scale?

Mativation for
publication4 ]

|

Motivation far
publication 5

-—

Figure 1.2. Questions connecting and motivating each publication presented in the thesis.
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CHAPTER 2 — Lignin supply, market and applications overview

ABSTRACT

Lignin 1s an abundant renewable feedstock for bio-based chemicals materials and energy.
As the biorefinery concept grows, companies are looking mto extracting the highest
possible value out of biomass; hence, looking into uses of lignin for bio-based chemicals
and matenals m addition to bioenergy. Techmical lignin 1s a side-product of biomass
conversion processes, such as ethanol production and pulping. Ligmin precipitated from
pulp liquors can be directly used to substitute petroleum-based polymers partially, or
undergo modifications aimung for production of bio-based polymers at higher substitution
ratios and superior properties. Numerous studies have addressed lignin extraction,
conversion and applications; however, a limuted focus has been given to the supply and
market of techmical lignin. This paper presents and discusses supply and capacity of
techmical hignin, and price and demand of current and future potential applications of ignin.
Among all types of technical lignin, hignosulfonates have a well-established market
domunated by two companies. Kraft lignin (KL) supply 1s growing; 1ts production increased
by 150% from 2014 to 2018. Carbon fibre 1s a promusing application in the long-term, as
its demand 1s expected to increase, and lignin-based carbon fibers could present unique
characteristics compared with those derived from other carbon fibre’s precursors. The most
demonstrated application for KL 1s for the production of bio-based phenol formaldehyde
(PF) resms. Production of bio-based polyurethane (PU) foams i1s another favorable
application. For both applications (e.g., lLgmin-based PF/PU), lignin modification,
producing more uniform and reactive bio-chemicals, would allow a more extensive market
penetration. However, extra processing results in additional costs. Thus, modification
technologies should aim for using low-cost catalysts and solvents and running at low
pressure and temperature. Lastly, more research efforts should be directed to feasibility
mvestigation, scaling up, and market and supply chain analyses of forest biorefinery for
the production of lignin and lignin-derived bioproducts by modification.

Keywords: lignin market, lignosulfonates, kraft lignin biopolymer, biorefinery,
biophenols, biopolyols.

2.1 Introduction

Petroleum polymers are used in a wide range of products being essential in people’s daily
life [1]. In fact, a major portion of the revenue (~42%) of petroleum refineries comes
from chemicals, plastics and materials compared to only ~4% of volume [2]. Natural
polymers, also called biopolymers, such as cellulose are also present in many everyday
products such as papers. Cellulose 1s the most abundant biopolymer, followed by lignin

[3]. Ligmin 15 predominantly present in woody biomass, representing around one third of



the solid matter in wood, depending on the species [4.5]. For several decades, efforts
have been made to use lignin as a petroleum substitute for chenucals and matenals.

The most abundant source of technical lignin 1s the chemucal pulping, and around
90% of the pulp production comes from the kraft process [6]. This method generates
lignin mn the form of “black liquor”. Black liquor 1s traditionally directed to a recovery
boiler to recycle chemicals and generate energy [7]. Several pulp mulls in North America
have increased pulp production, hence generating more lignin and m most cases
exceeding the calorific capacity of their recovery boilers. Since to increase the recovery
boiler size 15 extremely expensive, a viable alternative 1s to precipitate lignin out of black
liquor, hence reducing the calorific load gomg into the recovery boiler [8]. The world
production of dissolved lignin from chenmuical pulping 1s estimated at 70 mullion tonnes
per year (Mt/y) [7]. After securing the kraft mill energy demand, the amount of kraft
lignin (KL) available for precipitation, prior to entering the boiler, ranges from 5 to 20%
[9,10], corresponding to about 3.5 to 14 Mt/y of KL; while many authors have suggested
an average volume of 8 Mt/y [7,11].

The most commercially explored type of lignin 1s hignosulfonate, a by-product
from the sulfite pulp process. Lignosulfonates have a consolidated market as dispersants,
release control, resms and binders [12]. Its market size 1s approximately 1.1 Mty m 2016
[13], with a forecasted compound annual growth rate (CAGR) of ~3%, for 2017 - 2025
[14]. Lignosulfonates producers are looking into new applications targeting other value-
added chemucals and materials. Meanwlule, the kraft pulping mndustry 1s also keen on
mvesting on valorization of KL for bio-based chemicals and materials. More efficient and
less costly KL extraction technologies have been developed, thus opening up new

possibilities of revenue generation from the KL stream.
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North America and Europe are leading in lab-scale research, pilot and commercial
scale KL processing mitiatives. Yet, a big gap exists between the KL producers and the
consumers, which slows down KL market development. New lignin applications need to
be tested and improved to meet market specifications and become commercially viable
[15]. A hgnin market pull 1s expected between 2023 and 2028 [16]. With more KL being
extracted, partnerships will be established resulting in mcreased KL demand for
manufacture of bio-substitutes to petroleum-based chemuicals. Signs of this movement can
be observed, where, the acadenua, potential producers and consumers are working in
multidisciplinary teams for ambitious projects on cost-competitive and high-value
applications of lignin [17-19]. This should speed up the launch of lignin-based products
[20].

So far, publications have focused on lignin chemistry, characterization,
biorefinery research, extraction and modification. Many literature reviews with hundreds
of papers on lignin are available [4,7,21-28]. These publications bring extensive valuable
nformation, but they contam linuted info, usually with a few paragraphs or figures, on
the market of lignin and lignin-based products. However, as the move towards
commercialization of lignin-based biorefineries starts, more information 1s needed
regarding the market, main producers and potential users of lignin-based products. The
purpose of this chapter 1s to provide a cnitical review on both research advances and
market overview of lignin-based bioproducts, innovatively focusing on the supply,

demand, capacity of hgnin-based bioproducts and trends of potential lignin applications.
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2.2 Methods

To retrieve peer reviewed papers a set of keywords, such as lignin, lignin applications,
lignocellulosic biomass, biorefinery, lignosulfonates, organosolv lignin, hydrolysis lignin,
and a combination of the keywords were introduced to the search engine of Web of
Science. First, literature review papers were selected to analyze the coverage on the
lignin sources and types, characteristics, conversion technologies, and potential
applications. It was 1dentified that there are a lack of publications converging supply and
market detailed information on lignin applications. To address the problem, additional
relevant sources were consulted besides peer-reviewed papers, as summarized below:

o Annual reports and websites of pulping, biorefineries and chenucal companies.

o Articles from magazines, such as Canadian Biomass, BiofuelsDigest, Paper
Advance, Independent Chemucal Information Service (ICIS) Business Online.

o Market consulting companies report summaries: ICIS, Business Wire, Research
and Markets, etc.

o Reports of research groups and agencies, such as International Energy Agency
(IEA), and the US Department of Energy’s Bioenergy Technologies Office
(BETO). A survey on lignin was submitted to North American companies and
research groups by BETO, and the survey responses are available to the public
[29].

o The Resource Information Systems Inc. (RISI) report “The lignmn: technology,
applications and markets: special market analysis study [13].

o Patent information came from the World Intellectual Property Organization

(WIPO), using the keyword “ligmin” in the front page considermng all offices and
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all languages, obtammng 17 889 results that were then processed in categories,

such as country, year and applicants.

Throughout the text for simplification, please read B: billion(s), M: nullion(s), k-
thousand(s), t: tonne(s), and y: year. All price and cost values are in US$ (United States

of America) dollars.

2.3 Lignin sources

Lignin 1s present naturally in lignocellulosic plants accounting for approximately 300 Bt
with a CAGR of 7% [30]. Of this immense amount, approximately 50 to 70 Mt/y 1s
currently produced as technical ligmin, mostly in the pulp/paper industry, of which around
2-5% 1s used for chemicals and materials [4.5]. Techmical lignin can be defined as a form
of lignin 1solated after a series of biomass processing. The types of techmical lignin vary
largely in terms of molecular weight and structure, which essentially deternune the routes
for lignin valorization and applications [31]. Detailed information on technical hignin
production, properties, and analysis are available in literature [11.32]. A summanzed
overview of techmical ligmin types 1s provided below.

o Lignosulfonates are a by-product from sulfite pulping [33]. They are the most
commercially explored type of technical lignin; accounting for more than 90% of the
total lignin on the market [34]. It 15 widely used as mndustrial dispersants and concrete
additives [35].

o KL 1s produced in the kraft pulping process in the form of a by-product called black
liquor. The black liquor 1s mainly utilized in recovery boilers for heat and power

generation, and to recycle pulping chenucals [36]. KL accounts for ~85% of the total
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technical lignins availability [37], however, only around 2.5% 1s currently extracted
for commercialization.

o Soda lignin 15 produced from the soda pulping process, which 1s maimnly applied for
biomass from annual crops and, to a certain extent, for hardwoods [4].

o Hydrolysis lignin 1s produced in cellulosic ethanol plants as a by-product of the
enzymatic hydrolysis process that separates lignin from cellulose and hemicellulose
[31.38].

o Organosolv lignin 15 also produced from the pulping process that employs organic
solvents to separate lignin from cellulose; it generates a low-sulfur and low molecular
weight lignin [4].

LignoBoost and LignoForce processes are the two major commercial technologies
for extracting lignin from spent liquors. The LignoBoost process was developed by
Chalmers University of Technology and Innventia in Sweden. Now the technology 1s
sold and installed by Valmet. The LignoForce process was developed by FPInnovations
and NORAM Engineering, both from Canada. Another system, SLRP - sequential liqud
lignin recovery process and purification, developed by Lignin Enterprises LLC and
Clemson University in the US 1s seelung partners for a demo scale [11].

The LignoBoost technology 1s based on acidification of black hquor after
filtration [39]. The LignoForce process developed by FPInnovations employs an extra
oxidation step to convert sulfur compounds and facilitate the filtration process [40].
According to FPInnovations, the lignin extracted from kraft pulp nulls black liquor using
LignoForce process 1s priced at about 600 $/t [9], however, this price might fluctuate
dramatically as more lignin becomes available and new applications are identified. More

details on techmical lignin recovery can be found 1n Vishtal and Kraslawsk: [4].
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2.4 Overview of lignin-related patents and research

Thousands of scientific papers have been published covering lignin applications,
characteristics and conversions aimung value-added products. Several review papers have
summarized the published findings. Among the most general papers on lignin, one can
suggest the following: hignin types, modification and conversion [21]; lignin profiling
and screeming [1]; lignin derivatives and applications [20].

Another fact demonstrating the interest m lignin 1s the number of patents
mvolving its production, modification and application. Since 2008, 17,889 patents were
registered in WIPO. China and the US are leading in patents, followed by the applications
under the Patent Cooperation Treaty (PCT), also called international applications. For
mstance, several patents from FPInnovations were filed for PCT. The European Patent
Office covers European countries, including Germany and United Kingdom, as listed in
the graph (Figure 2.1 (a)). Thus graph also presents patents from Germany and Umted
Kingdom that are not included under the European Patent Office category. As shown in
the mmage, Canada, Japan and United Kingdom have around a thousand patents each
(Figure 2.1 (a)).

The number of patents has increased over the years, the peak so far was in 2017
(Figure 2.1 (b)), led by The API Intellectual Property Holdings, Llc, Shell O1l Company
and Westvaco (Figure 2.1 (c)). Among the top applicants there are many pulp companies
demonstrating strong interest of the sector in adding value to the lignin stream. The API
Intellectual Property Holdings, Llc 1s a US patent law firm focused m food, materials
chemistry and biotechnology. Shell O1l Company’s takes the second place in number of

patents on processmg cellulosic biomass, extraction and applications of hignin (Figure 2.1

(c)).
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Figure 2.1. Summary of lignin-related patents from 2008 to October 2018 obtained at

WIPO.

2.5 Lignin production and supply

The world’s commercial production of technical ligmin 1s totaled at about 1.65 Mt/y,

among which hignosulfonates dominate almost 80% of the market (Figure 2.2). The

lignosulfonates market 15 consolidated, and its primary applications are surfactants,

bonding agent for pelletization, dispersant in ceramics and concrete adnuxture [41]. The

world’s market for lignosulfonate 1s forecasted to grow at 1% CAGR [42].

The annual global KL production was estimated at 60,000 t [30] in 2011, 75,000

mn 2015, and our study 1dentified a current production capacity of 265,000 t'y. Six KL
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commercial producers contribute to the 16% as shown in Figure 2.2, within them, Aditya
Birla Domsjé m Sweeden, Stora Enso in Finland, and Ingevity in the US are the larger
producers. Among all types of technical ligmin, KT. production 1s growing at a faster rate.
Comparing the results with the forecasted values shown in Table 2.1, KL has already
achieved the forecast production for year 2025; however, 1t 1s far from reaching the

optimistic forecast scenario for 2025 suggested i the study of Miller et al. [13].

Hydrolysis and soda (5% 75

Kraft (16%) 265

Technical lignin
% of the total)

Lignosulfonates [ 79%| 1,315

Supply capacity (k t/y)

Figure 2.2. Commercial production of technical lipmins, base year 2018.

