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This article outlines the technical and economic potentials of lignin in unlocking

sustainable biorefineries. The benefits of using this highly functionalized

biopolymer for the growth of sustainable economy have been highlighted.

But practically, the possibility of commercially substituting petroleum oil with

lignin is still not very high as the estimated biofuel production cost is 2–3 times

higher than the former one. However, with the advancement in technology and

more efficient measures by biorefineries such as storing and processing the

biomass near the field so as to reduce the transportation cost, it is possible to

gain higher profits. Companies like Domtar, Stora Enso, Borregaard’s

LignoTech, VITO, and Chemelot InSciTe have been promoting commercial

value of lignin. The growth of lignin market after the start-up production at

various sites has been discussed in this review. Combining the complete “start-

to-finish” analysis with economic evaluation gives a pragmatic overview of the

possibilities whether lignin will join petroleum oil as an efficient and cost-

effective renewable source.
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Introduction

The past decade has been quite interesting in terms of dealing with chemicals, energy

and renewable resources—especially lignocellulosic biomass. The major raw materials for

transportation, energy and chemicals in the latter half of the 20th century has been mainly

the “crude” or “petroleum” oil. Processing crude oil has always been a chief task and

technologies have been developing since 1860s for the same. Currently, several refineries/

industrial plants have been developed that are highly advanced including hi-tech

integrated devices (Babich and Moulijn 2003; Rana et al., 2007). Due to limited
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technical maturity of lignocellulosic biomass-based processes

thus far, the chemical industries were obligated to depend on

petroleum, coal, or natural gas feedstocks as the carbon source to

produce nearly 90% carbon containing plastics, paints, adhesives,

fertilizers, pesticides, among others. The reliance on fossil fuel to

accomplish every single need of the modern industrialized

society could be attractive until “peak-oil” is reached, as

indicated by Hubbert’s in 1956 that the petroleum oil will not

last forever (Hubbert 1956; Sorrell et al., 2010; Aleklett et al.,

2010; de Almeida and Silva 2009). Studies have anticipated over

60% energy demand by 2030 owing to the increasing world

population (Kumarasamy et al., 2017). This raises an alarming

question of how are we going to meet this additional energy

requirement when we have already been struggling with

depleting fossil fuel resources today? In order to meet these

huge energy requirements throughout the world, nearly

85 million barrels of crude oil is being processed currently,

which are expected to increase to 116 million barrels in the

next decade (IEA 2007). It is only after the public awareness

about the depletion of crude oil reserves that federal agencies

around the globe paid significant attention to find substitutes for

fossil fuels (Maggio and Cacciola 2012). This change is highly

imperative for the development of sustainable economy. In order

to achieve this target, “biorefineries” are envisaged as highly

significant since they convert biomass into biodiesel, bioethanol,

and value-added chemicals (Sun and Cheng 2002; Kiss et al.,

2006). So, is it true that we are shifting gears from petroleum

refineries to biorefineries? This move towards biorefineries is

“born from necessity” as we did not have many options but to

switch to alternative source of energy due to the limited available

reserves of non-renewable sources. Worldwide, renewable

resources contributed to nearly 19% of the total energy

consumption in 2014 (compared to ~38%, 21%, 20%, and 2%

from oil, coal, natural gas, and nuclear, respectively) and is

expected to increase dramatically in the coming decades

(World Bioenergy Statistics, 2017).

Remarkably, in this revolutionizing world, not only the

growth of bio-economy (involving natural feedstocks) has

been a great achievement, but also the society’s attitude

towards the utilization of renewables such as lignocellulosic

biomass as source of energy has changed significantly

(UNECE, 2021). For instance, in contrast to the fossil

resources, lignocelluloses have lower carbon footprints in

addition to its abundance and rapid rate of growth under

varied climatic conditions (Therasame, et al., 2022; Awosusi,

et al., 2022, Hadj 2021). The holocellulosic component of

lignocelluloses have been successfully converted into fuels and

commodities, but lignin, on the other hand, has been

underutilized (Tuck et al., 2012). In order to attain a

sustainable bio-refinery, lignin must be processed and

valorized through a biorefining process that is cost-effective

and environment friendly (Zakzeski et al., 2010). Typically,

bio-economy aims to (a) decrease dependency on fossil fuels

that are non-renewable, (b) prevent deprivation of ecosystems,

(c) promote economic development of the country, and (d)

create new jobs.

