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1 Introduction 

Nowadays, majority of chemicals are produced using petrochemical feedstock 
such as crude oil, coal, and natural gas. The declining trend in the availability of 
fossil resources combined with the rising oil prices and environmental concerns 
has resulted in a growing need for more sustainable and renewable alternatives. 
As such, lignocellulosic biomass is one such essential resource that is renewable 
and abundantly available and, in recent years, has been further recognized and 
validated as a sustainable resource in the production of platform chemicals, 
biofuels, and other high value-added bioproducts [1, 2]. Biomass, being a 
carbon-neutral resource, can replace fossil feedstock as a source of carbon.  
 
Biomass is defined as biological material that can be used to generate energy or 
raw material form to produce a wide range of commodity and specialized 
materials. Since biomass composition is significantly more diversified and 
complex than that of crude oil, substantial differences in efficiency and 
productivity exist between an oil refinery and a biomass processing refinery 
(also referred to as biorefinery). Numerous biomasses, primarily terrestrial 
biomass, can be utilized as feedstock, including lignocellulosic material derived 
from forestry, agricultural feedstock (sugar, starch, and oil), and waste products 
(e.g., generated in pulp mills and food industries). Forest-derived lignocellulosic 
material is the most frequently used type of biomass as a feedstock [3]. From a 
chemical viewpoint, lignocellulosic biomass is highly heterogeneous. It mainly 
consists of cellulose (30–50 wt.%), hemicellulose (20–30 wt.%), and lignin (10–
30 wt.%) [4], which are ideal feedstock in a biorefinery.  Table 1. shows the 
composition of some representative lignocellulosic biomass sources. 
 
The development of economic and technically feasible strategies for upgrading 
lignocellulosic biomass into value-added chemicals and fuels still poses a 
significant challenge due to the complexity and structural difference between 
the biomass components. Cellulose is the main component of lignocellulosic 
biomass. The disaccharide cellobiose is the repeating unit of the cellulose chain. 
Its structure consists of vast intramolecular and intermolecular hydrogen 
bonding networks that securely hold the glucose units together. In contrast to 
cellulose, hemicellulose has a random and amorphous structure and consists of 
various heteropolymers such as xylan, galactomannan, arabinoxylan and 
glucomannan. The heteropolymers of hemicellulose are mainly composed of 
different C5 and C6 monosaccharide units. Lignin, on the other hand, is a 
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complex three-dimensional crosslinked biopolymer containing relatively 
hydrophobic and aromatic phenylpropane units. The structure of lignin is 
formed by the oxidative coupling of three distinct phenylpropane building 
blocks: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol [2, 5, 6]. For 
a bioeconomy to be considered sustainable, all the components of 
lignocellulosic biomass must be fully exploited. As a result, different upgrading 
techniques and energy-efficient processes need to be developed to ensure 
optimal utilization of biomass. 

Table 1. Composition of representative lignocellulosic biomass sources. Reproduced from [7], 
Copyright (2020), with permission from Elsevier. 

  Composition (wt. %) 
  Cellulose Hemicellulose  Lignin Extractive  Ash 

Woody biomass      
Olive 34.4 36.6 21.0 7.5 0.5 

Cherry 46.0 29.0 18.0 6.3 0.5 
Fir 45.0 21.0 30.0 2.6 0.5 

Polar 49.0 24.0 20.0 5.9 1.0 
Vine branches 34.1 14.9 24.5 24.4 2.3 

Spruce 43.0 29.4 27.6 1.7 0.6 
Beech 44.2 33.5 21.8 2.6 0.5 

Japnese cedar 37.9 22.7 33.1 3.4 0.3 
Elm wood 35.9 23.8 36.3 9.2 - 

Q. laurina bark 42.4 18.6 31.7 3.1 3.8 
Q. crassifolia bark 49.6 19.4 25.2 6.6 3.8 

Oak wood 38.1 23.0 32.0 4.9 2.0 
Non-woody biomass      

Rice straw 34.5 21.8 20.2 4.5 13.3 
Rice husk 36.0 17.3 24.1 1.3 16.8 

Wheat straw 37.1 34.0 20.0 2.2 3.7 
Corn cob 34.3 32.8 18.0 2.8 3.5 

Natural hay 44.9 31.4 12.0 3.9 7.8 
Walnut shell 23.3 20.4 53.5 1.3 1.5 

1.1 Biomass conversion 

Biomass-based products have the potential to serve as replacement for a 
significant portion of commercial chemicals and materials derived from fossil 
fuels. The three primary components of biomass: cellulose, hemicellulose, and 
lignin, can be upgraded into valuable platform chemicals, thereby enabling 
additional revenue generation from biomass. Lignocellulosic feedstocks are 
often thought to be the most challenging to process due to their strong fibers 
that resist breakdown. Before lignocellulosic materials can be converted to fuels 
or chemicals, they must be depolymerized and partially deoxygenated, which 
requires both pre-treatment and conversion operations [8].  
 