Table 2.1. Lignosulfonate and KI. commercial production mn 2015 and the forecasts [13].
Production in  Forecast for Forecast for Optimistic Forecast Potential

2015 (kt) 2020 (kt) 2025 (kt) for 2025 (kt) (kt)
Lignosulfonate 1.100 1.400 1.550 2.000 3,000
Kraft lignin 75 200 250 2500 78,000

KL 1s largely available at kraft pulp and paper mulls and its extraction methods are
becoming more efficient, as they have now been optimized at commercial scale.
Additionally, in terms of applications, the industry sees the opportunity of shifting from
low-price applications, such as for energy generation (e.g., $70 and $150 per t) [31], to
high-value ones such as for chemicals and materials (e g, phenols ~$1300 t) [43]. Still,
challenges, like petroleum price fluctuation, KL characteristics, and currently-low

substitution ratios, are slowing down the KL market growth.
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Production of organosolv, soda and hydrolysis lignins 1s still small. Soda lignin 1s
produced by GreenValue in India, and hydrolysis lignin (HL) by Ibicon in Denmark. In
2017, an investment was announced in Thunder Bay for HL production on a pilot scale
(100 t/y) using the FPInnovations TMP-Bio technology to provide information to de-risk
scale-up and boost the HL product-driven research [44]. Organosolv 1s not yet produced
at a commercial scale, as most of the iitiatives are still at a laboratory or pilot scale [29].

Our study 1dentified 22 companies commercially producing lignin (at an amount
above 5,000 t'y). As shown in Figure 2.3, Borregaard LignoTech remains the main
producer of technical lignin, followed by Tembec, which recently became part of
Rayonier Advanced Materials. Two companies m Russia (OAO Kondopoga and
Vyborgskaya Cellulose) come in the third place, although specific amounts of

lignosulfonates produced n these two companies were unable to be identified.

Nippon Paper
Aditya Birla l:l'nemlmls
Damsja, 7%

Figure 2.3. Distribution of commercial producers of lignins, base year 2017.

The current lignin production capacity per country 1s driven by the countries that

have lignosulfonates plants (Figure 2 4). In the US, for instance, Borregaard LignoTech
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n a partnership with Rayonier Advanced Matenials Inc. recently started operation of a
100,000 t/y lignosulfonate plant in Florida. China has six lignosulfonates producers,
which together puts the country to be the second lignin supplier. The third largest
supplier country 1s South Africa, accommodating Sapp1 and Borregaard lignosulfonate
plants, followed by Norway with a Borregaard plant.

Data from Russia were difficult to confirm for 2017, while there 1s one source of
data [13] revealing that the country had 160,000 t/y of lignosulfonates in 2015 produced
by the companies OAO Kondopoga and Vyborgskaya Cellulose. Japan comes next due to
Nippon Paper Chemicals production capacity of 100,000 t/y of lignosulfonates. Canada
comes in seventh, with a total capacity of 90,000 t/y, attributed to West Fraser’s capacity
of 10,000 t/y KL, and the Rayonier’s capacity of 80,000 t'y lignosulfonates. Other
countries, such as Finland, France, Germany, Denmark and Spam, have lignin production
capacity ranging from 50,000 to 70,000 t'y. In Brazil, Suzano SA will start operations in

2019 of the country’s first KL lignin production plant, with a capacity of 20,000 t/y.

" Lignin supply capacity (t/y)

5000

4
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Figure 2 4. The current lignin production capacity per country, base year 2017-2018.



2.6 Potential applications of lignin

A lignin profiling study 1dentified the following best applications based on technical
lignin charactenistics: softwood KL (MeadWestvaco Indulin AT) replacing phenol in the
synthesis of phenol formaldehyde (PF) resins; lignosulfonate (Tembec Arbo SO1)
replacing polyols in polyurethane (PU) foams; and, organosolv hignin (Aldrich,
hardwood) in the manufacture of carbon fibre [1]. More applications generally described

in other studies are listed and described in Table 2.2.

Table 2.2. Punity and potential applications of various technical ligmins [22.30.45].

Technical lignin Purity Potential products

Lignosulfonates Medium Additives 1 bitumen, vanillin, feedstock for refinery

Kraft lignin Medium-high Additives, biofuel, BTX, activated carbon, phenolic
resins, carbon fibres, phenol

Organosolv High Activated carbon, phenolic resins, carbon fibres,
vanillin, phenol derivatives

High-grade lignin =~ Very high Carbon fibres, vanillin, phenol denivatives

Figure 2.5 displayed market price vs. market size for technical lignins and their
potential lignin applications. The bubbles in the graph represent the market size for each
potential lignin application and each technical lignin. The size 15 based on the average
market volume times the average market value (center of the bubble). The percentage
shows the share of each item with regards to the total market size of all products
represented in the graph. Three lignin potential application categories can be
distinguished 1n Figure 2 5: high-volume low-value e g, bioenergy; low-volume high-
value e.g., carbon fibres; and intermediate-volume mtermediate-value e.g. phenol. The

square 1n Figure 2.5 shows an area called “sweet spot™, which corresponds to the
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products with moderate market price and volume where applications of technical lignin
would potentially bring higher returns [46,47].

The potential global production of hignin from kraft pulping could theoretically
substitute up to 2% of the world’s principal petrochemicals production [11]. In terms of
volume, BTX (benzene, toluene and xylene), bitumen and phenol are the largest potential
markets for lignin (Table 2.3). However, the market prices of BTX and bitumen are low,
thus a less attractive application for KL, organosolv and high-grade lignin, but would be
sutable for lignosulfonates (Figure 2.5). In fact, the uses of lignin in 2015 were directly

linked to lignosulfonates” applications for vanillin, additives and dispersants (Table 2 3).

10,000 - = 0.03%
. o0 O8%
1000 Hydrolysis, 0.002%
Organasoby, 0.002%
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Techical lignins and potential lignin applications market
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@ Hydrolysis @ Organosoly @ kraft 2 Lgnosulfonates @ Polyals
@Vanillin @ Carbon fibers Phenolic resins @ Activated carbon @ Phenol
@ Biofuel @ Bitumen | Energy o BTX & Aditives

Figure 2.5. Technical lignins and potential lignin applications: market price vs. market
volume and size. Drawn by the author with information gathered from literature
[13.30.45 48—51]. Note: Both axes are plotted in logarithmic scale base 10 to cover the large range
of values. Also, thermoplastics were not included in the figure to allow a readable scale, however we
included thermoplastics mformation 1n the paragraphs that the figure.
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Table 2 3. Global current and potential production of lignin by applications, base year
2015 [13].

Applications Current production Potential production

((ket) (kt)
Vanillin 30 200
Phenolic resins/phenolic derivatives 35 1,000
Carbon fibre 0 25
Activated carbon 0 400
Polyols! 0 3,000
Phenol 5 5,000
BTX 0 20,000
Additrves m bitumen, asphalt 5 10,000
Cement/Concrete additives 500 4.000
Miscellaneous dispersants and binders 400 2,000

! Information not available in reference [13]; therefore, estimates were based on [52] considering 30% of
the demand.

The aromatic nature of lignin brings many possibilities; hence, other value-added
opportunities are recerving attention. For instance, VTT (Technical Research Centre of
Finland) — the world’s fourth largest research funding group [17], 1s testing KL
modification to produce thermoplastic lignin composites and compounds (e g,
plasticization of lignin, polymer blends and fibre reinforced composites) [53] using
commodity thermoplastic precursors (e.g., polypropylene, polyethylene and polyvinyl
chloride) at a price of ~1,700 $/t [54]. The thermoplastic overall demand was estimated
to be 280 M t/y in 2017 [55].

In terms of fields of applications, lignin valorization can be separated into three
major categories: lipnin-to-energy; lignin as a macromolecule; and lignin-to-chemicals
[56,57]. The route towards value-added applications, such as aromatic chenucals,
requires modification steps, as exemplified in Figure 2.6 with the pathway developed by

Valmet for lignin extracted by the LignoBoost process. Many properties of lignin, such as
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odour [40], colour [58], reactivity [59], strength and thermal stability [60] need to be

mmproved to meet the market standards.

W
i Carbon fiber

' ”
S&ﬁ Tranﬁp[:lrtati[:ln « Fractionation
- fuels & chemicals

d . . * Depolymerisation
Bioplastics
* Mo odor
« Ultra low ash

Resins & binders

I * LignoBoost lignin

Figure 2.6. Matching ligmin with value-added applications [12].

Application

Degree of refining

Our work focuses on the market opportumties for ligmin products, more
specifically KL; hence, we don’t cover lignin modification and fractionation methods.
Several publications can be suggested to the readers regarding lignin improvement
strategies for different purposes: hydrogels and nanocomposites [61], polymers, blends
and composites [37], aromatic compounds [48], phenols, polyols, and epoxy resins
[38,59.62,63], iquud fuels and hydrogen [21], and various other potential applications
[20,45,56]. Also, Sun et al. [64] have published a very comprehensive literature review
on lignin modification approaches and applications.

Lignin characteristics vary extensively among techmical lignin type [8]. It also

changes within the same technical lignin; for instance, KL varnes according to the
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separation technology, wood species and pulp null minming processes. Therefore, in the
next section, we start narrowing down this study, focusing first on potential products
from KL, then specifically on utilizing softwood KL as a substitute for phenols and

polyols.

2.7 Phenols and polyols from kraft lignin

The sinularities of lignin with phenols resulted in extensive research on lignin as a
substitute to phenol [65,66]. Among the technical lignins, KL 1s most commonly used
due to its relatively low cost and high reactivity; therefore, showing extreme potential for
resins and adhesives, especially PF resins. However, direct substitution of phenol with
ligmin - after extracted from black liquor erther by LignoBoost or LignoForce methods, 1s
limited 1n the percentage substifution. Therefore, modification 1s needed to improve KL
charactenistics according to the target product. Table 2 4 lists several examples of KL

modification methods and their targeted products.

Table 2 4. KL modification methods and their targeted products.

Kraft lignin-based products Modification References
Polyols Depolymerization [38.67]
Phenol Depolymerization [67-72]
Phenol and polyols Phenolation [73.74]
Epoxy resins Depolymerization [75-77]
Carbon fibre Propargylation [78.79]
Dispersants Carboxymethylation [80,81]

Reactivity of KL for formaldehyde can be enhanced by phenolation, which
consists of using an acid to break lignin mn the presence of phenol [73]. Zhang et al_
developed a low-cost process that uses low amounts of sulfuric acid, no solvent and low

temperatures (~100 °C) that allowed up to 40% phenol replacement with KL in the

27



formulation of commercial standard phenol formaldehyde resins and adhesives and 10%
in phenolic foams [74]. Thermochemucal conversion of lignin targeting aromatics were
extensively discussed in previous papers [66,82]. The first challenge 1s to obtain a bio-
phenol displaymng characteristics that allow the maximum level of phenol substitution in
PF resins. The complex structure of KL results in a lower reactivity than petroleum-based
phenol; on the other hand, the polyphenolic macromolecule structure of the KL presents
more steric hindrance than petroleum phenols [83]. The goal 1s not to compromuse the
resin attributes complying with the standards of product quality and production.

The extent of modification applied to the orginal KL can strongly change the
percentage of substitution of phenol by bio-phenol in the products manufacture [68]. For
mstance, for KL without modification the substitution optmustically 1s 30 wt. %6 (weight
percent) in the synthesis of phenolic resins for plywood [71]. By depolymenzation, the
most studied approach for modification of lignin for biophenol [84], phenols with lower
molecular weights (Mw) and higher hydroxyl non-aliphatic phenolic groups, were
achieved, allowing higher replacement ratios in the synthesis of PF resins [85].

Some examples of biophenol performance when replacing petroleum-based
phenols are provided as follows. Substitution of petroleum phenol i phenolic resol resins
synthesis resulted in resins with comparable or even improved dry and wet bonding
strength than the reference commercial PF resin, at substitution levels varying from 25 to
75 wt.%. In terms of cuning temperature, the best outcome was obtamned at 50 wt %
substitution [64]. Depolymerized kraft ligmin (DKL) with various Mw was mcorporated
at up to 75 wt.% substitution level in the production of PF resin [68]. Incorporating DKL
seems to facilitate higher molecular interaction and enhanced entanglement; although, 1t

might likewise increase steric hindrance effects [68]. Dantelson and Simonson [71] found
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that a 50 wt% substitution level of phenol with KI. presents the best outcomes with
regards to resin viscosity, bonding ability and storage.

One of the main applications of polyols 1s the manufacture of PU foams, flexible
and rigid, which 1s also an opportumity for lignin. The reaction of a polyol with an
1socyanate creates the PU resins and foams [87]. Like for phenols, KL can be directly
used as a biopolyol in the production of PU foams. Smular imitations were observed
when KL 1s a substitute for polyol, 1.e., crude KL’s low reactivity and solubility in the
polyol system limats the direct substitution up to 20 wt.% [37.88]. The efforts of usmg
un-modified lignin as a natural polyol were reported by Belgacem and Gandim [89].

Depolymerization and oxypropylation KL modification proved to yield
technically higher-quality bio-based polymers enabling higher substitution ratios. DKL
produced quality PU rigid foam when substituting polypropylene glycol (PPG400 a
petroleum polyol) at 50% wt.% substitution. In the same study, oxypropylated DKL
successfully produced PU ngid foams, replacing sinularly 50% of the petroleum polyol
[90], due to the fact that the oxypropylation process uses around 50 wt.% DKL and 50
wt.% propylene oxide (petrolenm based); Although at the same bio-replacement, the
advantage of oxypropylation of DKL compared to using DKL without oxypropylation 1s
that the oxypropylation yields a liquud product, which ease the PU foaming process than
that with the DKL powder [90]. More details on polyols from lignin are available in

previous papers [37.91,92].