Lignin: Emerging petroleum-
substitute?

Lignin is an untouched natural gem—at least from the bio-

economy point of view, representing about 10-35% of

lignocellulose biomass consisting of various phenylpropanoids

(aromatic building blocks), thereby a potential source of fuel,

energy, and chemicals including pharmaceuticals, paints, and

plastics (Dossier, 2017).

Lignin being a highly complex polymer with variable

structures (like molecular weight distribution, chemical

functionalities, etc. depending upon the biomass source and

fractionation process), the valorization of lignin into value-

added products is still challenging (Cateto et al., 2008; Sun

et al., 2018). It is more reasonable and economical that

instead of defunctionalizing lignin completely into fine

chemicals, i.e., BTX (benzene, toluene and xylene), we should

defunctionalize to alkanes, arenes, and mixture of products that

together can be used as feedstocks for the production of

chemicals and biofuels (Zmierczak and Miller 2006; Kleinert

and Barth 2008). Its high abundance and wide opportunities for

defunctionalization has motivated scientists to carry out

extensive research into catalytic valorization of lignin and

thereby developing economical methods for its use as a

feedstock (Chio et al., 2019; Liao et al., 2020; Wener et al.,

2020; Abu-Omar et al., 2021).

Valorization or processing of lignin is mainly targeted to

obtain a product (either pure or mixture) that fits into a

particular purpose, and the by-products obtained are regarded

as residue. But this is not in accordance with the “atom economy”

principle of Green Chemistry (Anastas and Warner, 1998), as no

by-products should be left behind and the matter should be

processed completely. Scarce information is available on the

complete valorization of lignin and its by-products. Borges da

Silva et al., 2009, anticipated that during the valorization of lignin

into vanillin, its by-products can be utilized for the production of

polyurethanes (de Almedia and Silva, 2009).

An understanding of all of the interconnected stages starting

from the extraction of lignocellulose from its source (mainly

trees), its transportation to the bio-refineries and finally the

conversion of the initial biomass feedstock into intended

lignin-derived product (with no by-products) is very

important. In spite of the high potential of lignin to be used

as an alternative to petroleum or crude oil, it can only be made

commercially available if it is easily affordable by the common

people. In this article, we aim to present an analysis on the

potential of lignin as an emerging petroleum alternative and

current efforts/hurdles in commercialization process.
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Isolation of lignin

The isolation of lignin from lignocellulosic biomass is

targeted from high lignin containing sources such as woody

biomass, i.e., hardwoods and softwoods in the bio-refineries

producing “biofuel” along with lignin (Strassberger et al.,

2014; Abu-Omar et al., 2021). Most of the lignin is obtained

as a by-product of the pulp and paper industry. Also, it is

separated from linked wood components either by

preferentially dissolving lignin or by preferentially dissolving

non-lignin components (Glennie and McCarthy 1962). Several

methods are employed for the purpose, such as, ball milling,

milled wood lignin (MWL), Brauns or Native Lignin, Organosolv

processes, etc. Chemical pulping is employed in order to separate

native lignins from wood in the form of MWL. In this process,

various by-products that possess industrial applications are also

formed such as dioxane lignin and enzymically liberated lignin.

Kraft, sulfite and soda-AQ pulping of wood yield Kraft lignin,

lignosulfonates and soda lignin (or alkali lignin), respectively

(Stenius 2000); the first two being the major lignin types available

commercially. During the isolation of lignin from black liquor,

carbon dioxide is used to reduce the pH of the liquor while

precipitating lignin from the black liquor, followed by the

addition of sulfuric acid (Tamminen at al., 1995). A brown

amorphous lignin powder is obtained from such processes

where the lignin structure, molecular weight, and color is

process severity dependent. Low grade lignin production in

2010 by pulp and paper industry was estimated to be 50 MT

(metric tons). Out of this, just 2% was pure enough for further

commercial use, rest of the amount was employed to generate

energy through combustion (Higson and Smith, 2011). The

conversion of such lignin to value-added chemicals have been

an Achilles’s heel but success stories utilizing lignin in the

production of specialty or performance materials in terms of

heat and water resistance, lower weight, higher durability and

toughness and fire retardancy have been demonstrated by

various ventures (Graichen et al., 2017).