As shown in Fig. 1, there are two primary ways for converting lignocellulose into 
valuable chemicals: thermochemical conversion and sugar conversion. The first 
method entails treating lignocelluloses at elevated temperatures and pressures 



3 
 

by thermochemical means such as gasification, pyrolysis, or liquefaction. 
Thermal decomposition of biomass via pyrolysis and gasification results in 
intermediates such as bio-oils and synthesis gas, which can be easily upgraded. 
Thermal processing is often combined with chemical or catalytic upgrading to 
produce hydrocarbons with many applications. In the sugar conversion method, 
lignocellulosic biomass is separated into lignin, cellulose, and hemicellulose 
fractions, which then undergo further depolymerization to yield the respective 
building blocks. 
 

 

Figure 1. Lignocellulose conversion methods. Reprinted with permission from Ref.  [9]. Copyright 
(2018) American Chemical Society. 

Several catalytic techniques have been devised to generate value-added 
products including chemicals and fuels, with the goal of fully exploiting the 
potential of this vastly underused and important resource. Various chemicals 
with added value and high-grade fuel products can be synthesized from 
lignocellulosic biomass, including organic acids (e.g., formic acid, levulinic acid) 
and sugar alcohols from cellulose, furfural-derived chemicals (e.g., 2-
methyltetrahydrofuran, 5-hydroxymethylfurfural) from cellulosic and 
hemicellulosic fractions, and a variety of aromatic compounds from lignin. 
Additionally, a majority of the lignocellulosic derived chemicals can be thought 
of as platform chemicals that can be transformed and upgraded for use in value-
added applications via a variety of different reaction pathways. Jing et al. [10] 
in their review presented potential valuable chemicals and fuels derived from 
lignocellulosic biomass, as shown in Fig. 2. 
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Figure 2. Potential value-added chemicals and liquid fuels produced from lignocellulosic biomass. 
Reprinted from [10], Copyright (2019), with permission from Elsevier. 

1.2 Biorefinery concept 

The concept of biorefinery encompasses various techniques capable of 
processing and separating biomass resources into their constituents and in 
many ways,  this concept is comparable with today's petroleum refinery, which 
transforms crude oil into different chemicals and fuel-products [11]. Thermal, 
chemical, mechanical, enzymatic, or microbiological processes can be used to 
obtain biorefinery products. In a modern biorefinery, all the value-added 
constituents from the biomass are to be recovered with minimal or no waste. 
This reduces the overall environmental impact of biorefineries, while also 
improving the economics of these processes, allowing them to compete with the 
petrochemical industry [12]. The primary goal of biorefineries is to maximise 
the product value from biomass in order to better meet the industry needs, to 
decrease the over-dependence on fossil fuels, reduction carbon footprint, and to 
promote regional and rural development [13]. 
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Depending on the type of products obtained, the international energy agency 
(IEA) has classified biorefineries into two different categories as energy-driven 
and product-driven biorefineries. In an energy-driven biorefinery, the main 
products obtained include gaseous, liquid, and solid biofuels, along with heat 
and electricity. On the other hand, products that do not contribute to energy 
generation, such as chemicals, organic acids, bio-based materials, polymers, 
resins, biomaterials, and fertilizers are obtained in a product-driven biorefinery 
[11, 14-16]. The biorefinery concept schematic is shown in Fig. 3 and it clearly 
shows that chemicals, materials and energy produced in an integrated manner 
is likely a better and effective strategy for long-term biomass valorization 
towards the creation of a circular bioeconomy [17-19]. By efficient energy 
integration and co-product development, the biorefineries of the future will be 
capable of matching and even surpassing the efficiency of present crude-oil 
refining. The heat generated by some processes within a biorefinery can be used 
to power other, less energy-intensive processes [20]. 
 

 

Figure 3. Biorefinery concept schematic. Reprinted with permission from Ref. [21]. Copyright 
(2010) American Chemical Society. 

1.3 Lignin  

Lignin is a polyphenolic material formed primarily through the polymerization 
of three phenylpropanoid monomers [22]. It is of great abundance in nature, 
accounting for 24-33 % of the dry weight of softwoods and 19-28 % of the dry 
weight of hardwoods. As the reactions for the biosynthesis of lignin proceed by 
random radical coupling, the amorphous, thermoplastic polymer structure is 
highly complex, lacking the repeating units that other natural polymers, such as 
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cellulose, typically display. The structural units of lignin are typically bonded 
through carbon-carbon and ether bonds [23]. Fig. 4 displays the building units 
and the common linkages found in the structure of lignin. 
 