2.8 Supply and market for phenols and polyols

Phenol 15 a chenucal intermediate for the production of many other chemuicals. It

15 produced via the cumene oxidation process, using benzene and propene as feedstock
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(3:1 molar ratio) to generate cumene which then goes under partial oxidation via the
Hock re-arrangement [93]. Acetone 1s produced as a by-product at a phenol/acetone
molar ratio of 1/0.6 [94]. Therefore, the demand for acetone also drives the phenol
market. In 2016 the global demand for phenol was ~11.4 Mt [95], with a CAGR of ~4%
during 2010-2017 [96]. Table 2.5 lists the primary phenol producers and consumers. The
demand varies according to the demand for phenol denivatives (Figure 2.7). Phenol
derivatives (e.g. bisphenol and PF resins) are essential ingredients i a broad range of
industrial products, e g, epoxy, polycarbonates, plywood, bakelite nylon, detergents,

herbicides and pharmaceutical drugs [97].

Table 2.5. Main phenol producers and consumers, base year 2015. Updated from [13].

Company name Primary country Consumer  Producer
Arclin Us Yes Na*
BASF Germany Yes Na
Bayer Polymers Shanghai China Yes Na
Borealis Finland Na Yes
Cepsa Quinmiica Spain Na Yes
Chang Chun PC Tarwan Yes Yes
Deepak Phenolics India Na Yes
Domo GmbH Germany Yes Na
Dow Chemical Us Yes Yes
DSM Netherlands Yes Na
Formosa Chemicals and Fibers Tarwan Na Yes
Georgia Pacific us Yes Na
Haverhill / Altrvia Us Na Yes
Honeywell us Yes Yes
Ineos Us Yes Yes
Jiangshu Haih China Na Yes
Eumbo P&B Chemicals South Korea Yes Yes
LG Chemicals South Korea Yes Yes
Lihuayi Wetyuan China Na Yes
Mitsm Chemicals Singapore Yes Yes
Momentive Specialty Chemicals us Yes Na
Nan Ya Plastics Tarwan Yes Na
Radidi Group Italy Yes Na
SABIC Us Yes Yes
Shell Us Na Yes
Sinopec China Na Yes
Tarwan Prospenity Chem Tarwan Na Yes
Versalis Italy Na Yes
Zhuhai Shi You China Na Yes

*Na: not applicable
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Figure 2.7. Global demand pattern for phenol in 2016 [94,97].

The most important region 1s the Asia-Pacific, which contributed more than 50%
of the global phenol production in 2016. Europe comes in second followed by North
America [95]. Country-wise, China has remained the largest market for many years for
production and consumption of phenol [98]. Many phenol producers are also consumers
(Table 2.5). Ineos represents the world’s largest phenol and acetone producer, 4 Mt/y in
2018, with plants in Belgium, Germany and the US [99]. Other prominent players are
Mitsui Chemicals, Cepsa Quumica, Kumho P & B Chemicals and LG Chemicals [95].

As presented earlier, lignin-based phenol can readily replace or substitute
petroleum-based phenol 1n the manufacture of PF resins. PF 1s the most commonly used
adhesive in the production of engineered wood products, like plywood, oriented strand
board, laminated veneer and fiberboards. Additionally, PF is also applied to other
industrial products such as abrasives and msulation [65]. On a global perspective, North
America 1s the largest consumer of wood adhesives, with increasing demand coming
from the housing market growth in Canada and the US [100].

Another application, within the sweet spots showed previously (Figure 2.5), 1s the
use of KL as a substitute for polyols. Polyether and polyester are the two maim types of
polyols which originate in different processes. Polyether 1s produced via aniomic ring

addition in the polymerization of ethylene oxide or propylene oxide, and, ethoxylation or
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propoxylation of a polyhydric alcohol with a catalyst produces polyether polyols [101].
One of the main applications of polyether polyols 1s in PU. PU resins are the fasted
growing portion of the polyols market, which are used i the manufacture of foams (nigid
and flexable), elastomers, coatings, adhesives, binders and sealants (Figure 2.8) [102]. As
for the end-use industries, the maimn drivers in the polyol market are construction,

automotive, footwear and electronics [101].

-- — .-

Figure 2 8. Global PU market share by product segment, base year 2014 [103,104].

The anticipated polyol demand m 2018 15 10.4 M t [52], with a CAGR of 8 91%
for 2019 [105]. The leading compamies in polyether polyol supply are DowDuPont,
Covestro, Shell and BASF; together they represent around 50% of the world’s total

polyol production capacity [106]. A list of the major producers 1s provided in Table 2.6.

Table 2 6. Principal polyol manufacturers, base year 2017 [107].

Company name Primary country
BASF (Badische Anilin und Soda Fabrik)  Germany
Cargill! Us
DowDuPont? Us

Lanxess Aktiengesellschaft Germany
Mitswm Chemucals Japan

Shell International Netherlands
Covestro? uUs

Stepan Company us

Repsol Spain
Lonza Group Swiss

"Main types of polyols produced are erythritol, glycerin, sorbitol, mannitol, isomalt, xylitol and maltital.
Dow Polyurethanes. *Formerly known as Bayer Material Science.

32



KL-based polyols may compete with Natural O1l Polyols (NOP) that currently
represent the majority of the bio-based polyol market. Bio-based PU’s are produced from
bio-based polyols (substitution ratios of 30-70%) and synthetic 1socyanates. The majority
of NOPs are produced from soybean, castor and palm oils. The bio-based PU market 15
expected to grow at 6.5% CAGR. In 2013, construction was the maim end-use 1f bio-

based PU, corresponding to 35% of the total bio-PU production [108].

2.9 Future of KL as an alternative to phenols and polyols

Although several mills started to extract KL worldwide, 1ts price 1s still not openly
known. Some estimates suggested a price varying from 260 to 500 $/t [48]. From the
LignoForce system, the KL munimum selling price 1s estumated at 600 $/t [9]. Phenols
and polyols price fluctuate substantially, influenced by crude-oil prices and supply,
versus demand variations. From June 2014 to June 2017 the average price of phenol in
the US was ~1,304 $/t, varying from ~970 to 2,028 $/t in the period. Polyols average
price was ~1,931 $/t in 2017. Moreover, the polyol production 1n North America has
been stable, with the demand and supply in balance over recent years [87].

Nevertheless, further processing of KL aiming more reactive lignin-based phenols
plays the main role in the feasibility of this bioproduct. Our studies on KL
depolymerization for phenols and polyols demonstrate that both applications are feasible
at a commercial scale, considening KL as a feedstock priced at 600 $/t and product selling
price above 1,300 $/t. The most relevant risks are related to target polymers price
variations, demand, chemical recovery linutations and the uncertainty m technology fixed

costs [43,109].
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2.10 Overall outlook

Several lessons were learned from past commerciahization KL imtiatives, such as in the
early 1940s substantiated by high o1l prices [110]. Lignin needs to be competitive and
resilient to petroleum price variations. European and North American companies are
mvesting faster towards the biorefinery transformation for lignin valorization [109].
Although, they might face more challenges mitially, such as obtaimning partnerships with
the end-industry and optinuzing existing manufacture processes to employ lignin, they
will have competitive advantages compared to companies entering the market later [109]:
1e., advantages such as long-term partnerships, a track record of product improvement,
and the development of SC unique strategies, etc. As shown previously in this paper, the
most promising lignin applications are in low-to-medium-volume markets, which could
be satisfied by many lignin producers.

The business of producing large quantities of commodities at low returns 1s not
compatible with biorefinery projects [111]. Therefore, it 1s necessary to develop a
portfolio diversification plan to identify a sustamably feasible set of products. Either by
developing a generic level study, without a specified plant, or a specific level considering
constraints, business and culture of a particular company or plant [112]. However, 1t 15
challengmg to methodically measure risks related to a new technology [113].

Phase-based strategies to decrease risks and achieve successful scaling up,
implementation and market penetration are proven to be successful. Examples of this
strategy can be observed i the West Fraser KL plant m Hinton, Alberta, Canada, seems
to be using a phase-based approach as well. They started with a small, yet commercial-
scale lignin extraction plant. Initially, they are experimenting, improving, and testing

their KL in resins used in their engineered wood product mill. Meanwhile, the company
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15 decreasing risks, building partnerships and identifying the most successful strategy to
scale up and diversify theiwr production towards value-added products.

For long-term sustainability of biorefineries, it 1s crifical to consider SC visions
and mmplications. SC design for bioenergy 1s a well-studied subject; still, little attention 1s
given when 1t comes to biomaterials and biochemicals [114]. It 1s indeed difficult to
model a SC for products that night not have a market or a specific end use. A great study
by Dansereau et al. [115], provides an extensive model for biorefinery portfolio
evaluation considering SC performance on decision making. Efforts on numinuzmg the
overall SC cost, while identifying the capacity and potential KL products production
locations, targeting phenols and polyols market, were carried by our research group
[116]. SC studies can bring valuable information to speed up the lignin market
establishment.

Another topic to be considered, as the lignin chenucals market starts to develop, 1s
possible regulations on the label “bio-based products™, e g, the threshold content of bio-
based chemicals in the final product. Thus, this subject should be discussed and taken
mnto consideration when companies decide to mvest in lignin-based chenucals.

Questions remain, should KL producers sell lignin “as 1s™ after removing 1t from
black hiquor? What are the market’s expectations regarding K1 .-based alternatives to
petroleum chemicals? What modification approach results in the best cost benefit? These
questions should be answered as the lignin market pull continues and long-lasting

synergies among the acadenua, lignin producers and consumers are established.
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2.11 Conclusions and knowledge gaps

Lignin opportunities are immense, which have been discussed and studied for decades.
The most secure and well-known pathway of lignin utilization 1s for bioenergy, which 1s
a low-value application, and in the traditional applications of lignosulfonates — a limited
market already donunated by a few companies. As KL recovery m pulp nulls has more
than doubled in the last few years, its use as a phenol substitute 1s being tested on an
industrial scale. Applications bringing direct attention concerning market value and size
are polyols, BTX and thermoplastics. Additionally, in the long-term, production of
carbon fibre and other specialized materials from lignin 1s expected to increase as they
are of high value products with an expected fast-growing demand.

Lignin modification 1s necessary to overcome substitution linutations and achieve
a stable product with market desired characteristics. Therefore, moving from the
laboratory scale to pilot and then to commercial scale for ignin modification, are crucial
steps for the success of emerging technologies for lignin valorization. For this to happen,
many aspects have to be addressed covering the design specifics of each technology, cost
and risk analysis, and SC and market assessments. Regarding a specific null additional
aspects shall be mcluded: for instance, what value-added applications to target, retrofit or
a new plant, becomung end-use producer of lignin-containing matenals or a hignin
chemicals feedstock supplier.

Bringing together the industry, university research groups, government agencies,
potential producers and consumers 1s critical to speed up lignin valorization. A
multidisciplinary task force 1s needed to understand all aspects of the lignin opportunities,

looking into the potential value creation throughout the value chain.
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CHAPTER 3 — Bio-based polymer production in a kraft lignin biorefinery: techno-

economic assessment

ABSTRACT

This paper presents a techno-economuc and risk analysis of a kraft lignin (KL) biorefinery
(3000 tonne of KL-year! capacity), where KL 1s depolymerized to produce depolymerized
kraft lignin (DKL) as a bio-substitute to polyol and phenol for the production of bio-based
polymers (polyurethane and phenolic resms). Three scenarios were examuned: (1) DKL as
a phenol substitute, (11) DKL as a polyol substitute, and (111) oxypropylated depolymerized
kraft ligmin (Oxy-DKL) a polyol substitute. The Net Present Value was calculated to
compare these scenarios. To address the uncertainty risks in feedstock and product price, a
sensitivity analysis and a Monte Carlo simulation were performed. Results show that DKL
and Oxy-DKL derived from the KL biorefinery are a feasible bio-substitute for petroleum-
based polyols with a minimum selling price of 1,440 and 1,623 US$-t!, respectively.
However, DKL 1s likely not feasible when replacing phenol (munimum selling price of
1,421 US$-t1) due to the current low market price of phenol. The feasibility of the KL
biorefinery 1s highly sensitive to the market prices of the products. Feedstock supply and
market demand for lignin-derived biopolyols are still uncertain; therefore, a supply chain
design model 1s necessary for decision-making.