Storage and transportation

The production of biofuels in biorefineries are economically

unfeasible unless a maximum yield of fermentable sugars

followed by maximum bioconversion is achieved (Periyasamy

et al., 2018). Also, for the economic operation of a biorefinery, it

is essential that it is located within 50 miles from the feedstock

location. This is because the bulk density of biomass is very low

and should not be stored at centers with high moisture content as

the feedstock decomposes on exposure to the microbes present in

the moisture (Audsley and Annetts 2003; Annetts and Audsley

2003; Baral et al., 2019). Keeping in view the continuous

feedstock supply throughout the year, it becomes more

reasonable if we store and process the biomass near the field

(You and Wang 2011; Kurian et al., 2013). Transportation of the

feedstock to the biorefinery becomes easier in this case since the

field is very near and thus uninterrupted supply is possible. Such

centers or facilities operated by farmers for processing the

biomass are named as “regional biomass processing depots

(RBPDs).” This concept was first given by the researchers at

Michigan State University (Carolan et al., 2007) and then studied

by the University of Tennessee Biofuel Initiative and benefited

Dupont Cellulosic Ethanol (DCE) and the Idaho National

Laboratory (INL) (Sharma et al., 2013). These RBPDs are not

only storage centers for the feedstock, but also helps in creating

new job opportunities and improvement of infrastructure in the

rural areas. Biomass is mainly transported via trucks to the

biorefinery located nearby. But this adds on to the overall

production cost of the biofuel as nearly 88 trips per day will

be required to achieve the target of 2,000 tons. Furthermore,

transportation cost will increase with the increase in distance

from the field (Sultana et al., 2010).

Cost reduction strategies

To gain market access, several developments have been

carried out to cut short the processing cost and prove its

credentials to compete with petroleum-based counterparts.

One of the best strategies to gain wide-ranging economic

benefits is by carrying out “genetic engineering.” It aims at

reducing the energy intake for breaking down the biomass and

thereby, making the whole process more cost-effective.

Scientists at Scion, New Zealand, in collaboration with the

University of Wisconsin, have successfully engendered pine

trees genetically containing syringyl units (mostly occurring in

hardwoods). These genetically engineered species now

comprise more labile linkages in the lignin backbone, thus,

making its processing far easier (Wagner et al., 2015). It has

been reported that genetic reduction of lignin content

successfully overcame the resistance of cell wall for

bioconversion. The current prototype for the production of

ethanol involves costly pretreatment of the biomass for making

the cell walls easily accessible to enzymes. Whereas, the

untreated genetically modified plants such as HCT and C3H

alfalfa lines produced much higher amounts of sugar than those

obtained from the natural plants after the pretreatment process

(Hiroshi et al., 2009). Hence, such genetic manipulations in

plants can be helpful in reducing the overall cost of biofuel

production. Voelker et al., 2010 demonstrated the positive

effects of lignin reduction practically by conducting field

trials (Voelker et al., 2010). The authors synthesized a

hybrid with lower lignin content in cell walls and high

growth rate, thus, proving to be a worthy feedstock for pulp

and paper industries. In view of this, it can be concluded that

“genetic engineering” can be considered as a game changer in

the way tress are cultivated for cost and energy reductions.
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Commercial development