 

 

Figure 4. (a) Typical building units of lignin. (b) Representative lignin structure containing the 
common linkages. Reprinted with permission from Ref. [24]. Copyright (2019) American Chemical 
Society. 

Lignin is the least exploited component of lignocellulosic biomass from an 
industrial standpoint.  Each year, close to 40-50 million tonnes of lignin are 
produced as part of black liquor, and approximately 95% of this is burned for 
energy generation due to lignin's high heating value.  Lignin has been vastly 
undervalued and overlooked in biorefineries producing chemicals, fuels, and 
power from biomass. If current pulp mills wish to profit from lignin's low value, 
its quality must be enhanced.  Lignin possesses several remarkable properties, 
including resistance to degradation and microbial attack, UV light absorption, 
high rigidity, and the capacity to slow and prevent oxidative reactions [25]. As a 
result, lignin offers enormous promise for producing products of high-value 
from a high-volume feedstock [26]. Currently, only around 5% of industry-grade 
lignin is used in valuable applications such as binding agents, dispersing agents, 
bio-additives, and surface active agents [27].   
 
The tremendous intricacy of lignin prevents it from being used directly in most 
applications. In addition, due to the heterogeneous nature of lignin, it is not easy 
to develop a suitable conversion technology that can process lignin efficiently 
and economically. The usage of lignin at the submicron scale is one possibility 
for addressing the challenge of high complexity and inhomogeneity, as 
nanostructured materials have a substantially bigger surface area per unit 
volume [28, 29]. Numerous high-volume applications of lignin, including 
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adhesives [27, 30-33], carbon materials [34, 35], and as a source of chemicals 
[36-41], have been explored or are now in use. 

1.4 Colloidal lignin particles  

Colloidal lignin particles (CLPs), also known as lignin nanoparticles (LNPs), 
have recently received much attention with some studies even predicting that 
lignin-based nanoparticles will help in significantly boosting lignin valorization, 
similar to synthetic nanoparticles developed in the polymer sector. The use of 
colloidal lignin particles is primarily motivated by two factors: the requirement 
for lignin valorization as an industrial stream and the need to substitute 
synthetic particles with biodegradable alternatives [42]. To overcome lignin's 
inherent heterogeneity and low dispersibility, it must be converted into a 
colloidal form. Colloidal lignin particles (CLPs) can be easily dispersed and do 
not sediment readily, thereby allowing lignin to be used in various promising 
and appealing applications such as wood adhesives, controlled drug delivery 
[43-47], coatings [48], and composites [49]. 
 
Numerous studies have demonstrated the production of colloidal lignin 
particles or lignin nanoparticles. Frangville et al. [50] first reported on lignin 
nanoparticle aqueous dispersions generated through dialysis using solvents 
such as ethylene glycol. The dialysis method was employed by Lievonen et al. 
[51] to produce LNPs using tetrahydrofuran (THF) as a solvent. In their 
investigation, Qian et al. [52] demonstrated the synthesis of LNPs by dropwise 
water addition to an acetylated solution of lignin in THF.  Gilca et al. [53] 
synthesised LNPs through lignin modification by ultrasonic means. Chen et al. 
synthesised LNPs using hydrotropic chemistry using an aqueous sodium p-
toluene sulfonate solution.  Nanoprecipitation is a widely utilised technique for 
the production of CLPs [54]. By adding water to a lignin solution in a solvent-
rich environment, spherical shaped lignin nanoparticles with almost uniform 
size and good stability are formed [55-61]. The different methods and 
techniques used for producing lignin nanoparticles or CLPs are summarized 
and shown below in Fig. 5. 
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Figure 5. Summary of different methods and techniques for synthesis of lignin nanoparticles. 
Reprinted from [62], Copyright (2021), with permission from Elsevier. 

 