Keywards: biorefinery; kraft lignin, depolymerized kraft hignin; biopolyols; biophenols;
techno-economic analysis

3.1 Introduction

In a conventional petrorefinery, around 42% of the revenue comes from 4% of petroleum
used that makes chemicals, plastics, and rubbers, while a sinular revenue 1s generated by
transportation fuels that consume over 70% of the petroleum used.! This suggests that
chemicals and materials are much more valuable than fuels. To learn a lesson from the
petrorefinery, a biorefinery shall aim at producing high-value bio-based chenmucals and
materials rather than biofuels. Production of high-value bio-based chemical and material
products from forestry and agricultural biomass and residues thus offers an immense
opportunity by not only decreasing dependence on o1l, but also providing an additional

revenue stream fo the forestry and agricultural sectors.
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Additionally, the forest industry 1s facing a major challenge to remain profitable
due to the decline in newsprint demand and higher fibre costs ? This challenge has
intensified interest in development of a forest biorefinery for a diversified product
portfolio, aiming to transform forest biomass or forestry residues/by-products (such as
lignin) into a range of high-value bioproducts 3

In this context, techno-economic assessment 1s crucial for introducing an
emerging technology to the market either to provide information for investment decision-
making, or to identify if more studies are necessary before implementation. A techno-
economic assessment consists of several strictly interrelated phases: evaluating technical
feasibility, capital costs, operating costs and revenues, and estimating the profitability
using suitable measures of technical and economic profitability *

Several studies can be found in the simulation, techmical design and economic
and environmental assessment of lignocellulose biorefineries. Economic and technical
analyses have been used to determine the feasibility of various types of biorefinery:
fermentation-based sugar conversion biorefinery.* bio-oil gasification and fast pyrolysis
biorefinery %7 and an organosolv biorefinery *'° Moreover, technical, economic, and
environmental analyses have been applied to investigate the feasibility of a high-octane
gasoline biorefinery !! and a beechwood-based biorefinery !? Such studies demonstrated
the great variability of feedstock and products for various biorefineries; however, the
main focus of those studies has been on the production of bioenergy and biofuels.

Therefore, the objectrve of this study was to demonstrate techno-economic
feasibility of a kraft lignin biorefinery for the production of high-value bio-based
chemicals (polyols and phenols) from kraft lignin. The analysis 15 based on a techno-

economic and nisk assessment by calculating established economic indicators, such as
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Net Present Value (NPV) and using sensitivity analysis and Monte Carlo simulation to

incorporate uncertainties in feedstock supply prices and bio-based products selling prices.

3.1.1 Kraft lignin opportunities
The global production of lignin, “a complex three-dimensional biopolymer of aromatic
alcohols’ B is over 70 Mt-yr! (M: millions, t- tonnes, International System of Units SI),
mainly in the form black liquor produced in kraft pulp mills * It is well known that pulp
mills use kraft lignin (KL) for electricity, steam, and morganic chemicals production.
However, m most of the kraft pulp mulls in North America, there 1s a bottleneck in the
capacity of recovery boilers because KL production exceeds existing design linuts, while
increasing the boiler’s capacity requires large and unattractive investments 3 It is more
attractive to extract some excess KL from black liquor, and convert kraft lignin mto high-
value bioproducts, such as biopolyols or biophenols 1>-17

There are two major commercial technologies for the extraction of kraft ligmin
from black liquor: the LignoBoost process and the LignoForce process. The LignoBoost
process is based on the acidification of black liquor after filtration !® The LignoForce
process developed by FPInnovations employs an extra oxidation step to convert sulfur
compounds and facilitate the filtration process.!” The West Fraser Timber Company pulp
mill, m Hinton, Canada, 1s constructing a commercial-scale plant to recover lignin with
the LignoForce process, the first of its kind in Canada, aiming to extract 30 t-day™! KL for
manufacture of lignin-based bioproducts ** And. Domtar has been extracting 75 t-day™
KL since 2013, i Plymouth, North Carolina using the LignoBoost process.?!

KL was studied for producing a variety of bio-based chemicals and matenals,

such as replacing phenol in the synthesis of phenolic adhesives/resins, *21-2233 and polyol
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to produce polyurethane foams ***° Globally a large amount of polyols is employed in the
manufacture of polyurethane flexible or rigid foams, via reactions of polyols with an
isocyanate (e g_ toluene di-isocyanate or methyl di-p-phenylene isocyanate) *>6
Polyurethane rigid foam 1s widely used as insulation material in bulding and
construction, and flexible foams are used in the furniture and automobile industries 28

Phenol and its derivatives, for example bisphenol A baprolactam and salicylic
acid are basic ingredients for a broad range of industry products, such as phenolic resins,
polycarbonates, epoxy resins, Bakelite, nylon, detergents, herbicides, and
pharmaceuticals " Phenol and polyol production are mostly derived from petroleum;
therefore, their price 1s influenced by variations on crude-oil prices.

In 2013, ngid foam was the second largest segment in the global polyurethane
market, after flexible foams * The demand for polyols 1s predicted to reach over 10 .4
Mt-yr! by 2018 (growing at 5.5% Compound Annual Growth Rate (CAGR)).'
Moreover, bio-based chemicals are expected to increase significantly and increase their
share in overall chemicals production to an estimated 9% by 2020 2%?! However, there
are still challenges for the current technologies for production of bio-based chemicals and
materials on a large scale. The manufacturing cost and uncertamnty in market price and
demand are still the key factors that prevent more investments in these bioproducts.

Some recent studies of the authors’ group have demonstrated that depolymerized
kraft ligmin (DKL) and oxypropylated depolymerized kraft lignin (Oxy-DKL) were used
as replacements for phenols and polyols with a replacement ratio hugher than 50% in the
synthesis of bio-based phenol formaldehyde and polyurethane resins. For mstance,
msulation polyurethane foams were prepared by partially (50%5) replacing commercial

polyols with DKL, or totally (100%) replacing with Oxy-DKL by Mahmood et al..'® and
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the bio-based polyurethane foams were found to present appropnate compression
strengths and thermal conductivity comparable to those of the reference foams produced
with sucrose polyol and PPG400. DKL was also used to replace phenol i the synthesis
of phenolic resoles resins, and the DKL PF resoles as adhesives for plywood applications
achieved bond strength higher than the minimum industrial standard.”

It should be noted that reviewing the production of polyol and phenol mn detail 1s
not of the focus of the present paper. More information on the production and utilization
of bio-based polyol and phenol from lignin, for example production of polyurethane
foams from renewable sources, production of bio-polyols by depolymernization of ligmins
and their application in the production of rigid polyurethane foams, and production of
phenolic resins from lignin, can be found in other published work by Agrawala et al_*!

Mahmood et al_*? and Effendi et al_ > respectively.

3.1.2 Process description

The designs evaluated are based on KL depolymenzation and oxypropylation processes
mmproved over 5 years of research at ICFAR (Institute for Chenucal and Fuels from
Alternative Resources). The technology 1s pending for patent, and the optinized process
parameters can be found in two journal publications by Mahmood et al 5'¢ Therefore, a
comprehensive process optinuzation 1s not presented here; mstead, we focus on the
preliminary cost analysis for this proprietary technology.

Through direct hydrolysis in polyalcohol, using NaOH (sodmum hydroxide) as a
catalyst, softwood KL was depolymerized into bio-based products of shightly high
hydroxyl number and yield, with moderately low weight-average molecular mass (Mw)

(Table 3.1). The KL was sourced from the FPInnovations Thunder Bay Bioeconomy

50



Technology Centre, where the KT was extracted via the LignoForce technology
developed by FPInnovations ® Then, the depolymerized kraft lignin (DKL) was
oxypropylated (Oxy-DKL) with 50 wt% (percentage by weight) of bio-contents (DKL)
using propylene oxide (PO), acetone, glycerol and potassium hydroxide (KOH) muxture.
The DKL and Oxy-DKL present a lower Mw and a higher total hydroxyl number

comparing to the KL (Table 1). The Oxy-DKL in liquid form 1s preferable for the

production of polyurethane foams 16

Table 3 1. My, hydroxyl numbers and viscosity of the bio-based feedstocks 6

Bio-based Mw Aliphatic Hydroxyl Total hydroxyl Viscosity @ State of product

products (g'mol?’) num. number 80 °C (Pas) (@ room temp.
(mg KOH-g) (mg KOH-g™)

KL 10,000 128 275 - Powder

DEL 1,700 365 671 - Powder

Oxy-DEI. 3,600 - 350 0.61 Viscous Liquid

A general schematic diagram of the proposed designs for production of DKL 15
illustrated in Fig_ 3.1. For the processes summarized earlier, three base case scenarios (I,
II, and IIT) were proposed to evaluate the economic feasibility of DKL and Oxy-DKL to
replace, or substifute phenols and polyols. A summary of each scenario with more details

regarding depolymerization and oxypropylation 1s now given.
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Figure 3.1. General schematic diagram of the proposed designs for production of DKL.

L

DKL phenol: KL in the storage tank 1s fed mto the reactor through a screw
conveyor, and water, NaOH, and EG (ethylene glycol) are added to the reactor at
specified mass ratio (KL -waterNaOH:EG = 1:0.21:0.28:3.51). Each run takes
approximately 4 h, including a buffer time for possible delays, reactor feeding
time, reactor heating time, reaction time, discharging and washing time, where n
the reaction fime 1s about 1 h and temperature 1s 250°C. The product consists of a
cake that will be washed with distilled water, then transferred to an acidification
tank where pH 1s adjusted to <4.0 and acetone 1s added to dissolve the DKL
produced, then the muxture 1s discharged into a centrifuge filtration for removal of
solid residues — a side product from the reaction, and finally to distillation in
scraper evaporators to remove acetone and EG. The recycled chemicals return to
the storage tanks, and the DKL powder 1s stored. DKL as a bio-based phenol
should limut the amount of EG m 1ts final composition to mamtam a high phenolic
hydroxyl number; thus, 100% recovery 1s assumed for this scenario (Table 3.2).
The yield of final DKL product 1s equal to 90% of the KL weight, based on the

experimental work of the authors” group (though in lab scale). 516



II. DKL polyol: DKL for polyols follows the same process described in Scenario L
The only difference 1s that up to 30% of EG 1s allowed in the final product
composition, increasing the output volume, and decreasing the amount of EG
recovered (Table 3.2). The yield of DKL polyol 15 equal to 90% of the KL weight
plus 10% of EG weight. Feasibility of producing DKI. polyol 1s evaluated
considering 1ts potential replacement of polypropylene glycol (PPG) and sucrose
polyols for manufacture of bio-based polyurethane resins/foams.

III.  Oxy-DKL polyol: The DKL used for preparation of Oxy-DEL for polyols 1s
produced from Scenario I. DKL, PO, acetone, and glycerol and KOH nuxture are
directed from the storage tanks to the pressure reactor. Each run takes
approximately 4 h, wheremn the reaction tume 1s about 1.5 h and temperature 1s
150°C. Then the liqud solution flows to an acidification tank, then to a centrifuge
for filtration and finally subject to distillation in a scraper evaporator to recycle
acetone. The Oxy-DKL liqud product 1s stored. The yield of Oxy-DKL 1s

essentially the weight of DKL plus PO and glycerol '

Table 3.2. Savings from chemical recycle.

Scemtio DKL _polyol DKL phenol DKLJ)E;K;I

EG  Acetone EG  Acetone Acetone

Consumption without recycle (Mkg-yr) 10.52 7.50 10.52 7.50 333
Consumption with recycle (Mkg-yr?) 1.05 037 1052 0.37 0.17
Reduction (%s) 90 95 100 05 05
Saved costs (US$-yr!) 14.11 427 1568 427 2.00
Saved costs (US$-t! of product) 376124 113924 580824 158334 33zn2

Chenucal recycling 1s crucial for the feasibility of all scenarios, not only for the

final product requirements, but also because EG and acetone account for the largest
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chemical volumes utilized in the processes. EG 1s also the most expensive chemical

employed (Table 3.2).

3.2 Materials and methods

3.2.1 Analytical method and basis

The purchased equipment cost was estimated based on the scale-up design of the
laboratory experiment using quoted purchase equipment prices for major pieces of

equipment as base equipment costs and applying an appropriate scaling factor (Eqn
(G.1):

Cnstncw = C{]St bas

50

Capal:]t}' new Scaling factor i
- .. Equation 3.1

_ Capacit Ve

Reliable heuristics and assumptions were applied based on Pham et al > and Peter
et al > (Table 3.3). When necessary, the costs were updated to 2015 price indexes (Eqn
(3.2))**, and the 2016 indexes were not easily available. Quotes and literature were used
when available to validate the cost estimates. As shown in Table 3, total Project
Investment (TPI), 1.e_, the total capital cost, was estimated to be 4.32 times of the total

purchased equipment cost.

Current Index

Current cost = (cost in year M) Equation 3.2

Index in yeari
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Table 3.3, Methodology for capital and fixed operating costs estimate 3

Parameter Estimate (%a) Factors
Total purchased equipment cost 100.0
Purchased equipment mstallation 390
Instrumentation and controls 26.0
Piping 10.0
Electrical systems 31.0
Buildings (including services) 290
Yard improvements 12.0
Service facilities 55.0
Total installed cost (TIC) 3020 3.02
Engimeering 320
Construction 340
Legal and contractors fees 23.0
Indirect Cost (IC) 89.0 0.89
Total direct and indirect costs
(TDIC) TIC +IC
Contingency 20.0
TDIC +
Fixed Capital Investment (FCI) contingency
Working capital (WC) 15.0
Land Use 6.0
Total Project Investment (TPI) 4320 432
Labor (wages, salary and benefits) Calculated
Overhead 60% of labor
Maintenance 2% of labor
Insurance and taxes (I&T) 1.5% of labor
Labor +overhead
Fixed Operating Cost (FOC) +maint+I&T

The price of each equipment or variable cost component was found in the
literature, and commercial supplier’s websites and quotes. Most suppliers provide a price
range, for a mimimum and maximum purchase amount. Therefore, the value assumed in
this study 1s the average value obtamed from all mimmum fixed, and maximum selling
prices obtained from the suppliers. The capacity of the biorefinery scenarios varies
according to the reaction yield and final product requirements. Mamn technical
parameters, costs and revenue for the scenanos are summarized in Table 3 4. The

biorefinery processes in both DKL scenarios (I and IT) are basically the same, as
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described in the previous section, for example both have same capital and fixed costs
(Table 3.4). The vanable cost changes according to the production capacity, and
chemicals consumption and recovery. The capital cost of the Oxy-DKL polyol 1s lower
than i the other scenarios because 1t uses DKL from Scenario II directly as a feedstock,

and only one chemucal needs to be recovered in this process.

