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The global forest industry is focused on developing waste valorization technologies. Regional resources

use in biorefineries could be a strategy to improve profitability and mitigate the environmental impact of

the involved industrial sectors, adding a new value chain to the forest industry. This study develops the

mass and energy balance for bioethylene and lignin production from industrial pine sawdust (IS), a

primary wood processing in Argentina. The proposed production process is composed of: (i) soda-

ethanol pretreatment to remove the lignin; (ii) simultaneous saccharification and fermentation (SSF) to

convert the cellulose to glucose and then to ethanol; (iii) ethanol recovery (95%); (iv) ethanol dehydration

to bioethylene and; (v) bioethylene recovery through an ethylene tower and stripper. In the proposed

process, 107 kg of bioethylene per ton of dry sawdust could be obtained, recovering 208 kg of lignin.

Energy consumption is about 1885 MW h t−1 of dry sawdust. The highest consumption is in pretreatment

and ethanol recovery processes, which can be reduced by 42%. Regarding economic assessment, the

internal rate of return (IRR) and net present value (NPV) were 10.08% and 5.21 MM USD, respectively.

Sensitivity analysis shows that the most influential parameters are lignin and bioethylene market prices

and energy and enzyme costs.

Introduction

The use of renewable resources has become ever more fre-
quent, and its growth worldwide continues with the proposal
to reduce the environmental effects of the oil-based economy
by employing the biorefinery process advantages.1 The indis-
criminate use of fossil resources and the increase in environ-
mental pollution sparked a discussion about the long-term
implications for future generations; therefore, many countries
have begun to identify policies to mitigate the effects.2–4 The
industrial forest waste available in Argentina, more precisely in
the Northeast Region (NEA), does not compete with food raw
materials (crops rich in starch or vegetable oil) because they
are non-edible waste; they are not used according to their
potential, but wasted by burning or laying on floors.5,6 Its
chemical composition consists of cellulose, hemicelluloses,
and lignin, making it strategically usable for a wide range of
products within a biorefinery framework.7 Pine is one of the
most relevant forest raw materials in the NEA region of

Argentina. In the sawmill valorisation chain, several bypro-
ducts are generated in large amounts. One of these byproducts
is sawdust, which represents about 9% of the total processed
feedstock.8 Pine sawdust could be a promising raw material to
produce second-generation ethanol (2G ethanol) and its many
derivatives as bioethylene-based products. Bioethylene pro-
duction requires sawdust fractionation into its main com-
ponents, the application of effective purification processes,
and its cost-effective conversion into monomers and platform
molecules. The process design and a technical and economic
evaluation are required to develop and consolidate the biore-
finery schemes on an industrial scale.

Some studies have been reported on the production of bio-
ethylene and byproducts in the last few years. For example, a
study analysed the processing of beech wood employing an
ethanol–water mixture catalysed with 1% sulfuric acid followed
by enzymatic hydrolysis. The main obtained bioproducts were
0.1 t bioethylene, 0.16 t organosolv lignin per dry tonne of
beech wood, and others.9 In this study, bioethylene production
from industrial sawdust generated 0.107 t of product and
0.208 t of lignin.

The concentration of bioethanol is also relevant. In other
words, using 42 194 t h−1 of pure bioethanol (95%) feed stream,
21 876 t h−1 of bioethylene was produced.10,11 However,
45.0614 t h−1 bioethylene was obtained from 165 t h−1 of a
diluted, less concentrated renewable ethanol feed.10
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Several authors also report that the selling price of biorefin-
ery products greatly influences the model sensitivity.9,10,12,13

The cost of electricity has also been a relevant factor.14,15

Regarding the raw material, industrial sawdust availability16

and cost9,12 are critical factors in some studies. In contrast, in
the NEA region of Argentina, the feedstock cost is relatively low.