Many of the CLP production processes mentioned previously are energy-
intensive and require the use of many reagents. Additionally, because the 
products are highly diluted, they are only suitable for niche market applications 
which do not require industrial-scale production. Yiamsawas et al. [63] and 
Qian et al. [52] describe the preparation of CLPs using hazardous chemicals 
such as toluene diisocyanate and pyridine. Moreover, a significant amount of 
water must be evaporated to obtain highly concentrated dispersions, which 
makes the process energy intensive. There has been no report to date of a large-
scale method for producing CLPs that overcomes these obstacles. Therefore, if 
large-scale production of CLPs needs to be achieved for bulk use in applications 
such as in the materials and food industry (including packaging), a sustainable 
and energy-optimised process capable of producing a relatively concentrated 
product with low costs and minimal reagent consumption is required. 
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Converting lignin to CLPs improves the colloidal behaviour and surface 
chemistry of lignin, making it a more widely used raw material [54, 64-67]. The 
stability of the CLP dispersion is strongly influenced by the particle size and zeta 
potential. These characteristics vary according to the formation process. As 
shown in Fig. 6, CLP formation is affected by the solvents used, lignin type and 
concentration, speed of mixing, pH, and concentration of salt [68]. As seen in 
Fig. 6(a), pH has a clear effect on (a1) the particle diameter, (a2) surface charge 
and (a3) polydispersity index (PDI), which refers to the size distribution of the 
lignin nanoparticle population [42]. (b) During the solvent exchange process, 
the solvent environment can have a significant impact on the particle size. 
Lintinen et al. [69] investigated the effect of solvent environment on CLPs and 
obtained CLPs with smallest particle sizes in a solvent system consisting of THF 
ethanol, and water, as seen in Fig. 6(b). As seen in Fig. 6(c), The particle size is 
also affected by the (c1) sequence and (c2) solvent mixing rate during the 
formation process, which might be utilised as tools to generate colloids with the 
appropriate particle size [68]. 
 
 

 

Figure 6. Process parameters affecting the formation and properties of colloidal lignin particles. 
Reproduced with permission from ref. [42]. Copyright © 2020, Royal Society of Chemistry. 
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2. Thesis objectives

As discussed previously, biomass is pre-dominantly comprised of lignin, 
cellulose, and hemicellulose and to consider biomass as a source for revenue 
generation, it is very essential to ensure the complete utilization of its 
components. In this research, processes and technologies were developed for: 
(1) utilization of lignin fraction to produce colloidal lignin particles for 
application as adhesives and coatings, which are more sustainable and eco-
friendlier in comparison to the currently used phenol-formaldehyde based 
adhesives; (2) utilization of cellulose and hemicellulose fractions to produce 
bio-based platform chemicals such as furfural, GVL, 2-MTHF and 5-HMF for 
use in applications such as biofuels & solvents.

The ultimate objective of this doctoral research is to address the question “Can 
we develop sustainable, techno-economically feasible processes for 
the production of valuable products from biomass?”. 

A four-step strategy (Fig. 7) was adopted for carrying out the research as shown 
below:

Literature review for the identification of sustainable synthesis routes to 
produce valuable products from biomass and its components. 
Process conceptualization, process modelling and Implementation in 
simulation environment such as Aspen Plus® or Pro II.
Process optimization and energy analysis.
Feasibility, profitability, and financial risk assessment studies to 
determine the manufacturing cost and economic potential of the 
process. 

Figure 7. Implementation of four step strategy.

A brief overview of the articles is given below and their contribution to the 
overall research objectives is shown in Fig. 8.
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Paper I: A closed loop process was developed for the industrial-scale 
production of colloidal lignin for use in industrial applications such as wood 
adhesives, surface coatings and composites. Based on a techno-economic 
feasibility study, it was established that colloidal lignin particles can be 
produced at a competitive market price. 
 
Paper II: A novel continuous flow tubular reactor was designed and developed 
to produce uniform dispersion of colloidal lignin particles. Yields up to 95 % 
with high lignin concentrations could be obtained and the colloidal lignin 
particles showed good stability and were found to be spherical in shape. 
 
Paper III: Furfural production from birch hydrolysate liquor was investigated 
and a techno-economic feasibility study revealed that biomass-based furfural 
could be produced with a minimum selling price less than 2 €/kg. 
 
Paper IV: An integrated biorefinery concept was developed to produce 
valuable platform chemicals such as γ-valerolactone (GVL), 5-
hydroxymethylfurfural (5-HMF) and 2-methyltetrahydrofuran (2-MTHF) 
 

 

 

Figure 8. Article mapping for achieving the research objectives. 
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3 Materials & methods 

A brief overview of the main materials and methods employed for carrying out 
the research studies are presented in this chapter. 

3.1 Raw materials 

The lignin used in the experimental studies in Paper II was LignoBoost® kraft 
lignin (BioPiva™ 100, UPM) with a solid content of 68.1 wt. %, of which 1.5 wt. 
% is inorganic ash.  BioPiva™ 100 is a purified, kraft softwood lignin produced 
by UPM and can be utilized in a wide range of applications to replace and 
minimize the use of fossil-based materials. 
 
The solvents used included tetrahydrofuran (99 wt.%, Sigma Aldrich), ethanol 
(Altia A7) and tap water (19 ppm Ca, 5.8 ppm Na, 39 ppm Fe). The chemicals 
used were of analytical quality and did not need to be purified further. Sulzer 
Ltd. provided the static mixing elements. 