Table 3 4. Main technical parameters and costs and revenue for the scenarios.

Scenarios
Parameter I
DKL phenol DKL polyol DKL pr:[?l}*,,?;l
Total Project Investment (TPI) (MUSS) 403 403 333
Variable operating cost (MUS$-yr™) 2.70 4.27 808
KL 1.30 1.80 -
NaOH 0.10 0.11 -
Water for the reaction 0.0003 0.0003 -
EG 0.00 1.57 -
Sulfuric acad 0.01 0.01 0.002
Acetone 023 023 0.10
DEL - - 363
PO - - 337
Glycerol - - 0.40
KOH - - 0.03
Utilities 0.55 0.55 0.55
Fixed operating cost (FOC) (MUSS$-year™) 0.72 0.72 0.69
Depreciation (MUSS$-year) 0.03 0.03 0.02
Capacity (tyr)
Feedstock (KL or DKL) 3,000.00 3.000.00 2.500.00
Final product (DKL or Oxy-DKL) 2.,700.00 3,752.50 5.610.00
Selling price (US$-t1)
Polyol average selling price - 1931.11 1931.11
Phenol average selling price 141251 - -

The economic mdicators most often used to evaluate the economic feasibility of

industrial processes, such as biorefineries and energy plants, are the NPV, and the
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Internal Rate of Return (IRR) >33 The NPV is the surplus generated by an
mvestment at the beginning of the planning horizon in regard to the return rate applied
(Eqn (3.3)). In order to calculate the NPV, a cash flow has to be created, including the

cost and revenues of the project.

NPV = —Z, + E et O Equation 3.3
- (1+ DR)t '
t=0
IRR = DR, by setting NPV =0 Equation 3.4

Where: Zp 1s the value of investment costs at time zero (o), Rrand Dy are the revenue and

disbursement at the end of period ¢, respectively.

A break-even analysis was performed to identify the minimum selling price for
the scenarios. It consists of the Present Value (PV) of fixed and variable costs divided by
the present value of the umits produced (Eqn (3.4)). In other words, the mimimum selling

price 1s the price that generates an NPV equal to zero 3

PVcosts
Minimum Selling Price = Z P

—_———— 1ation 3.4
& Vprodution Ea

A linear depreciation method was applhied considering an equipment’s economic
lifespan of 25 years, which is most commonly used for new technologies "¢ A one-year

start-up time 1s considered; therefore, there 1s no profit in the first year, and the

57



biorefinery works three 8 h-d™! shifts for 250 d-yr! - which is a conservative estimate, a
higher number of days per year would return even more profitable outcome. The return
rate used in this study 1s 10%; the return rate, also called mimimum attractive rate refurn,
15 used in cash flows to determune the present value of future cash flows. It reflects
uncertainty on the process performance to mtroduce several hidden costs that cannot be
foreseen, 1t also renmmerates the mvestment. Other studies have considered a range of 8%

to 15%; for example, 8.3%:% 10%:%°%? 12%:* and 15%.%7

322 Sensitivity and risk analysis

For the three scenarios, the NPV and nunimum selling price were calculated using the
most likely parameters (deternumistic) shown in Tables 3.3 and 3 4 (represented by the X
column). Then, a sensitivity analysis for the NPV, varying the TPI (1.e, the total capital
cost), feedstock cost, operational costs, and polyol and phenol prices, was performed in
Microsoft Excel® considering the minimum (Xpip), X, and maximum (Xp.,) values of
each parameter (Table 3.5).

The results from the determunistic sensitivity analysis helped to identify which
uncertain parameters mostly affect the feasibility. Those parameters were then included
n the mvestment risk analysis through a Monte Carlo simulation. The simulation was
executed in the Analytic Solver Platform V2016-R3 (16.5.1.0) for Education,
Copyright© 2016 Frontline Systems, Inc., and 10,000 runs were calculated considering
random variables according to the probability distribution. A triangular distribution,
frequently used in similar studies, for example Machado et al > and Sastre et al._* was
assumed when the mimmum maximum a most likely values were available, and when

there was no historical data available at no cost to analyze the price fluctuations.
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Table 3.5 Varations assumed in the sensitivity and risk analysis.

Parameters Scenario Xmin X  Xmax Distribution
EG (US$ ke'l)? DKL _phenol, DKL polyol 1.10 1.49 1.88 Normal (25)
Polyol price (US$-+1)° DKL polyol, Oxy-DKL polyol 1.000.00 1.931.11 2.600.00 Triangular
Phenol price (USS-t1)® DKL phenol 900.00 1.412.50 1.800.00 Triangular
PO (US$kg ) Oxy-DKL _polyol 096 120 144 Normal (2s)
FOC (MUS$)? DKL _phenol, DKL polyol 057 072 0.86 Trangular
FOC (MUS$)? Oxy-DKL_polyol 055 069 0.83 Trangular
TPI (MUSS$) DKL _phenol, DKL polyol 3.43 4.03 4.63 Trangular
TPI (MUSS$) Oxy-DKL_polyol 2.83 3.33 3.83 Trangular
KL cost (US$-kg!)* DKL phenol, DKL _polyol 0.40 0.60 0.80 Normal (2s)
DKL cost (US$-kg'!)?  Oxy-DKL polyol 1.16 1.45 1.74 Trangular

‘a Historical data interval was used to estimate the standard deviation 13% -
b Minimmum and maxinmm prices obtained from quotations of commercial scale polyol and phenol
producers. ¢ Assnming a standard deviation of 10%. d Assuming 15% variation on the most likely value.

3.3 Results and discussion

3 3.1 Economic analysis for various scenarios

Considering the most likely values (3{, Table 5) the economic analysis results for the
three scenarios as described previously, for the production of DKL and Oxy-DKL as a
bio-based substitute for petroleum-based phenol and polyols, are presented i Table 6.
DKL as a replacement for phenol 1s unfeasible due to the current low market price of
phenol. The minimum selling price (1,420.5 US$-t1) of DKL _phenol is slightly higher
than the average commercial price of phenols (1,412.5 US$-t1).

The DKL polyol and Oxy-DKL polyol scenarios; however, showed similar
promising economic results. The higher NPV for the DKL, polyol (MUSS$ 16.73) 1s a
con- sequence of the lower variable costs (chemucals mainly) leading to a lower
minimum selling price (1,440.0 US$-t?) compared to Oxy-DKL_polyol (1,623 3 US$-t

1)_
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Table 3.6. Main economic indicators to evaluate project feasibility for the deterministic
scenarios.

Indicator/scenarios DEL phenol DEL polyel Oxy-DEL polyol
NPV (MUSS$) -0.20 16.73 15.67
Minimum Selling Price (US$-t1) 1.420.5 1.440.0 1,623 3
Average commercial Price (US$-t7) 14125 1,931.1 1931.1

It 15 important to stress that the results presented in Table 3.6 are before taxes for
all scenarios. Assumung an mcome tax of 30%, the NPV would drop to the following,
DKL _phenol MUS$ -1.3, DKL _polyol MUSS$ 10.5, and Oxy-DKL _polyol MUS$ 10.0.
The scenarios of DKL polyol and Oxy-DEL polyol are still feasible after 30% of taxes.
Another factor to be considered 1s the form of the final product. The Oxy-DEL final
product 1s in hiqud form; therefore, 1t 1s not necessary to dissolve in a solvent before
foam production, which 1s desirable, as opposed to DKL being i solid form that requures
dissolving in a solvent, increasing costs for the foam production. Besides, the Oxy-DKL
was proven to form better quality PU foam when replacing 100% of the petroleum-based
polyol »

Regarding the overall cost breakdown, the main cost for the production of
DKL polyol 1s the KL (33.3%) followed by the EG (29.0%). The EG 1s the most
expensive chemical and has the lughest consumption among the chemicals used in the
reaction. Therefore, even recovering 90% of the EG, the remaiming 10% needs to be
purchased, which accounts for the second largest cost component in the DKL polyol
scenario (Fig. 3.2). For the DKL phenol scenario where 100% of EG 1s assumed to be
recovered, KL (46.9%) 1s also the principal cost component. Whereas, for Oxy-

DKL polyol, the DKL and PO account for almost 76% of the costs. The feedstocks are
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thus the principal source of cost in all scenarios (Fig. 3.2), as commonly reported in other

studies 57
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Figure 3.2. DKL-based polyol and phenol cost components’ weight.

Abbreviations: H,SOy: sulfunic acid; NaOH: sodium hydroxide; TPI: total project investment; FOC:
fixed operating cost; KL: kraft lignin; DKL: Depolymenzed KL; PO: propylene oxide; EG: ethylene
glycol; KOH: potassium hydroxide LD: linear depreciation.

As indicated in Fig. 3.2, the TPI (calculated from the total purchased equipment
cost) accounts for only about 4-12% of the final production costs of the three products,
being msignificant when compared with the costs of raw matenials. In more detail, the
total purchased equipment cost for production of DKL can be broken into the following:
reaction and recycling 45%, filtration 20%, heat exchangers 14%. storage and feed
system 10%, and other 11% (e.g. pumps, valves). Similarly, for the production of Oxy-
DKL the total purchased equipment cost 1s as follows: reaction and recycling 39%,

filtration 23%, heat exchangers 16%, storage and feed system 12%, and others 10% (e g.

pumps and valves).
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Figure 3.3 presents DKI -based phenol and polyols MSP in comparison with their
potential commercial products prices. As shown in Fig. 3.3, the MSPs fall within the
price range of its potential commercial product, and phenol has a lower market value than
polyols. Using Oxy-DKL polyol to replace PPG400 seems to be the most pronusing
option. As observed in Fig. 3.3, the industrial price range of phenol (CAS: 108-95-02)
varies from 900 to 1800 US$-t!. The lower phenol price compared with polyols is the
primary cause of the infeasibility of the DKT. phenol scenario. For further analysis of the
economic feasibilities of various scenarios, sensitivity analysis has been performed and
the results are presented in the next section to demonstrate changes in the NPV by

varying the selling price of target products (phenols and polyols).

| Commercial price range MEP DKL_Phenol MSP DKL_Polyal MSP (ney-DEL_Polvol

Suc, P, [51852-81-4] |

PPG 400 [25322-69-4] |

Palyol (5003-11-] _ _ |

Suc. P[5E731-02-3 |

Phenal {108-95-2]

T T - - T T T 1
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700
ussrt

Figure 3.3. DKL-based phenol and polyols munimum selling price (MSP) in comparison
with their potential commercial products prices.

Abbreviations: Suc. P.: sucrose polyol; PPG400: polypropylene glycol 400.

3 3.2 Sensitivity and risk assessment

Feasibility of a new technology brings inevitable uncertain- ties, not only m the design to

define equipment capacities and costs, but also on the final products prices and feed-



stocks costs. A deternunistic sensitrvity analysis was performed for all the costs
(capital/fixed and variable) and the parameters with most significant impact on the
feasibility are presented in tornado graphs (Fig. 3.4), where the NPV for each scenario 15
provided by varying one parameter at the time. The umits of all parameters are presented
i Table 3.5.

As shown n Figs 3.4 (a), (b), and (c), the NPV for all scenarios 1s most sensitive
to the selling price of the final product, and the price range considered in this study was
collected from online quotes with industrial scale suppliers. The DKL, polyol and Oxy-
DKL polyol scenarios result in a negative NPV 1if selling price of the polyol drops by
26.5% and 25.4%, respectively. A slight increase in the phenol price results in a positive
NPV for the DKL _phenol scenario. The polyol and phenol prices are linked to petroleum
price fluctuations, and market supply and demand.

In addition to the selling price of the final product, the feedstock cost also
considerably affects the NPV For instance, varyimng the price of KL in the DKL polyol
scenar10 and the price of PO m the Oxy-DEL scenario alters the NPV by 32.6% and
39.0%, respectively. On the other hand, all three scenarios are less sensitive to the fixed
operating cost and total project nvestment. For mstance, for the fixed operating cost and
total project investment have a higher impact than the EG cost, they should vary at least ~

85% from the1r fixed values in the deterministic scenarios.
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Figure 3 4. NPV determunistic sensitivity analysis of the scenarios by varying one
parameter at the time.

A sensitivity analysis on the EG recovery was performed for the DKL polyol
scenar1o. It was found that the highest NPV (MUS$ 20.94) 1s obtained when 80% of the
EG 1s recovered and 20% remains m the final product. This 1s explamed by the increase
n product yield; therefore, the revenue gains by remaming some EG 1n the product 1s

higher than the savings from recycling EG.