World’s first investigations into commercial development

and application of lignin were performed in 1934 at Rothschild,

Wisconsin, USA. After 1971, there was a significant increase in

the sale of lignin, hence, new grades of purified lignin products

started fabricating. Over the recent 10 years, the industry has

observed several successful attempts in developing and

expanding commercially relevant lignin processes. The

world’s first large-scale lignin manufacturing plant started at

Domtar’s Plymouth mill (NC, United States) in 2013, where

LignoBoost®, a patented lignin extraction process, was

employed in a kraft pulp mill is employed to produce high-

quality lignin. This plant has an annual capacity of 25,000 MT

of lignin along with 466,000 ADMT (Air Dry Metric Ton) of

softwood kraft pulp from South Pinewood and nowmarkets the

lignin as BioChoice™ lignin (Björk et al., 2015). In 2015, the

second LignoBoost® plant was deployed at Stora Enso’s Sunila

mill (Kotka, Finland). Sunila plant has an annual capacity of

50,000 MT of lignin and produces 370,000 ADMT of bleached

softwood Kraft pulp from pine and spruce. The existing lignin

market has grown significantly since the start-up of lignin

production at these sites. For example, UPM signed an

agreement with Domtar to acquire all BioChoice™ lignin

from Domtar’s Plymouth Mill (UPM, 2020). Most supply

will be used for manufacturing UPM BioPiva™ products,

which are substitutes to fossil-based phenol in phenolic-type

resins (UPM, 2022). Borregaard’s LignoTech, a biorefinery

operated in Norway for over 70 years, is an exclusive

company where 90% of the woody biomass input exits as

marketable products (Martin Lersch, 2009). It reported an

annual sales of lignin-based products 366,000 metric tons in

2021 (Borregaard, 2022) including its flagship wood/lignin-

based vanillin. Recently, Avantium (2022) demonstrated the

use of its lignin product as asphalt, which is normally derived

from crude oil, for road pavement. Vertoro, a spin-off of

Chemelot InSciTe (Chemelot Institute for Science and

Technology), developed a technology platform where lignin

is processed into the form of “oil” (Kouris et al., 2019). Through

partnering with companies such as Shell and Maersk, the oil

will be hydro-processed and used as a fuel for boats and ships

(InSciTe, 2017a; Vertoro, 2022). Pure Lignin Environmental

Technology Ltd. (Kelowna, British Columbia, Canada) aims at

producing superior grade lignin and cellulose from any

biomass following a cost-effective strategy. The company

produces a unique “water-soluble lignin,” which is now

TABLE 1 Commercial and pre-commercial lignin-based technologies.

Ventures Lignin type Technology Major product Commercialization level
and
scale (dry metric
ton)

Domtara (Valmet, 2022) Kraft LignoBoostb BioChoice™ lignin Commercial, 25 k

Stora Enso (Valmet, 2022) Kraft LignoBoost BioChoice™ lignin Commercial, 50 k

Ingevity (Ingevity, 2022) Kraft — Indulin® AT Commercial, —

Borregaard LignoTech (Borregaard, 2022) Lignosulfonate Vanillin and other
biopolymers

Commercial, 366 k (2021 sales
volume)

UPM (UPM, 2020; UPM, 2022) BioChoice™ lignin (Liedberg,
2014)

— BioPiva™, Phenolic-
type resin

Commercial, >20 k

Suzano Papel e Cellulose (Suzano, 2022) Kraft — Ecolig Commercial, 20 k

Avantium (Avantium, 2022) Acid hydrolysis (HCl) lignin Dawn Technology™ Bio-asphalt Pilot, —

Independent Flemish Research Organization
(VITO) (Bioplastics News, 2018)

— — Bio-aromatics Pilot, —

Vertoro (Vertoro, 2022) Biorefinery and technical lignins
(Kouris et al., 2019)

— Marine fuel Technology licensing

Pure Lignin Environmental Technology Ltd.
(PLET)

Acid hydrolysis (dilute nitric acid)
(DiVA, 2010)

— Water-soluble lignin Technology licensing

BENANOVA (BENANOVA, 2022) — — Colloidal- and nano-
particles

—

Spero Renewables LLC (Spero Renewables,
2022)

— — Thermoset polymers —

RenFuel AB (Renfuel AB, 2022) — — Bio-oil and bio-
plastics

—

Bloom Biorenewables Ltd (Bloom
Biorenewables, 2022)