3.2 Lignin solution preparation  

The procedure reported by Lintinen et al. [69] was utilized in Paper II for 
preparation of the lignin solution. Under continuous stirring, 267.2 g of lignin 
(Dry solids: 182 g; Inorganic ash: 1.5 wt.%) was dispersed in 447.2 g of water to 
form a homogenized slurry. The slurry was treated with 670.8 g ethanol and 755 
g tetrahydrofuran (THF), which resulted in the instantaneous dissolution of 
lignin. The inorganic ash present in the precipitated lignin was decanted and 
separated. To round up the ratio, 159.8 g of water was introduced into the 
agitated solution. The resulting lignin stock solution contained 7.9 wt.% lignin 
and a solvent mixture of 30.1 wt.% water, 32.8 wt.% THF, and 29.2 wt.% 
ethanol. The stock solution was diluted with a solvent combination comprising 
the same proportion of solvents as in the lignin solution and thereafter 
contacted with water to produce CLP dispersions with lignin content up to 3 wt. 
%. 

3.3 Colloids formation in tubular reactor and stirred mixing reactor  

In Paper II, a novel scalable continuous flow tubular reactor was developed. 
Fig. 9 depicts the reactor setup operating at ambient temperature and pressure. 
It is composed of four tubes with a total length of four meters. The tubular 
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reactor is supplied with water and lignin solution via inlets 1 and 2, respectively. 
After coming into contact with water, the lignin solution forms colloids through 
self-assembly. The forming lignin particles pass through tubes equipped with 
static mixing elements over a 3 m mixing length. The mixing elements assist in 
forming a homogeneous dispersion of colloidal particles at the outlet. The 
consistency of the dispersion is checked using the sampling points.  
 
Additionally, colloids were prepared in a stirred mixing reactor. In this set-up, 
the lignin solution was prepared by dissolving lignin in a solvent mixture 
comprising of THF, ethanol, and water and quickly pouring it into water 
agitated with mechanical stirring in a 100 ml beaker. Within seconds of the 
solution mixing with water, the self-assembly of CLP’s could be observed. 
 

 

Figure 9. Set-up of the Continuous flow tubular reactor for the formation of colloidal lignin particles 
(A: Water; B: Lignin solution; C: Colloidal dispersion; P 1, P 2: Peristaltic pumps; SP 1, SP 2: 
Sampling points; FCV 1-5: Flow control valves; SME: Static mixing elements) (Reproduced from 
Publication II). 

3.4 Analytical techniques 

3.4.1 Particle size and zeta potential analysis 

In Paper II, the mean average particle size and zeta potentials of the CLP 
dispersions were determined using a Malvern Zetasizer Nano-ZS90 (UK). The 
zeta potential values were calculated using the Smoluchowski model from 
electrophoretic mobility measurements. To ensure reproducibility, five scans of 
the zeta potential and three scans of the average particle size were made using 
dynamic light scattering (DLS). 
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3.4.2 Transmission electron microscopy 

The TEM imaging of the CLP dispersions in Paper II was performed using FEI 
Tecnai 12 (Hope, CA, USA), operated at 120 kV. On a carbon film-supported 
grid, water dispersions were applied and incubated for 2 minutes. To get rid of 
excess water from the grid, the side was blotted with filter paper. The imaging 
was carried out in bright field mode with a small amount of underfocus. 

3.4.3 CLP drying 

In Paper II, 5 g samples of CLP dispersions were collected from the tubular 
reactor and air-dried at ambient temperature for a week and then dried in an 
oven for three hours at 110 °C to make sure that the CLPs did not contain any 
solvents and were completely dry. 

3.5 Process simulation modelling and techno-economic studies  

Process modelling was performed using commercial simulation software Aspen 
Plus to simulate the processes described in Papers-I, III and IV. A 
comprehensive summary of the main thermodynamic models employed for the 
simulations and the modelling of specific equipment is presented below. 
 
In Paper I, the large-scale process for producing colloidal lignin particles was 
simulated using the non-random two liquid (NRTL) thermodynamic model and 
lignin was defined as a non-conventional component. The continuous flow 
tubular reactor was modelled as a mixer since it only mixes the lignin solution 
and water. A separator block was used to model the ultrafiltration process. 
During experimental testing, the ultrafiltration module used was Valmet's 
Opticycle C [69]. The rigorous approach was used when modelling the 
distillation columns. 
 
The universal quasi-chemical (UNIQUAC) thermodynamic package was 
employed in Paper III for the process simulation studies. The auto-catalytic 
formation of furfural from xylose was simulated using the stoichiometric reactor 
block found in the Aspen Plus library. The decanter phase separation was 
modelled using a separator block with an organic phase split fraction of 0.972 
for furfural. The distillation was modelled by using the rigorous RADFRAC 
column. 
 