Another important factor for consideration is the return rate. The rate that would
generate zero returns (NPV = 0) for the scenarios, also called internal rate of refurn 15 as
follows: DKL _phenol 9.4%, DKL polyol 56.8%, and Oxy-DKL polyol 62 84%. For all
scenar10s, the return rate considered 1s 10%; therefore, lugher than the internal rate of
refurn of found for the DKI. phenol scenario, which explams negative NPV for this
scenario.

A Monte Carlo analysis was run for the three scenarios, varying randomly the
parameters presented in Table 3.5. Figures 3.5(a), (b), and (c) show the results for the
NPV with a 95% confidence mterval for each scenario. The Monte Carlo analysis
demonstrates that the DKL _polyol and Oxy-DKL polyol scenarios are more feasible
with and mean NPV of MUS$ 13.75 and 11.22, respectively, while the DKL phenol
scenar1o 15 less feasible, with 58.3% of the NPV results below zero, following the same
tendency observed in the determimistic analysis as discussed previously.

The Monte Carlo analysis resulted in lower NPVs compared to those of the
determimistic base case and sensitivity results (Fig. 3.5). Thuis demonstrates that still with
great varation in the main cost drivers the DKL phenol and Oxy-DKL polyol are

attractive options to compete in the petroleum-based polyols market.
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Figure 3.5. Monte Carlo analysis for NPV (MUS$) of various scenarios (mean value +2
standard deviations).
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3.4 Conclusions

Evaluating the market readiness of bio-based products 1s a challenging task, surrounded
by uncertamnty. Thus, this study provides a techno-econonmuc and risk assessment of a
kraft lignin biorefinery (3000 tonne of KL-year! capacity) for production of polyols and
phenols. Three technology scenarios were evaluated for their feasibility represented by
net present value results. A risk analysis was also performed through a Monte Carlo
simulation varying final products price, main supply costs, fixed operational costs, and
total project investment (1.e_, total capital cost). Depolymerization of kraft lignin and
further oxypropylation of the depolymernized kraft lignin are pronusing technologies for
the production of substitutes for petroleum-based polyols. The Oxy-DKL polyol scenario
has the advantage of yielding a liquud product that can be directly used to replace
commercial polyols in the production of polyurethane foams.

The sensitivity analysis showed that the selling prices of the final products and
feedstock costs are the main factors influencing the feasibility of all scenarios. Although
the total project investment (US$3.33—4.03 nullion) presented a lower impact on the
probability compared to the other parameters evaluated, 1t 1s still a nghly uncertain
parameter. The lack of pilot and commercial scale production of bio-based chenucals
adds to the challenge of providing accurate estimates for equipment costs. However,
prelimimary studies of these technologies can provide directions of lignin valorization for

high-value bioproducts.
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CHAPTER 4 — Capacity Design of Kraft Lignin Biorefinery for Production of Bio-
phenol via a Proprietary Low-Temperature/Low-Pressure (LT/LFP) Lignin

Depolymerization Process

ABSTRACT

In Canada, there is a kraft lignin (KL) surplus of ~1.06 million (M) t-year™ (after ensuring
pulp mulls’ recovery boiler demand). This KL supply can create a US$1.5 billion lignin-
based bioproducts industry. Lower molecular weight and higher reactivity depolymernized
kraft lignin 1s a pronmusing bio-based replacement for petroleum-based chemucals such as
phenols and polyols for the synthesis of biophenol formaldehyde or biopolyurethane resins.
This work provides an economic analysis for biophenol production of a proprietary KL
depolymerization process for eight scenarios with a KL treatment capacity ranging from
10,000 t-year of KL to 120,000 t-year” and two recovery percentages (85% and 90%).
The eight scenarios were exanuned on capital investment, manufacturing cost, net present
value (NPV), and discounted payback period (PBP). A risk assessment through Monte
Carlo analysis 1s presented to address uncertainties in capital mvestment, main raw
materials cost, and biophenol selling price. From the analysis, the total wvariable
manufacturing costs varies from ~1.081 up to 1,101 USS$-t! and the total fixed
manufacturing costs from ~63 to 154 US$-t*. All scenarios are feasible; however, in small
KL capacities, such as 10,000 t-year!, the investment is less attractive yielding a PBP
longer than 5 years. Although, KL capacities above 40,000 t-year! lead to ~3-year PBPs
and high NPVs (above US$35M). The nisk analysis demonstrated that lignin-based phenol
production 1s susceptible to biophenol price and KL cost variations.

Keywords: economuc analysis, biorefinery, kraft lignin, depolymenzed kraft lignin
biophenol, plant capacity, monte carlo simulation.

4.1 Introduction

A shift in industry preference to bio-based products due to the need of reducing
dependence on fossil sources 1s expected to continue as a major key for bio-based
products market growth. This will result in an increased interest in research on renewable
lignocellulosic resources conversion for niche applications. A variety of lignocellulosic
biomass resources have been used for producing bioenergy and biochemicals. These
nclude agricultural residues (e.g., corn stover), herbaceous crops (e.g., switchgrass),

forestry residues (e.g_. sawdust) and industrial residue/waste (e_g_, black liquor).! Among
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the lignocellulosic biomass resources, lignin — “complex three-dimensional bio-polymer
of aromatic alcohols™ 2- has attracted growing interest in the production of bio-energy,
and bio-based chemucals and materials because of 1ts abundance and chenucal nature.
Lignin 1s the second largest available renewable bio-polymer on Earth, second only to
cellulose. Considering that lignin makes up 20-35% of the dry mass of woody plants, in
the biosphere lignin surpasses 300 billion tonnes. Although not all lignin 1s available, a
renewable resource of this magnitude cannot be overlooked ?

Most of the technical lignin produced worldwide 1s a by-product of mdustrial
processes and currently used for energy production. While producing energy 1s still of
enormous importance, other biomass sources such as wood waste hog fuel of lower cost
and not swmtable for the production of high-value products should be considered for
energy generation. In the conventional petroleum refinery, around 42% of 1ts revenue 1s
from petrochemical products (chenucals, plastics and rubbers) derived from 4% of total
petroleum consumption, while a similar revenue 1s generated by transportation fuels that
consume over 70% of the resource * This suggests that producing chemicals and
materials from lignin can create higher revenue than just energy production. Therefore,
the goal of a biorefinery should be focused on production of high-value bio-based
chemicals and materials rather than bioenergy only.

Fortunately, a shuft in ligmin utihization towards value-added applications 1s
occurring 1n North America. Although kraft ligmin 15 currently used mainly for the
production of bioenergy n pulp mulls, 60-70% of the recovery boilers m North America
have capacity limitations (bottleneck) which results in a surplus of lignin. This excess of
lignin 1s now beginming to be extracted for the production of bio-based chemicals and

materials. For example, West Fraser adopting FPInnovations’ LignoForce™ technology



started to remove 30 t.day™! excess lignin in its pulp mill in Hinton, Alberta, aiming for
higher value-added applications, such as resins ’

Due to the phenolic nature of lignin it can be utihized for a number of value-added
applications ® such as oil and gas applications (as corrosion inhibitor, oil recycling
enhancer), construction (as asphalt extender, concrete admixtures, non-wood resin),
thermoplastics (as wood-plastic composites, activated carbon and carbon fibre),
biochenucals (as dispersants, polyols and foams for mnsulation), and bio-phenol
formaldehyde (BPF) resins used in engineered wood products (e.g. plywood and standard
oriented boards).> However, the lower reactivity and high steric hindrance effects due to
lignin’s branched structure linut its direct use to substitute petroleum-based chenucals
and materials.” Consequently, chemical modification is necessary to facilitate lignin use
for bio-based products ® For instance, liquefaction of lignin to form monomeric and
oligomeric phenolic compounds represents a pronusing route for production of phenolic
resin precursors ®

Despite extensive research on bio-phenols production from lignocellulosic
materials. its economic feasibility is still uncertain. According to Biddy et al ®,
biorefinery development relies on a technical and economic investigation to detect cost
drivers, prioritize research directions and alleviate scalimg-up nisks. Sustainable
feedstocks and cost-effective and efficient conversion technologies are the key to the
production of bioproducts, biofuels and bio-polymers 1% A preliminary study by the
authors on a pilot scale-biorefinery to produce bio-phenol by lignin depolymerization
showed that at 2017 market prices, bio-phenols production is not economic feasible 1!

Capital and labor expenses are not linear functions of capacity; they normally reduce as

plant size increases.!? Therefore, in this study we aimed to explore the impact of
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production capacity, selling price and chenucals recycling varations on economic
feasibility of bio-phenols production.

The goal 1s thus fo assist answerning the question “Will lignin-derived phenols
represent a new frontier in the technology of biomass conversion?” 1% This work presents
economic assessment of a biorefinery based on a proprietary (LT/LP) kraft lignin
depolymerization process developed by the authors’ group for the production DKL as a
bio-phenol in various capacities for the manufacture of BPF resins. In addition to plant
capacity, effects of product price and chemical recycling on the economic assessment of
this technology were also investigated in order to identify the best way to achieve
economic production of bio-phenols from kraft ignin. Moreover, a risk analysis was

performed to discuss lignin-based phenol production uncertainties.

4.2 Material and methods

421 Kraft ligmin availability in Canada

Kraft pulp mills location and, pulp capacity data were gathered from Forest Products
Association of Canada (FPAC), Pulp and Paper Technical Association of Canada
(PAPTAC) and Natural Resources Canada (NRCAN) websites as well as pulp
companies’ websites and reports.

The KL availability data were estimated based on the recovery botler capacities
and requirements in the following manner: every 1 t of kraft pulp generates 1.7 t of black
liquor solids of which about 35% 1s lignin, which corresponds to 0.595 t of KL per t of
pulp. Considering that the recovery boiler requires a ninimum calorific value of 2,890.8

keal-kg™! to avoid blackouts, every 1,000 t of pulp produced allows for the extraction of

about 150 t of hignin m the case of softwood mulls (the calorific value of the hquor 1s
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about 3.335.6 kcal-kg!) and 75 t in the case of hardwood mills (the calorific value is
about 3.113.2 keal-kg!). Since most of the Canadian kraft pulp mills use softwood. we
assumed a weighted average up to 0.125 t of lignin available per 1 t of pulp produced
For instance, a pulp mill with the capacity to produce ~540,000 t-year” of pulp could
supply ~67.500 t-year! of KL.

On average a Canadian pulp mill has a KL surplus of 46,270 t-year; therefore,
from the 23 pulp nulls around 1.06 Mt-year! are available and can be used for production
of value-added bio-based products. The mtensity map presented in Figure 4.1 gives a
visual representation of the sources of KL in Canada and provides an overview of
prospective locations for KL biorefineries. A summary of sxx mam KL supply regions 1s
described below and can be 1dentified in Figure 4.1:

1. Three Canfor pulp nulls located in Prince George, British Columbia (BC), with a
total KL availability of 137 445 t-year!, are illustrated by the red circle in North BC
on the map.

1i. Three mills located in Port Mellon (Paper Excellence, 53,104 t-year of KL),
Nanaimo (Harmac, 45,607 t-year! of KL) and Crofton (Catalyst, 47,106 t-year! of
KL), are represented by the red circle m Vancouver Island on the map.

iii. Two pulp mills, Mercer in Castlegas, BC (64,974 t-year’ of KL) and Domtar in
Kamloops, BC (44,232 t-year! of KL), are shown in the highlighted region South of
BC close to the US and Alberta (AB) borders.

1v. The Alberta-Pacific Forest Industries Inc. kraft null, in Boyle, AB, alone generates
81,217 t-year! of KL, which is indicated by the circle concentrating just in North

Edmonton.
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v. The Resolute Forest Products in Thunder Bay, Ontario (ON) generates 67,348
t-year! of KL, indicated as a strong blue circle in Northwestern Ontario. A US$
4 5M mvestment was announced in 2016 for the extraction of KL at the plant.

vi. A Domtar pulp mill in Windsor, Quebec (QC) generates a surplus of 55,853 t-year

of KL, represented by the blue circle close to Montreal on the map.

% it - L4 ‘“;Iﬁ

—_"

Figure 4.1. Kraft hignin availability in Canada. i)eveloped m ESRI - Map Business
Online (student free trial).

The above KL supply availability and location of the mulls were considered to
define the capacity scenarios. The West Fraser Timber Co. KL extraction plant, in Hilton
AB, has a capacity of 30 t-day! of KL (rough estimate of 9,000 t-year!); hence we
assumed 10,000 t-year! as the minimum plant capacity for the scenarios. And, a
maximum plant capacity of 120,000 t-year! based on the supply capacity of the Canfor
plants in BC. Another two medium KL capacities of 40,000 t-year” and 80,000 t-year™
were evaluated considering that on average each pulp mill can produce 46 270 t-year of

KL and 1n some regions the pulp nulls are located near each other.
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For the two low capacities the transportation cost was assumed to be zero because
n these scenarios a lignin-based phenol biorefinery plant can be bult in the mull itself;
however, for high capacity scenarios, an average transportation cost of 2.0 US$-t"! and
5.0 US$-t!, respectively, was added to the KL cost. These costs are an average based on
a transportation problem designed to minimize transportation costs, considering the 6

locations presented previously, plant sizes, truck transportation costs and the road

network connecting the mulls.