A few years ago, the competition between the price of ethyl-
ene of petrochemical origin and bioethylene was impossible
because of the wide gap in costs; however, the difference has
now been reduced and this has made it possible for biorefi-
neries to produce bioethylene with a competitive capacity to
operate in the world.17 It has been shown that bioethylene for
ethylene-based polymers significantly reduces greenhouse gases
without changing the properties of the biobased polymer.18

The optimization of the process lines of biorefineries
encompassing technical, environmental, and economic
aspects has been the subject of intense research in recent
years.19–22 These studies highlighted that more studies are
needed to (i) reduce costs of enzymatic hydrolysis by improv-
ing the conversion process of lignocellulosic material to fer-
mentable sugars,23 (ii) optimize bioethanol production techno-
logy,20 (iii) use of less purified bioethanol for cost and energy
savings,20 (iv) reduce the influence of impurities in bioethanol
on the efficiency of the catalytic process of ethylene pro-
duction,20 (v) develop of catalysts for bioethanol conversion to
ethylene at low temperature.21

Ethylene production costs and yield widely vary depending
on the lignocellulosic raw material selected and on the
location of the plant.11 A lignocellulosic waste-integrated biore-
finery could be a strategy to produce bioethylene, where the 2G
bioethanol is the main product obtained from cellulose.

This work aims to design an integrated biorefinery for bio-
ethylene production from pine sawdust waste, identifying the
higher energetic consumption stages and the potential chemical
recovery to implement a biorefinery at the industrial scale. In
addition, a risk and sensibility analysis of the production process
was carried out considering the uncertain or unavailable data.

Experimental
Bioethylene production process

Bioethylene production was selected as the main product in
the present study, and its valorization in a biorefinery platform
was assessed. The process proposed for bioethylene pro-
duction from pine sawdust is shown in Fig. 1.

Raw material

Pine sawdust was selected as raw material. Its chemical com-
position, determined in previous works, is 40.9% glucans,
7.45% xylans, 2.58% galactans, 0.77% arabinans, 14.8%
mannans, 2.28% total extractives, 29.2% lignin.24

Soda-ethanol pretreatment

The sawdust is partially delignified using a soda-ethanol pre-
treatment. It is carried out at liquid-to-solid ratio (LSR) of

5.44 : 1, 170 °C, EtOH/H2O ratio (% v/v) 35/65, and 23.3 NaOH
(% w/w) during 140 min. The pretreatment was carried out in
a pressurized M/K reactor, and after pretreatment, the pulp
was washed with five-cycle water.25 The present study assumed
that pine sawdust pulp is washed at a 3.5 kg water per kg dry
pulp ratio (reported industrial values).26 The washed material
was centrifuged after each washing step. The chemical compo-
sition of the pretreated material is 80.18% glucans, 7.20%
xylans, 0.29% galactans, 8.40% mannans, and 3.67% lignin.24

Ethylene production

The pretreated material is sent to the simultaneous saccharifi-
cation and fermentation (SSF) step, where Cellic® CTec2 com-
mercial enzymes are used for the enzymatic hydrolysis, and
Saccharomyces cerevisiae is applied in fermentation.24 An
ethanol yield of about 99% was determined in previous
studies reported by our research group.24 Similar values were
found in the literature.27,28 Other studies at the pilot scale
reported yields of about 95–96% of theoretical values, using
enzyme charges between 15–25 kg of enzyme protein per ton
of cellulose.29 The present study assumes an enzyme charge of
10 FPU and an ethanol yield of 96% of the theoretical value.
Besides, in the ethanol fermentation process, highly pure CO2

is generated in a ratio of 51% of ethanol and 49% of CO2.
30

After enzymatic hydrolysis and fermentation, ethanol is recov-
ered (at a concentration of 95%31). Ethanol conversion to ethyl-
ene uses catalysts like modified Zeolite HZSM-5, γ-Al2O3, and
Al2O3.

32–35 Usual process temperatures are between 240 °C and
500 °C. In recent years, H-ZSM-5 has been converted into a
promising commercially valuable alternative for ethanol de-
hydration to ethylene due to its high conversion rate, selecti-
vity, and stability.36 The catalyst can be completely
regenerated.37,38 Also, previous studies reported that catalysts
and reagents in ethanol to ethylene conversion costs represent
less than 1% of total operating costs; therefore, catalyst costs
were considered negligible.10,39,40 In the present study, ethanol
is converted to ethylene in the catalysis step using an HZSM-5
zeolite catalyst with an ethylene conversion of 99% and stabi-

Fig. 1 Simplified scheme of the proposed process.
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lity of 630 h.41 Finally, ethylene is purified using a convention-
al operation involving cooling and separation columns.10,11

Operational conditions

The selected conditions are presented in Table 1.