In Paper IV, the NRTL-RK (Non-Random Two-Liquid-Redlich-Kwong) 
property package coupled with Henry's law was chosen as the main 
thermodynamic model. The hydrogenation of furfural to 2-MTHF was 
simulated using the Benedict-Webb-Rubin-Lee-Startling property package 
[70]. The physical properties of the main lignocellulosic components were 
defined from the database of the National Renewable Energy Laboratory 
(NREL). The selected lignocellulosic feedstock was spruce with a composition 
of 44 wt.% cellulose, 23.3 wt.% xylose, 27.5 wt.% lignin, 1.3 wt.% Acetate, 1.6 
wt.% ash and 2.3 wt.% extractives [71]. To represent real feedstock, it was 
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assumed that the water content in biomass is 20 wt.%. All the hemicellulose 
sugars (xylan, arabinan, mannan and galactan) were represented by xylan 
composition. 
 
The feasibility of the processes was evaluated by carrying out a techno-economic 
assessment which included the following steps: 
 
(1) Conceptual process development to design an industrial-scale process, 
energy and mass balance calculations using state of the art process simulation 
tools such as Aspen Plus. 
(2) Process equipment sizing using exponential sizing equations reported in the 
literature, Aspen Process Economic Analyzer (APEA) and vendor quotations. 
(3) Total investment and annual operating cost estimation using detailed 
factorial method via spreadsheets. 
(4) Discounted cash flow rate of return (DCFROR) analysis for estimation of 
cost of production/minimum selling price. 
(5) Profitability study to determine the economic viability of the process based 
on net present value (NPV), payback period and internal rate of return (IRR) 
(6) Sensitivity analysis to determine the impact of key process and economic 
parameters. 
(7) Monte Carlo simulation-based uncertainty analysis to quantify the economic 
risk associated with the project. 
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4 Results and discussion 

4.1 Large-scale economical production of colloidal lignin particles 

An energy-efficient process for producing colloidal lignin particles with 
potential for easy industrial scale-up was reported by Lintinen et al. [69] and 
this process was used in Paper I as the basis for the development of a sustainable 
process for the economical industrial-scale production of colloidal lignin 
particles for use in various value-added applications.  

4.1.1. Process overview 

In this conceptualized process, a concentrated solution of lignin, after 
encountering water, instantly self-assembled into colloidal lignin. The solvents 
were recovered for subsequent re-use in the process. Following solvent 
recovery, the colloids were concentrated efficiently using ultrafiltration and 
obtained in dry powder form by spray drying. The plant's annual production 
capacity was 50 kt of dry colloidal lignin. Figs. 10 and 11 illustrate the process 
flowsheet and mass flow diagram, respectively. 
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Figure 10. Process flow diagram for the large-scale production of colloidal lignin particles 
(Reproduced from publication I). 
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Figure 11. Mass balance for large-scale production of colloidal lignin particles (50 kt/yr.). All the 
reagents used are marked with a unique colour and the proportion of reagents is displayed as a 
pie chart. The lignin containing process streams are indicated with the colour of lignin and the 
solvent containing streams are indicated with the colour of the majority solvent (Reproduced from 
publication I).  
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4.1.2 Investment and operating costs 

The overall investment and annual operating costs for the plant upon 
integration with a pre-existing pulp mill or bio-refinery were projected to be 36 
M€ and 46 M€, respectively.  Fig. 12 depicts the percentage contribution of 
specific process units to the total fixed capital investment. The ultrafiltration 
and spray drying equipment were the most expensive and accounted for 35 % 
and 18% of the total fixed capital expenses, respectively. 
 
 

 

Figure 12. Contribution of individual equipment to the total fixed capital investment (Reproduced 
from publication I). 

4.1.3 Energy consumption 

The solvent recovery stage was the most energy intensive and accounted for 
nearly 64 % of the total energy consumption. The energy need might be reduced 
depending on the amount of ethanol recovered during the solvent recovery. 
Since the ethanol in the bottom product is recycled back to the tubular reactor 
along with the water phase for reuse in the formation of CLP dispersion, the 
need for complete ethanol recovery is avoided, resulting in less energy demand 
during the distillation step. Fig. 13. illustrates the percentage share of process 
units to the total energy usage (67 MW). 
 

 

Figure 13. Contribution of equipment to the total energy usage (Reproduced from publication I). 
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4.1.4 Profitability evaluation 

The payback period, net present value (NPV), and internal rate of return (IRR) 
on the investment were calculated by carrying out a profitability analysis. By 
iterating the NPV until it reached zero at the end of the project lifetime, the cost 
of producing CLPs was estimated as 0.99 €/kg for integrated and 1.59 €/kg for 
non-integrated cases, respectively. Colloidal lignin is sold at a pre-determined 
price depending on the intended payback period of five years. Payback occurs 
in five years when CLPs are sold for 1.1 €/kg when integrated and 1.7 €/kg when 
not integrated with a pulp mill or biorefinery, as seen in Fig. 14. 
 