— Aldehyde-assisted
fractionation

Variety of bio-
products

—

aCurrently a paper excellence subsidiary.
bLignoBoost is process patented by Valmet (Espoo, Finland).
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attracting customers worldwide (PLET 2012). A Belgium based

company named VITO (Independent Flemish Research

Organization) co-financed by the European Regional

Development Fund (ERDF) aims to convert lignin and wood

into bio-aromatics in close collaboration with Scion, a Crown

Research Institute in New Zealand (Bioplastics News, 2018). It

is worthwhile mentioning that more and more lignin is now

available in the market with continuously improving

technologies; some other start-up companies are not

discussed here but listed in Table 1.

Large quantities of lignin are expected to be produced from

paper and pulp industries in the coming years. According to the

international lignin institute (ILI), about 40–50 million MT of

lignin is being produced worldwide, currently (www.ili-lignin.

com). But, in order to meet the ambitious goal of replacing 30%

of fossil fuels with biofuel by 2030, this production should shoot

up to 225 million MT (Sahoo et al., 2011). This is only possible if

the biorefineries are able to successfully utilize the complete

feedstock and convert all its components into value-added

bioproducts (Gowen and Fong, 2011; Rabinovitch-Deere et al.,

2013). The US Department of Agriculture (USDA) and the US

Department of Energy (DOE) have made mandatory that by

2022, 20% of liquid transportation fuel, 5% of heat and power

energy, and 25% of chemicals and materials should come from

biomass (Perlack et al., 2005). However, achieving this target is

highly challenging, as it is evident from the recent estimates of

biofuel production cost which is 2–3 times higher than its

petroleum/crude oil counterparts on an energy equivalent

basis (Carriquiry et al., 2011). Yet, with the advancement in

technology the total production cost is expected to decrease. Few

measures must be followed by biorefineries in order to gain high

profits. This includes producing high value products such as

chemical precursors, human food or medicinal materials in low

volume, managing their own needs and finally producing high

volumes of low value products like animal feed and fuels (Balan

2014).

Conclusion

This review highlighted the need, potential, and emergence of

underutilized biopolymer, i.e., lignin, since it is the nature’s prime

reserve of functional groups and aromatics. Owing to its high

abundance and functionalization, lignin can be considered as the

best substituent in tomorrow’s energy, fuel and chemical sectors.

Lignin can be used in diverse applications, depending on its

original source and method of extraction. However,

commercialization of the biofuel production for the economic

development is still a challenge mainly because of its complex

nature and scarce information on extraction protocols.

Moreover, the bio-refining processes for the extracted of

lignin are economically infeasible. In order to compete with

the cost of petrol or diesel, energy efficient technologies must

be employed to reduce the biofuel processing cost. Biorefineries

should focus on the complete conversion of feedstock into

valuable products. Based on public awareness and

extraordinary efforts by companies like Borregaard LignoTech,

VITO and Chemelot (InSciTe, 2017b), it looks like lignin-derived

biofuel the market soon, though, some delay is also expected due

to the challenges discussed in this paper.

Present and future scope

Inspite of the high natural abundance and polyaromatic

nature, lignocellulosic biomass is still not a commercially

available feedstock for biofuel production. Methods for the

extraction and purification of lignin are complex and

expensive, consequently, cannot be employed at large-

scales. The advancement in technology along with

intensive collaboration among teams of different

disciplines such as catalysis, chemical engineering and

processing, analytics, etc. and boundaries is the key to

solving problem. Big companies should establish

commercial grade biorefineries that could produce several

million gallons of fuel per year. The location of the

biorefinery is very important for the economic

transportation of the feedstock. In the coming years,

biorefineries can be designed to utilize energy from

renewable resources like solar, wind and geothermal, or we

can even collocate them near thermal plants (coal or nuclear).

This will help in preserving other non-renewable sources of

energy such as natural gas. In view of above discussion about

the pros and cons of using a sustainable biofuel, should not

lignin be given the same chance as petroleum or crude oil?
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