Lignin and NaOH recovery

The liquid stream after solvent recovery is composed mainly of
lignin and NaOH. NaOH must be recovered to be reused in the
process. Lignin could be recovered as a byproduct of
acidification42,46 using CO2,

42,47 one of the most used reagents.
The advantage of CO2 is that it is a component of the gases
generated in the boiler in the caustic recovery process. At pH
values about 7–9, recovery yields of lignin could be up to
85%,42 and using CO2, the pH of the black liquor could
decrease lower than 9. After CO2 acidification, H2SO4 is added
to reach a pH of 3. The present study assumed that all CO2

from the boiler is used to recover lignin. After lignin recovery,
NaOH must be recovered to reach the process economy.

The usual process to recover NaOH is causticization. The
liquid stream coming from lignin recovery still contains sugars
(311 kg), lignin (69 kg), and NaOH (35 kg). The stream from
lignin precipitation must be concentrated in a multiple-effect
evaporator to reach a solid concentration of 60–80%.44,45

Afterward, the stream is burned in a recovery boiler, generating
energy with NaOH recovery.45 The solid material in the furnace
is composed of sodium carbonate (Na2CO3), which reacts with
calcium hydroxide Ca(OH)2, generating calcium carbonate

(CaCO3) and NaOH. Ca(OH)2 is regenerated from CaCO3

through CaO conversion and then hydrated with H2O. Carbon
dioxide (CO2) is also generated in this last reaction.45,48

Caustic recovery has up to 90% efficiency in a typical Kraft
recovery process,45,48 so, in this study, it was assumed that
85% of NaOH is recovered.

Mass and energy balances

The total energy consumption is calculated as the sum of the
different energy inputs for bioethylene production. In organo-
solv process, energy consumption was calculated based on the
heating values of each component (kJ kg−1 °C), the amount of
each component (kg), and assuming that the temperature vari-
ations are between room temperature (25 °C) and working
temperature (170 °C). The assumed energy for the SSF stage is
1.7 kW h kg−1 of ethanol.49 The energy required for the ethanol
recovery is 1.9 kW h kg−1 ethanol based on distillation to 95%
concentration.50,51 A final temperature of 240 °C was considered
for ethanol dehydration.41 For the ethylene recovery stage, it is
assumed that 0.3 kW h kg−1 of recovered ethylene.39

It is assumed that a recovery of 99% by flash evaporation
and one distillation column for the solvent (ethanol) used in
the pretreatment and then recycled.52,53 The energy consumed
in this recovery step is considered negligible due to the high
temperature of the liquor at the outlet and ethanol
concentration.

The energy generated in the recovery boiler (caustic recov-
ery) was assumed to be 2.5 kW h kg−1 of liquor, based on the
lower heating value of the liquor with 80% of solids.44 All
energy generated in the recovery boiler is assumed to be used
for the caustizitation.45

For chemical processes, energy sources commonly depend
on the sources available in the region. The most common
energy sources used in the NEA region are steam and electri-
city due to their availability. In this sense, 8–13% of total
energy comes from electricity, and the remaining energy
comes from steam.54,55 Besides, the usual steps that use elec-
tricity are saccharification, fermentation, distillation, and
ethylene conversion.55–57 In the present study, it was assumed
that for the total energy used for SSF and distillation, 0.74 kW
h kg−1 of ethanol is for electricity.55,56 Besides, for ethylene
conversion, it was assumed that for the total energy consumed
in ethanol to ethylene conversion, 0.052 kW h kg−1 of ethanol
corresponds to electricity.56,57

Finally, energy integration (or heat integration) is one strat-
egy to reduce energy consumption. The heat integration aims to
reduce energy costs by reusing the heat energy in the process
streams. For this purpose, the streams with values of m × Cp >
750 kJ s−1 °C were considered, where m is flow (kg s−1), and Cp

is the heat capacity of the stream (kJ kg−1 °C). Also, a loss coeffi-
cient of 10% of the calculated energy was assumed.58

Economic assessment

In the first step, the total capital investment (TCI) is calculated
from the total equipment cost based on integrated processes,
including all equipment and associated capital costs. In the

Table 1 Operational conditions for ethylene production

Step Description Ref.