422 Lignin-based phenol biorefinery design

The target lignin-based phenol biorefinery plant was designed based on a proprietary KL
depolymerization process. In this process, KL was depolymerized through direct
hydrolysis into depolymerized kraft lignin (DKL), using NaOH as a catalyst and ethylene
glycol (EG) as the solvent. Under the optimized process conditions, the DKL product
obtained has a high hydroxyl number (671 mg KOH-g) and high yield (up to 90%), and
a relatively low weight-average molecular weight My, = 1,700 g'mol * A simplified
process flow diagram of the KI. depolymerization process 1s presented in Figure 4.2, and
the mass flow balance for the KL depolymerization plant with 10,000.0 t-year! KL
capacity and 90% EG recovery 1s available in the appendix (Table 4.51). More details on
the process technical optimization can be found 1n our research group previous

publications 1419
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i1 %l

Figure 4 2. A simplified process flow diagram of the KL depolymerization process.
ST: storage tank; s: stream; R reactor; P: pump; T; titration tank; C: centrifuge; and, 5: scraper

evaporator.'!

The DKL as a substitute for phenol should not contan more than ~20% EG 1 1ts
final composition to maintain satisfactory properties of BPF resins employing the DKL;
thus, two recovery scenarios of 90% and 85% were considered. The yield of final DKL
product 1s equal to 90% of the KL weight plus the amount of EG not recovered m each
scenario '* As explained previously, four capacity scenarios are considered and two
recovery percentages (Table 4.1). In this paper, the terms DKL and bio-phenol are used
mterchangeably to identify the end-product of the designed KL depolymerization

process.

Table 4.1. Bio-phenol capacity and recovery scenarios exanuned.

Scenarios Scl Sc2 S5c3 Sc4 Scs Sch Sc7 Sc8

KL capacity 10,000 40000 80000 120000 10000 40,000 80000 120,000
(t-year™)

EG recychng (%) 85 85 85 85 90 90 90 90
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4 2 3 Capital and manufacturing costs estimates

The equipment cost for a base-case design of a 3.000.0 t-yr! KL depolymerization pilot
plant was reported in a recent publication of the authors ! To update the purchased
equipment cost for higher capacities, Equation (4.1) *° was applied when necessary,
which 1s commonly used method for new processes/technologies when no cost data 1s

available 2122

Capaci . |
Cost,_, = &nm{ﬁ] St Equation 4.1
hase

This method should not be used alone because there are costs that cannot be
estimated by thus simplified method; for mstance, reactor capacity hmitations result in the
need for multiple reactors instead of one unreasonably large reactor. Therefore, in our
analysis the equipment cost was updated for each biorefinery capacity for each scenario
in detail, considering the specifics of equipment size and material When necessary
scaling factors were used following some literature references ** For the major
equipment, costs based on quotes and literature search were compared with graphical cost
estimation methods ** All equipment costs were updated to 2016 when needed (2017 cost
indexes were not yet available). The cost sources were examined, and the most
reasonable costs were chosen for the calculations.

The fixed capital investment mncludes equupment purchase costs, mstallation,
mstrumentation and controls, pipmg, electrical systems, buildings, yard and service
facilities, engineering, contractor fees, construction and contingency. > A high

contingency value of 20% was considered to account for the uncertainty in the costs.
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Manufacturing costs include variable costs, such as chenmucals vused in the manufacture
and electricity. Fixed operating costs comprise labor, overhead, maintenance, insurance
and property taxes. Lastly, 5% of the total fixed capital investment was assumed as
working capital that a company needs to hold to cover its day-to-day operations > The
percentage (5-15%) 1s usually higher for companies manufacturing a variety of
products ** More details on the costs, prices and financial assumptions_ and sources are
given m the appendix material Table 4.52. It was assumed that the plant will be located
within a pulp mull, so some costs can be reduced, such as site preparation, and wastewater
treatment and utilities. The start-up time of one year 1s also assunung the advantages of

co-locating the plant.

42 4 Economic analysis

The financial metrics of net present value (NPV) and payback period (PBP) were
calculated for all scenarios. The NPV 1s the profit generated by a project discounted to
the start of the planning horizon applying a return rate. The PBP corresponds to the
period of time to recoup an investment based on a discounted cash flow !! The economic
assessment was performed in Microsoft Excel®, as well as the mass flow, flowrate and
equipment size calculations. Microsoft Visio® provided the platform for the block
diagrams and process flowsheets. A hurdle rate of 16% was applied in the discounted
cash flow * Phenol price was calculated at 1.303.9 US$-t! and EG 9082 at US$-t1,
based on the average historical prices in North America 2’2 Kraft lignin was assumed at
600.0 US$-t1. And, a tax rate of 25% was applied to the profit. Table 4 S2 of the

supporting information brings all costs, prices, sources and assumptions used n this

study.
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Sensitivity and Monte Carlo simulation: A deternmumistic sensitivity was first
performed to identify the costs that most impact the feasibility of the scenarios. The
scenarios of 40,000 t-year KL capacity at 85% EG recovery (Sc2), and 10,000 KL
capacity at 90% EG recycle (Sc5) were selected for the sensitivity analysis. Sc2 presents
an approximate to the average KL availability in a Canadian kraft pulp null, and the Sc5
was chosen because it presents the lowest economic performance among all scenarios.

For the determunistic sensitivity analysis, the inputs of bio-phenol selling price,
EG cost, KL cost, acetone cost, capital nvestment, acid cost, NaOH cost and utilities cost
were analyzed with regards to their impact on the NPV (output). Peters and
Timmerhaus®* suggested a variation £+ 30% in the capital investment estimation;
therefore, this variation was assumed in the sensitivity for all parameters, independently.

Further, the mputs with major impact on the sensitivity were run in the Monte
Carlo stmulation. The simulation uses probability distributions based on historical data,
when available, to address uncertainties swrounding the investment in bio-phenol
production from lignin. The sensitivity analysis was performed in Microsoft Excel®, and
the stmulations using the @Rask Analytic Solver Simulation Palisade. More details on all
the steps performed in this analysis can be found in de Assis et al

For the capital cost and KL cost, for instance, a triangular distribution with a
variation of 30% was assumed once historical information was not available. A triangular
probability distribution, as ifs name suggests, consists of a contmuous distribution with a
probability density function shaped as a triangle_ It 1s commonly used in situations when
a limited amount of data 1s available, as it requires only three values: a minimum_ a

maximum, and a peak (most likely) >
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Other distributions used n this study were Pert and Kumaraswamy. These
distributions were chosen according to the best statistical fit to the historical data.
Sinularly, to the normal and triangular distributions, the Pert distribution focuses on the
most likely value over the maximum and minumum; 1t constructs a smooth curve which
progressively positions emphasis on values around the most likely value, in favor of
values around the edges. It 15 designed to oniginate a distribution as close as possible to
the realistic probability distribution of the data ** The Kumaraswamy distribution
approximates the beta distribution; however, with much simpler cumulative density
function (closed-form) than the beta distribution 33 This advantage has increased its use in
computation-intensive projects, such as simulation modeling 36

Next, the scenano’s cash flow was linked to the uncertain variables probability
distribution, and then the Monte Carlo simulation was run for 5,000 times simulating the
probability distribution of the output (NPV), considering the variations of all the inputs.

Sensitivity analysis results can be hard to mterpret 1solatedly; therefore, they need
to be organized in well-designed graphs. In this paper, the results are presented in tornado
and spider graphs, these graphs have been commonly applied in economic risk analysis
literature >373% According to Eschenbac® spider plots and tornado diagrams are
extensively used by engineering econonusts and decision making analysts, as they allow
presenting sensitivity outcomes succinctly and simply. A tornado graph can show the
impact of a large number of independent variables > While a spider graphs can display a
smaller number of variables. Both graphical methods present, for each independent
variable, its impact on the dependent outcome. And in the spider plots it 15 possible to see

the amount of change necessary to achieve a break-even point >



In a further analysis of the simulation results, the regression coefficients were
obtamned and de-escalated to show how many umts of the output would change by
changing one unit of the mput. Once the regression coefficients are normalized by the
standard deviation, they are not expressed in US$ umts. To convert the coefficients from
standard deviations to units, i our case US$, the descaled coefficients were obtained by
multiplying the coefficients by the standard deviation of the output and then dividing 1t

by each mput standard deviation 40

4.3 Results and discussion

4 31 Fixed costs

For discussion, the fixed costs were separated into three main categories: working capital,
fixed capital investment that mcludes total direct costs, total indirect costs and
contingency (derived from the total purchased equipment cost); and, the fixed
manufacturing cost that accounts for maintenance, overhead, labor, depreciation and
other fixed costs, such as property taxes and insurance. All values per unit production
decrease with the increase in capacity, with the most significant drop shown from the
10,000 to 40,000 t-year! capacity scenarios. Since capital and labor expenses are not a
linear function of the capacity, 1t 1s expected that those costs per umt produced will
decline as plant capacity increases_!? The fixed capital investment varied from US$ 5.9M
to US$ 45.1M, from the lowest to the highest capacity.

As explained 1n section 3, two recovery EG scenarnos were accessed and the
amount of EG not recovered becomes part of the final DKL product. Therefore, as
expected, the fixed costs per tonne of DKL are higher at 90% EG recovery (Figure 4.3)

because less DKL 1s produced in those scenarios compared to those of the 85% EG
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recovery scenarios. It 1s clear that at the base case (pilot project) the fixed costs per tonne
of DKL are much higher than those at large commercial scale; therefore, the pilot project
15 less likely to be feasible, which was demonstrated in our previous study for pilot scale

production of DKL ! As the capacity increases, the fixed costs are spread out, and lower
capital investment per unit of production is obtained.!? At a certain point, however this

cost starts to stabilize or even increase as the capacity keeps increasing.
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Figure 4 3. Overall fixed costs breakdowns for Scl to 8, at year zero.

4 3 2 Manufacturing costs

On the contrary to labor and capital investment, the total variable manufacturing costs
have a linear relation to capacity '? The variable manufacturing costs per tonne of DKL
are similar in all scenarios varying from 1,081 US$-t! (Sc1) up to 1,101 (Sc8). The small
difference comes from the amount of DKL produced that vanes according to the amount
of EG recoverad. A higher amount of EG remains in the DKL with decreasing EG

recovery rate, as mentioned previously. Besides, the DKL cost 1s slightly higher for the
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Sc3, 4, 7 and 8 because of the KL transportation cost added for larger capacities
scenar10s. Finally, the tax amount also varies among the scenarios; lower production
capacities generate lower profit and therefore lower taxes.

The most significant costs among the variable manufacturing costs are the KL
(42.5% on average), followed by EG (27.8%), acetone (13.1%), NaOH (7.8%) and taxes
(5.5%). The lowest cost participation comes from water (0.01%), waste water treatment
(0.1%), acid (1.0%) and utilities (2.2%), respectively. The EG cost 1s lower m the 90%
recycling scenarios than that i the 85% recycling scenarios; once less EG has to be
purchased to compensate the amount not recovered. After all. main feedstock (KL 1n this
study), 1s commonly found to be the primary source of variable manufacturing costs in
many biorefining feasibility studies »>*! Moreover, the variable manufacturing costs
commonly account for the major portion of the production costs. For instance, a study of
the nisk profile of cellulose nanocrystals manufacturing identified the vanable
manufacturing costs to be responsible for ~95% of the final product unit cost ** Similarly,
1n this study, the variable manufacturing costs correspond in average to ~92% of the

DKL production cost, and the fixed costs to ~8%.

4 3 3 Determunistic econonmuc analysis

All scenarios 1n this study were found economically feasible, thus demonstrating that
scaling up the depolymerization of KL brings promusing opportunities for production of
bio-phenol for BPF resins. In our previous publication, a pilot scale 3 000 t-year! KL
depolymerization plant was found unfeasible for bio-phenol produciton. !! In this study,
the base case plant of 10,000 t-year! KL depolymerization plant is feasible with PBP

below 6.5 years for both recovery rates. However, 1t does not yield an attractive NPV
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(US$ 7.5M and 4.7M) when compared to the higher capacities’ scenarios (Figure 4.4).
Therefore, increasing the size of the plant has a positive mnfluence in the economic
metrics. Combining the NPV and the PBP provides a better overview of the economic
performance of the bio-phenol production from KL. A production capacity of 40,000

t-year’ or more, and 85% EG recovery should be suggested for this technology.

NPV and PBP at 83% EG recovery | NPV and PBP at 90% EG recovery
—+— NPV {MLISS)
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Figure 4 4. The NPV and discounted PBP for the Scl through 8.