 

Figure 14. Payback period as a function of the CLP selling price (Reproduced from publication I). 

For profitability reasons, the integrated scenario makes the most sense because 
it has lower annual operational costs. When integrated with an existing pulp 
mill or biorefinery, the cost of lignin feedstock is 400 €/t and this is much lower 
when compared to the lignin feedstock cost of 1000 €/t for the non-integrated 
scenario and this has a direct impact on the annual operating costs. 
 
The net present value (NPV) was estimated using a CLP selling price of 1.1 €/kg 
and shown as a function of project lifespan as depicted in Fig 15. For calculating 
the internal rate of return, it was determined that the investment would have 
the desired profitability return of 10 %. The internal rate of return was computed 
as 17 % by iterating the profitability requirement until the net present value 
(NPV) hit zero in year 20. Because the NPV at the end of the project is positive 
and the estimated IRR exceeds the profitability return of 10 %, the project has 
the potential to be feasible and profitable. 
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Figure 15. Net present value plotted as a function of the project lifetime (Reproduced from 
publication I). 

Profitability is also influenced by the capacity of the plant. The total investment 
and operational expenses were lower when the plant capacity was reduced to 5 
kt/yr. However, the cost of producing CLPs climbed to 1.71 €/kg, compared to 
0.99 €/kg in the integration case (50 kt/yr. plant capacity). As a result, having 
a plant with a bigger production capacity can make the process more sustaining 
and economical by lowering the manufacturing cost of colloidal lignin particles 
and hence allowing it to compete favourably with fossil-based polymers. 

4.1.5. Sensitivity analysis 

According to the sensitivity analysis, the most important variables influencing 
the process are the lignin price and the percentage of ethanol recovered during 
distillation. As illustrated in Fig. 16 (a), 20 % increase in the price of lignin 
feedstock reduces the cumulative cash flow at the end of year 20 to 90 M€. In 
comparison, a decrease of 20 % in the price improves the cumulative cash flow 
to over 200 M€, making the process even more profitable. The recovery of pure 
ethanol increases the energy consumption of the process, so it was determined 
to have 80% ethanol recovery in the distillation step to reduce this energy use. 
Figure 16 (b) depicts the effect of ethanol recovery on annual operating costs. It 
was seen that when the ethanol recovery is 60 %, the yearly operating costs were 
reduced by 3 %, as opposed to the case with total ethanol recovery wherein, the 
annual operating costs were found to increase by 8 %.  
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Figure 16. (a) Influence of lignin price on the cumulative cash flow. (b) Effect of ethanol recovery 
on the annual operational costs (Reproduced from publication I).

4.1.6. Environmental considerations

The large-scale CLP production method presented in Paper I is a closed cycle 
process that requires a limited number of organic solvents (THF and ethanol). 
The recovered organic solvents are recycled back to the dissolution and dilution 
steps for re-use. Since the solvents are recovered in the form of mixtures, very 
energy intensive sharp split distillation is not required. This makes the process 
very efficient from an energy point of view. The spray dryer's outlet air stream 
is recycled back to the air heater and re-used during the drying process. The 
process has no direct greenhouses gas (GHG) emissions, making it sustainable.
Although, it should be noted that GHG's may come indirectly from pre-
treatment, logistics, fuels/electricity, etc. The ash present in lignin solution is 
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removed early in the process by decantation and the separated ash is directed 
to land use applications. It is worth noting that ash is also produced when lignin 
is burned in pulp mills/biorefineries for energy generation.  
 
Lignin biodegradability is especially appealing given its low environmental 
impact. Like most life cycle assessment (LCA) studies, the environmental 
concerns linked with the usage of lignin as a feedstock were evaluated by 
adopting a “zero-burden” approach. In this approach, the lignin produced in 
pulp mills and biorefineries is considered as a waste stream and hence creates 
zero impact when used in the process [72]. Due to the excellent heating value of 
lignin, it is typically recovered in pulp/paper mills as a side product for burning 
as fuel in a recovery boiler to meet the energy generation needs. Five different 
cases of energy generation were considered as shown in Fig. 17. It was observed 
that when the energy needs of the process were met by using renewable wind 
energy, the GHG emissions were much lower than when lignin was combusted 
entirely or used partially with renewable energy. 

 

 

Figure 17. Greenhouse gas emissions considered for different energy generation scenarios 
(Reproduced from publication I). 