Soda-ethanol
pretreatmenta

LSR 5.44 : 1 24
170 °C
EtOH : H2O 35% to 65% v/v
NaOH 23.3% w/w, 140 min

Washinga 3.5 kg water per kg dry pulp 26
SSFa Celli CTec 2 24 and

27Saccharomyces cerevisiae
37 °C
10 FPU g−1 cellulose
96% conversion

Ethanol recovery 95% concentration for distillation 31
2 column distillation

Ethanol dehydration Catalyst nanoscale HZSM-5 zeolite 41
Selectivity 98%
Stability 630 h
Ethanol conversion 99%

Ethylene recovery Cryogenic distillation column 11
Lignin recovery 75% recovered from black liquor 42 and

43pH 8 with CO2
pH 3 with H2SO4
0.3 kg kg−1 of lignin and 10% re-
entry

NaOH recovery Multiple-effect evaporator: solid
concentration of 60–80%

44 and
45

Causticization process efficiency:
85%

42

LSR: liquid solid ratio. a Stages of the process were developed in the
laboratory by members of the group.
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second step, variable and fixed operating costs are determined.
Variable operating costs involve raw materials, waste handling,
and byproduct credits, and fixed operating costs include labor
and various other items. Finally, a discounted cash flow ana-
lysis allows for determining the net present value (NPV) and
internal rate of return (IRR). The economic parameters of bio-
ethylene production in an integrated biorefinery from indus-
trial forest byproducts were used to assess the potential of this
product and its byproducts.64

For the design process, an economic feasibility assessment
was developed. Operational costs, fixed and variables, and
total investment costs were determined.65–67

The equipment costs were calculated using the factors pro-
posed by references.66,68 Besides, the equipment costs were
determined using eqn (1).

C ¼ Co
M
Mo

� �n

ð1Þ

C is the equipment cost of a plant with a capacity of M, Co is
the reference cost of a plant with a capacity of Mo, and n is an
exponent smaller than one (between 0.6–0.8).

Different scaling factors, installation costs, and other costs
were determined from the bibliography.65–67,69

Finally, as economic indicators, the IRR and the NPV were
selected because they are usually employed for investments in
biorefinery projects.65,70 The following variables were selected
for the economic analysis (Table 2).

Sensitivity assessment

The TCI and cash flows are affected by changes in raw
materials, other operating costs, and sales volume and price.
These uncertainties can be estimated through sensitivity ana-
lysis after the investment and cash flows are calculated. In the
sensitivity analysis, various economic parameters are adjusted,
supposing a range of errors for each one. Then, it determines
how sensitive the economic parameters are to the error vari-

ation, which is plotted as NPV vs. the parameter studied.
Finally, the degree of risk involved in the performance of inte-
grated biorefinery is projected.64

This analysis assesses the influence of the selected vari-
ables on the overall process. One of the usual methods is the
one-at-a-time test, which consists of varying one variable and
keeping the other variable fixed. The present study used the
sensitivity assessment to evaluate how several variables affect
the NPV forecast. Crystal Ball software was used for model
simulation. After selecting the variables, their limits and
adjusted curves have to be defined.16,71

The variables that most affect the profitability of the propo-
sal are economic factors,13,16 for example, selling prices,10,13

feedstock72,73 and reagents74 costs, others; and technical or
operational factors,75 for example, the LSR of pretreatment,
the steam economy, and others.71

Table S1 of the ESI† shows each factor considered in the
present study. Their probability distribution and the limits of
uniform and triangular distributions were selected from the
updated bibliography. The variables assigned to the normal
distribution used deviations of 10%.

Results
Technical assessment

The general scheme evaluated for bioethylene production is
shown in Fig. 2. In this figure, the mass and energy balance of
the proposed process is presented. The main products are bio-
ethylene and lignin.

The analysis determined that 107 kg of bioethylene and
208 kg of lignin could be obtained from 1000 kg of industrial
pine sawdust (IS). After SSF, 9 kg of cellular mass from yeast is
recovered, which can be harnessed for energy generation pur-
poses.76 Besides, 178 kg of CO2 (highly purity gas) is produced
in fermentation.77 The CO2

F (CO2 coming from fermentation)
could be sold as a byproduct after CO2 purification.78 In the
present study, CO2 byproduct was not included in the assess-
ment. Regarding the used reagents, it is possible to recover
198 kg of NaOH and 1458 kg of ethanol used in the soda-
ethanol pretreatment. Concerning the energy consumption
shown in Fig. 2, soda-ethanol pretreatment requires 1005 kW
h, whereas 347 kW h are needed for the SSF stage, 436 kW h
for ethanol recovery, 22 kW h for ethanol dehydration, 33 kW
h for lignin recovery and purification, and 42 kW h for ethyl-
ene recovery. Overall consumption per ton dry of IS. The
energy consumption for the overall process is 1792 kW h per
ton of industrial sawdust. The pretreatment represents the
highest energy consumption, followed by the ethanol recovery
stage, representing more than 70% of energy consumption
(see Fig. 3). Previous studies have shown similar results con-
cerning the processing of electricity.9,79

Due to the high energy consumption, heat recovery from
the three hot streams and two cold streams was analysed.
Available heat was 484 kW h per ton IS for hot streams and

Table 2 Unit values used in variable operating costs for the techno-
economic assessment

Variables unit prices at the mill gate Value Ref.