The best economic performance 1s observed i the 85% recovery scenarios
(Figure 4 .4) as a result of the lugher volume of final product. Nevertheless, this result 1s
only possible when the EG price 1s lower than the phenol price. If the phenol price
surpasses the EG price (current sifuation) it 1s better to have more EG in the final product
(e.g., 15%) assumung that the presence of EG won’t negatively influence the properties
and applications of DKL in the production of BPF resins; on the other hand, if the EG
price 1s higher than the phenol price 1t 15 more beneficial to recover more EG. Combined
consideration of the NPV and the PBP suggests that a plant with a KL processing above

40,000 t-year!, and 85% EG recovery shows good results for the technology.
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4 3 4 Sensitivity analysis

The tornado diagrams m Figure 4.5 show the inputs with higher influence on NPV, for
Sc2 and Sc5. The longest the bars the strongest the impact on the NPV. The two colors
differentiate the NPVs below and above each scenario’s original NPV (US$ 46.7M for
Sc2, and US$ 4.7M for Sc5). The Fig. 4.5 can be mterpreted as follows: a bar extending
to the right indicates a positive impact. For all costs, it means that decreasing the cost will
mcrease the NPV. On the other hand, mcreasing of the selling price of the end-product
(bio-phenol) markedly imncreases the NPV, as expected. Finally, the bar extending to the
left indicates a negative impact. As such, an increase in the cost of the raw materials (KL,
EG, acetone and NaOH), or the capital mvestment or utilities will decrease the NPV.
And, a decrease i the selling price of bio-phenol will also decrease the NPV.

A sinular order of mputs impact can be observed in both scenarios, where phenol
price (bio-phenol selling price), KL cost and EG cost have the largest impact on the
feasibility, respectively, while the acid and utilities costs have the lowest impact.
However, a shuft in the importance of the capital investment and NaOH cost 1s observed
between the scenarios evaluated. The capital investment’s impact on the feasibility
mncreases for lower capacities. Other studies have also observed the main feedstocks cost
to have a high impact on the financial results 32738

The selling price of bio-phenol, assumed m this study as the same price of
commercial phenol in North America, can drastically influence the profitability of both
scenarios. The minimum selling price (NPV = 0) for bio-phenol 1s 1,165.7 US$-t! in Sc2,
and 1,240.2 US$-t! in Sc5; therefore, a decrease in 30% in the base case bio-phenol

selling price (1,303.9 US$-t) generates negative NPVs. On the other hand. a 30%

87



mcrease 1n the bio-phenol price strongly improves the NPV in both cases (Figures 4.5 (a)

and 4.5 (b)).

(A) Sc2: 40,000 KL capacity per year and 85% EG recovery

Phenol price (-;1,304:+)

KL cost {+;600;-)

EG cost [+908;:-)

Acetone cost (+:928:-)
MaOH cost (+:388;-)

Capital investment [+;16.3;-)
Utilities cost (+;1.3;-)

Acid cost (+90;-)

-5 10 25 40 35 P00 BS 100 115 130 145 16D
NPV (MUSS)

a0 -

(=23
[
L
(=1
[T}
et
P
(=1

(B) Sc5: 10,000 KL capacity per year and 90% EG recovery

Phenol price {-;1,304,+)

KL cost (+;600;-)

EG cost [+908;-)

Acetone cost (+328;-)
Capital investment {+5.9;-)
MaDH cost (+388;:-)
Utilities cost [+;0.4;-)

Acid cost (+1207;-)

i 5 w0 15 20 25 3 35
NPV (MUSS)

Figure 4.5. Sensitivity analysis tornado diagram for Sc2 (A) and Sc5 (B).

Note: The bars met at the NPV value of each ongimnal deterministic scenario. The dark gray bars show

a negative impact, and the light gray bars a positive impact on the NPV of the onginal scenanos. The
30% vanation direction 1s shown 1 the brackets after the parameter name, where the minus (-) sign
means a decrease in the parameter and the plus (+) sign means an mcrease.
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Other parameters, such as the KL, EG, acetone, and NaOH costs, also profoundly
affect the NPV. For Sc 2, vanations of £30% in those mputs result in a change in the
NPV by + 73%, 58%, 22% and 13%, respectively. The impacts are even stronger for Sc3,
where + 30% changes lead to an NPV variation of = 183%, 97%, and 56%, and 43%,

respectively. The capital mvestment affects the NPV by £ 33% for Sc5, but only by 12%
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in Sc? for variations of £30%. For both scenarios the £30% vartation in utilities and acid

cost have a margmal impact (less than 9%).

4.3.5 Probability analysis

The determumistic analysis provides a preliminary view of the project; however, further
studies are necessary to incorporate uncertamties surrounding new technologies, 1.e_| the
KL depolymenization to produce DKL as bio-phenols. Such risks come from the market

price of final product and cost variations of raw materials, as observed in Figure 4.6.
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Figure 4.6. Historical monthly prices for phenol, acetone and ethylene glycol from June
2014 to July 2017 2™

The uncertainties are calculated using probability distributions to model the

uncertain variables in a Monte Carlo Simulation, as described in the methods section.
From the deterministic sensitive analysis, we selected phenol price (US$-t1), KL (US$-t
), EG (US$-t1), acetone cost (US$-t), and capital investment (US$) as inputs in the
Monte-Carlo simulation. Figure 4.7 shows the data adjusted functions (lines) and the

probability distribution (bars) for Sc2 (40,000 t-year” and 85% recovery, Table 4.1).
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Applymg a probability analysis based on the historical data pernuts to observe the
chances of an event to happen® For instance, what are the changes of the NPV to be
below a desired value. The Monte-Carlo results for the Sc2 NPV output are presented in
Figure 4 8. The Figure 4.8 shows the output result (NPV) for all interactions ran in the
simulation by varyimng all inputs according to their probability distribution. Each vertical
bar represents an NPV probability interval The top horizontal bar shows the chances of
the NPV to fall on the area corresponding to the probabilities bars below zero, and
between zero and US$ 229M (maximum).

The practical relevance of this analysis 1s to show the probability of the project to
have an NPV close to the NPV value calculated in the determimistic scenanos. The
probability of the NPV being between US$ 37M and 57M, for mstance, 15 ~ 14.2%; tlus
interval holds the NPV calculated in the deterministic analysis (US$ 46.7M). It 15
unlikely that an investor (e.g. pulp null aiming to diversify its portfolio) would be
mterested n an investment at a high nisk (probability of the NPV being below zero higher
than 30%). Based on the assumptions made for lignin-based bio-phenol production, there
1s a 100% probability that the NPV falls below US$ 210M, and a 22.0% probability of
NPV to fall below zero. The average NPV resulting from the 5,000 runs 1s US$ 42 6M,
slightly lower than the determunistic calculated NPV. The above difference was resulted

from the input uncertainties, which were meorporated by the probability curves.
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Figure 4.8. NPV (M US$) probability distribution curve for Sc2 (40,000 t-year'! and 85%
recovery).

Sinularly, as the results previously presented in the deternunistic sensitivity, the
effects of multiple inputs in the output can be observed in Figure 4.9 for Sc2. However,
these results consider historical price variation of a fixed varnation. One can observe that
the curves approach each other around the deternunistic value (US$ 46.7M). For each
wmput, the percentage change following its probability distribution 1s plotted in the Y-axs,
with 5% boundaries, while the output result (INPV) 1s plotted on the X-axis. Whereas
flatter the line 1s the less impact the mput has on the output.

The bio-phenol selling price clearly carries the greater effect on the NPV,
followed by EG, KL, acetone costs and capital investment, respectively. For instance, for
the end-product selling price (represented by phenol price) an increase of at least 20% on
its lowest possible value 1s necessary to generate an NPV above zero. On the other hand,
for the KL and the other inputs, as they are costs not revenue, an increase in their value

decreases the NPV (Figure 4.9). Practically, for all the cost inputs the NPV vanation
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range from ~10M to 70M; therefore, all generating a positive NPV. This analysis shows

the importance of the selling price of bio-phenol in the overall profitability of this

process.
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Figure 4.9. Spider graph for Sc2 showing the change in the NPV means (US$ M) across

the change in the uncertain parameters.

Further interpretation can be drawn from the simulation de-escalated regression

coefficients (Figure 4.10). A positive coefficient represents a positive effect, and a

negative coefficient has a negative impact on the output, as observed mn Figure 4.10. To

facilitate the graphic presentation, the capital investment 1s shown in units of US$ 50,000

(50K). For instance, a change mn US$ 50,000 in the capital mvestment results in a

decrease of US$ 0.28M in the NPV, and an increase of US$ 1.00/t in the phenol price

raises the NPV by US$ 0.26M (Figure 4.10).
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Figure 4.10. Descaled regression coefficients showmg the change in the output (NPV
(US$ M)) per unit of change in each parameter for Sc2.

4.4 Conclusion

This paper provides economuc analysis for bio-phenol production based on a proprietary
KL depolymerization process for 8 scenarios with the KL treatment capacity ranging
from 10,000 t-year-! of KL to 120,000 t-year-! and two recovery percentages (85% and
90%). The main conclusions drawn from this study are summarized as follows.

Fixed costs per unit of DKL as bio-phenol produced decreased with the increase
in capacity. Increasing the KL treatment capacity from 10,000 t-year-! of KL to 120,000
t-year-! could produce a 53% drop in the fixed costs per tonne of bio-phenol. The
scenarios with 85% ethylene glycol (EG) recovery rate presented better economic
performance than those with the 90% EG recovery rate 1f the bio-phenol selling price 1s
higher that EG cost. Based on the determuinistic results the largest capacity explored
(120,000 t-year! of KL) with 85% EG recovery rate presents the most attractive NPV
(US$ 148 4M) and PBP (2.7 years).

Considering that Canadian pulp nulls can supply on average 46,000 t-year! of
KL, without having to rely in external supply, the 40,000 t-year capacity scenario is
recommended for a KL-to-bio-phenol biorefinery plant in Canada; further expansion

would be possible when the market for bio-phenol 1s established. The 115k analysis
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considering variations on the main costs and phenol selling price resulted in a 78%
probability of an NPV above zero, for the scenaro with the KL capacity of 40,000 t-year
! and 85% recovery rate. The variations in bio-phenol selling price, EG cost and KL cost
are the parameters that most affect the feasibility of the biorefinery. For instance,
historical data of the petroleum-based phenol price in North America varies from 970 to
2028 US$-t!. Based on this analysis, bio-phenol’s selling price below ~1,160 US$-t!
would result in unfeasibility of the biorefinery. Further studies can enrich this field by
exploring the market demand and supply for phenols globally. Developing a supply chain
model, for example, can provide the entire picture of the market helping high value-

added products dertved from KL to gain a greater share in the petroleum-based market.
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CHAPTER 5 — Forest biomass supply chain optimization for a biorefinery aiming to
produce high-value bio-based materials and chemicals from lignin and forestry

residues: A review of literature

ABSTRACT

Technological development has enabled the production of new value-added products from
lignocellulosic residues such as lignin. This has allowed the forest mdustry to diversify its
product portfolio and maximmze the economic returns from feedstock, while
simultaneously working towards sustamable alternatives to petroleum-based products.
Although previous research has explored industrial-scale production opportunities, many
challenges persist, including the cost of woody biomass and 1ts supply cham reliability.
While numerous studies have addressed these 1ssues, their emphasis has traditionally been
on bioenergy, with little focus on biochemical, biomaterials and bioproducts. This review
seeks to address this gap through a systematic study of the work recently reported by
researchers. A lot of work has been published from United States and Canada with an
emphasis on bioenergy production (84.8%), 4.6% of the work 1s focused on biomass to
materials and chenucals, and 10.6% addressed both. Between 2012 and 2015, the majority
of published research focused on biomass to materials and chemicals, and both biomass to
energy and biomass to matenials and chemicals. This fact highlights recent mterests in
diversified biorefinery portfolios. However, further work concerming forest biomass supply
chain optinuzation and new high-value bio-based materials and chemicals 1s necessary.

Keywords: biomass to energy, biomass to materials and chemicals, economic
optinuzation, lignocellulosic residues, value-added bio-based products.

5.1 Introduction

Countries around the world are adopting laws or policies intended to lower greenhouse
gas (GHG) emussions, which results in an increasing interest in alternative renewable
sources for producing bioenergy, biochemicals, and biomaterials. Despite this interest,
according to the International Energy Agency (IEA), oil, natural gas, and coal still
account for almost 81.7% of the world’s current primary energy supply (Bell et al. 2014).
Moreover, many industrial chemicals and synthetic maternials are still dependent on

petroleum-derived products (Kurian et al. 2013). For instance, 42% of the petroleum
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revenue came from chemucals, plastic, and rubber. Surpnisingly, this category consumes
only 4% of petroleum (Werpy 2009).

As an alternative feedstock to petroleum-based products, lignocellulosic biomass
has been recognized as a promising resource for the production of non-energy
commodities such as chenucals, fibres, plastics, and construction matenals because of 1ts
chemical properties and abundance (Fahd et al. 2012; Igbal et al. 2013; Isikgor and Becer
2015). Additionally, lignocellulosic biomass provides the means to help the forest sector
transition into a more diverse, market-driven industry, while concurrently improving its
environmental footprint (Thiffault et al. 2014). Thus, the biorefimng approach has
become a favourable pathway to obtain value-added products from forest and null
residues. The biorefinery concept 1s defined by the IEA Bioenergy Task 42 Biorefining as
the “sustainable and synergetic transformation of low-value biomass into marketable food
and feed ingredients, products (chemucals, materials) and energy (fuels, power, heat)”
(Bell et al. 2014).

In this context, researchers have been working intensively to improve biomass
conversion technologies towards commercial-scale facilities (Hughes et al. 2013).
However, despite the increased efficiency of the technology in the la