Sawdust (t y−1) 200 000 59
Sawdust (USD t−1) 9 60
Energy (USD kW h−1) 0.08 a

Steam (USD t−1) 10 a

Water (USD m−3) 0.6 a

Labor (USD h−1) 6–31 Assumption
Tax rate 35% Assumption
Chemicals
Ethanol (USD L−1) 0.7 61
NaOH (USD kg−1) 0.6 Assumption
H2SO4 (USD kg−1) 0.09 43
Enzymes (USD kg−1) 10 Assumption
Waste treatment (USD m−3) 0.8 Assumption
Products
Bioethylene USD t−1 1500 9 and 31
Lignin USD t−1 900 62 and 63

a Costs correspond to argentinian values.
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256 kW h per ton IS for cold streams. Thus, the overall con-
sumption of the process can be reduced by 42% (see Fig. 4).

Economic assessment

After the mass and energy balance, the economic assessment
was carried out. Table 3 presents the capital investment. The
total investment costs were determined based on the factors
used by the NREL.68

Initially, fixed and variable costs were determined (see
Fig. 5). The main impacts in variable costs are due to steam
and electricity and the cost of enzymes, whereas general main-
tenance is the chief fixed cost. Table 4 shows the annual pro-
duction of bioethylene and lignin, the revenues, and the econ-
omic indicators (IRR and VPN) for the selected capacity of 200
kt of industrial sawdust per year.

The analysis determined that more than 41 000 t of lignin
and 21 421 t of bioethylene can be obtained with an NPV of
about 5.21 MM USD using the selected assumption.

Risk and sensitivity analysis

Several factors were selected to determine their influence on
the overall process. The most commonly used probability dis-
tributions are triangular, normal, and uniform. The adopted
distributions resulted from a bibliographic collection. For
more details, see Table S1.†

The sensitivity assessment results are shown in Fig. 6. The
most influential variables are lignin and ethylene market

Fig. 2 Process diagram of the bioethylene production through the soda ethanol process.

Fig. 3 Energy available from integration.

Fig. 4 Comparison of energy consumption in each stage of the
process.
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price, followed by energy and enzyme costs. Regarding the
technical factors, the pretreatment LSR and the available feed-
stock are the most relevant variables.

The availability of raw materials is also a critical factor that
will be discussed in this paper. The most negligible influence
on NPV is labour costs (operational, management, mainten-
ance, administrative), sulphuric acid cost, and the ratio of
washing water and water cost. With higher importance and in
the same order, but not significant, are the cost of industrial
sawdust and the steam economy.

Discussion
Future trends in the bioethylene and lignin markets

Until ten years ago, the production costs of bioethylene were
higher compared with fossil-based ethylene (35%–65%
depending on the feedstock and scale production).80 However,
during the last decade, the reduction in bioethanol prices per
barrel81 has increased the competitiveness of biobased
ethylene.82,83

Future increases in fossil fuel prices and -potentially- in
carbon pricing could make bioethylene production still more
cost-competitive.84,85 Ethylene is a bulk chemical used primar-
ily for polymer production, such as polyethylene. One kilogram
of bio-polyethylene is around 30% more expensive than 1 kg of
fossil-based polyethylene.81 However, this situation may
change over time through research and development.

Bioethylene is also used for producing polystyrene (through
the production of ethylbenzene), rubbers, epoxy resins, polyvi-
nyl chloride, ethylene oxide, ethylene glycol through hydro-
lysis, and ethanol through hydration, depending on raw
material prices. These applications represent a significant per-
centage of its production.81,86 Biodegradable plastics like poly-
lactic acids, polyhydroxyalkanoates, starch blends, and others
comprise over 51% (1.1 million tons) of global bioplastics pro-
duction. Production projections indicate that it will reach
around 3.5 million tons by 2027, propelled by the robust
advancement of polymers.87

In this study, we propose comprehensive biomass valoriza-
tion to boost the economic performance of the proposed biore-
finery. Given the increasing attention to high-purity lignin pro-
duction and its diverse applications, we add this commodity to
our product portfolio. The expansion can be attributed to
incorporating natural constituents in manufacturing method-
ologies, offering promising avenues for advancing the lignin
industry.88,89 We anticipate significant growth in the organo-
solv lignin segment due to its versatile applications, including
serving as a filler in ink, paint, and varnish formulations, as
well as in activated carbon, phenolic resins, carbon fibers,
vanillin, phenolic derivatives, and concrete additives.89,90 Raw
materials include straw, sugarcane bagasse, softwoods, and
hardwoods, among others.90,91 Softwoods are particularly valu-
able in developing stabilized carbon fibers from lignin since
their higher lignin content than hardwoods contributes to
segment expansion.88

Fig. 7 shows the market size projection for bioethylene and
global lignin, distinguishing the segments representing low-
purity and high-purity lignin.92–94

Table 3 Total capital investment

Concept Factor [MM USD]c

Purchased equipment 37.3
Installed cost (1.2–2.75)b 30.4
Warehouse (4%) 1.2
Site development (9%) 2.7
Additional piping (4.5%) 1.4

Total Direct Cost (TDC) 73.1
Proratable expenses (10%) 7.3
Field expenses (10%) 7.3
Home office and construction fee (20% of

TDC)
14.6

Project contingency (10%) 7.3
Other cost (10%) 7.3

Total indirect cost 43.8

Fixed Capital Investment (FCI)a 116.9
Land 1.0
Working capital investment (10%)a 11.7

Total Capital Investment (TCI) 129.6
Lang factor (TCI/purchased equipment
cost)

3.47

a Factors estimated by the National Renewable Energy Laboratory
(NREL). Parenthesis values correspond to % of the equipment cost.
b Installing Factors are between 1.2–2.75, depending on the equip-
ment.66 cMM USD refers to millions of USD.

Fig. 5 Fixed and variable operating costs in the external circle. All costs
are represented as a percent within the internal circle.

Table 4 Profitability analysis of multiproduct plant

Production capacity

Lignin 41 572 t y−1

Bioethylene 21 421 t y−1

Revenue
Lignin 37.41 MM USD y−1

Bioethylene 31.92 MM USD y−1

Profitability analysis
Internal rate of return 10.08 %
Net present value 5.21 MM USD
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The comprehensive global market valuation considers the
presence of lower-purity lignin, which constitutes the predomi-
nant volume (with lignosulfonates comprising 80% of the total
lignin market).90

In addition, the combination of lignin-derived benzene
and bioethylene has the potential to establish a biorefinery
route for the synthesis of styrene (a market valued at
49 000 million globally in 2018, with a projected com-
pound annual growth rate of 4.5% spanning from 2019 to
2025).95

Key bioethylene and lignin manufacturers

The relevance of biobased product use and consumers’ increas-
ing positive attitudes and perceptions have driven companies
toward plastics production and materials derived from renew-
able monomers.95 Key bioethylene and lignin manufacturers
are crucial players in the industry. They significantly influence
the market dynamics and help shape the industry landscape.

Bioethylene companies are concentrating on increasing
their production capacities and expanding their markets.

Fig. 6 Tornado charts for the selected variables. Technical factors are highlighted in gray color. Economic factors are not highlighted.

Fig. 7 Bioethylene and lignin market size.63,85,88,97,99,103–106
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However, this market is emerging in The United States, Brazil,
Canada, and a few European countries. Regarding bioethylene,
Alberta holds a prominent position as a key manufacturer
within the bioethylene market, and it is likely to invest heavily
in research and development to enhance the efficiency and
cost-effectiveness of bioethylene production processes. Their
expansion approach might encompass collaborations with
other companies, exploration of new markets, and capitalizing
on technological advancements.

Similarly, Axens, a notable entity in the bioethylene sector,
may prioritize innovating bioethylene production technologies
to ensure product quality and sustainability.

Broadening global market presence through strategic part-
nerships and acquisitions could constitute a significant facet
of their growth strategy.96 Another established player is
DowDuPont, which has substantial chemical industry expertise
and might pursue expansion by leveraging their existing distri-
bution networks to enter novel bioethylene markets.97

Simultaneously, they could focus on sustainability initiatives
and process optimization. Cargill, a significant contributor to
the biobased chemicals domain, might execute a commercial
expansion plan involving diversification of its product portfo-
lio to cater to diverse industries and identify fresh applications
for bioethylene. Collaborating with other industry leaders for
joint ventures or partnerships might also be a pivotal element
of their growth roadmap.85,98

Lignin is a complex polymer of various phenylpropanoid
aromatic building blocks with variable molecular weight dis-
tribution and chemical functionalities. These limit its valori-
zation or processing into value-added products. Generally,
lignin is used to obtain a pure product or formulations for a
particular purpose, applying process groups to break lignin
into small value-added molecules or using its polymeric
structure for materials applications. In the last decade, the
efforts of several companies to develop commercial processes
for large-scale lignin manufacturing plants have been high-
lighted. Regarding lignin manufacturers, Suzano SA stands
out as a chief producer with a robust market presence. Its
strategic expansion plan could encompass increasing pro-
duction capacity, ensuring consistent lignin quality, and
exploring novel applications of lignin in industries such as
construction, automotive, and packaging. Domtar
Corporation prioritizes the sustainable sourcing of raw
materials for lignin production and seeks collaborative
opportunities to innovate new lignin-based products, thereby
expanding its market reach through strategic partnerships.99

West Fraser, a significant player, may focus on advancing
technology for efficient lignin extraction and purification.
Their commercial expansion strategy could involve venturing
into emerging markets and fortifying distribution networks.
Stora Enso’s expansion approach may revolve around research
and development investments for pioneering lignin-based
products and applications.88 Moreover, fostering partner-
ships with entities in the construction and chemical sectors
could be instrumental in promoting the adoption of lignin-
based products.100,101

The chief manufacturers of bioethylene and lignin are
likely to pursue diverse strategies to improve their competitive-
ness and shape the industry landscape. They may prioritize
sustainability, technological advancements, product diversifi-
cation, and strategic collaborations to drive growth and expand
their market presence. The LSR used in the pretreatment is the
most important technical factor. On an industrial scale, the
lowest liquid–solid ratio is sought to have a smaller volume of
liquid to heat and to be able to reduce the energy necessary to
reach the pretreatment temperature.

Regarding energy integration, heat could still be used in
other biorefinery processes. In addition, selling CO2 from fer-
mentation gases could be an option. Although highly pure, it
can be further purified and marketed.9 A recent study reported
that one ton of beech wood could produce polymer-grade bio-
ethylene (15%), organosolv lignin (15%), biomethane (10%),
and hydrolysis lignin (23%). However, they found that the
heat-integrated biorefinery concept is not yet profitable and
that the economic results significantly depend on the prices of
beech wood, ethylene, and organosolv lignin.9

The prospects for both bioethylene and lignin exhibit con-
siderable promise. Over time, there has been a discernible
decline in the cost of cellulose-based raw materials, coinciding
with a persistent escalation in crude oil prices. This trajectory
was forecasted several decades ago and has indeed materia-
lized with a remarkable level of certainty.102 Furthermore,
industries are anticipating market share expansion, the for-
mation of strategic alliances, heightened investments in
research and development, and the strategic utilization of
technological advancements.

Conclusions

This work presents a design of an industrial-scale biorefinery
that has addressed the stages for its technical and economic
development.

The evaluated process is an alternative to wood sawdust
byproduct valorization on an industrial scale, obtaining bio-
ethylene from the main line and lignin from the secondary line.

One of the main challenges in biorefinery design and devel-
opment is uncertainty. It is necessary to apply sensitivity studies
to delimit the range of factors affecting the technical and econ-
omic aspects variation, so a risk and sensitivity analysis was
carried out considering various potentially critical factors.

The present value obtained in this study is 5.21 MM USD.
However, the sensitivity analysis indicates that the maximum
NPV could be close to 60 MM USD.

The selling prices of products, the cost of energy and
enzymes, the pretreatment LSR, and the feedstock availability
(in that order) resulted in the relevant factors of the study. A
trend study of the critical factors would provide more infor-
mation about this subject.

The steady growth of biobased products in the global
market is attributed to the synergistic effects of supportive gov-
ernment policies, industry-driven initiatives, and a rising
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demand fueled by heightened public awareness. This conver-
gence of factors is driving the ongoing shift towards more sus-
tainable and environmentally friendly product options.
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