4.1.7. Assessment of the economic potential of CLPs 

Based on the techno-economic analysis carried out, CLPs with a selling price of 
1.1 €/kg can compete favourably with petrochemical derived feedstocks such as 
polyethylene, polypropylene, and polyethylene terephthalate, all of which have 
rather similar market price, as illustrated in Fig. 18. A preliminary market study 
was conducted to assess the economic potential of CLPs and it revealed that the 
use of CLPs is particularly attractive in emulsion stabilizers and UV protection 
agents on account of the high market price of the products presently employed 
for these applications. Nevertheless, from an economic perspective, these 
applications have limited potential due to their narrow market size when 
compared to the application of CLPs in phenolic resins, foam formulations, 
fillers, composites and anti-microbial agents, all of which have a considerably 
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larger market potential, thereby improving the economics in the industrial-scale 
implementation and commercialization of CLP based products. 
 

 

Figure 18. Comparison of market price of CLPs with petrochemical based feedstocks 
(Reproduced from publication I). 

  



25 
 

4.2. Scalable continuous flow tubular reactor for producing CLPs 

In publication II, for the continuous production of colloidal lignin particles 
(CLPs), a novel scalable continuous-flow reactor was conceived and developed. 
The reactor comprises tubes fitted with with several static mixing elements to 
facilitate the production of homogeneous and uniform colloidal dispersions. 
When lignin solution is brought in contact with water, the colloids are formed 
instantly through self-assembly. 

4.2.1. Formation of CLPs in tubular reactor 

The colloidal particles are obtained by nano-precipitating dissolved lignin. 
Lignin dissolution in a solvent system comprising water, ethanol, and 
tetrahydrofuran increases its solubility and inhibits aggregate formation. As 
seen in Fig. 19, when the lignin solution comes into contact with water, it self-
assembles into colloids, and this is indicated by a change in colour from black 
to opaque beige. Due to the continuous flow of lignin solution and water in the 
reactor, colloidal dispersions having high lignin concentrations (up to 3 wt. %) 
can be obtained in comparison to batch mixing systems. Sufficient mixing 
length and the use of static mixing elements aids to produce colloidal 
dispersions that are homogeneous and possess uniform particle sizes. 
 

 

Figure 19. CLP dispersion formation sequence (Reproduced from publication II). 

4.2.2. Influence of flowrate, mixing elements and mixing length on the 
particle size 

As illustrated in Fig. 20(a), increasing the flow rate resulted in smaller sized 
CLPs. Even at a relatively high agitation speed of 750 RPM, the stirred mixing 
reactor produced CLPs with substantially larger particle sizes. Without using 
static mixing elements, the CLP particle sizes reduced as the mixing length 
increased up to 2 m. No change in particle size was observed when the mixing 
length was increased further. On the other hand, CLPs with smallest particle 
diameters were obtained by utilizing at least 1 m of static mixing elements and 
3 m mixing length. As seen in Fig. 20(b), additional mixing elements does not 
affect the particle diameter.  
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4.2.3 Yield of CLPs

Several studies have previously reported the yield of CLPs. Beisl et al. [54], in 
their review, reported the yields of lignin nanoparticles produced with various
processing techniques. Myint et al. [73] adopted anti-solvent strategy for 
precipitation of lignin nanoparticles using CO2 and obtained yields ranging from 
51 to 88 %. Ago et al. [74] implemented the use of an aerosol flow reactor and 
obtained yields above 60 %. 

The weight of dry CLPs achieved with the stirred mixing reactor was utilised as 
a reference, producing a CLP yield of 96 %, which was rather similar to the 

a

b

Figure 20. (a) Influence of flowrate on the average particle size of CLPs. (b) Influence of mixing 
length (ML) and static mixing elements (SME) on particle diameter of CLPs (Reproduced from 
publication II).
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maximum yield obtained with the tubular reactor. There were no visible signs 
of aggregation in the samples that were collected. Any discrepancies in dry CLP 
mass were attributable to CLP deposition inside the reactor tubes, as well as 
some loss during drying. CLP dispersions with high lignin content could achieve 
yields up to 95 % after using an optimized mixing length of 3 m and static mixing 
elements of 1 m, as shown in Fig. 21. 
 
 

 

Figure 21. CLP yield obtained after drying for 2.6 and 2.8 wt. % dispersions using different 
configurations mixing length and static mixing elements (Reproduced from publication II). 

4.2.4 Influence of particle size on shape and stability  

Colloidal dispersion particle size dictates its appearance and stability. When 
average particle diameter of the dispersions is less than 100 nm, the dispersions 
appear more transparent. Colloidal stability has a size limit of about 500 nm. 
From the TEM and zeta potential analysis, it was observed that the particles 
have spherical shape and a high level of stability (-40 mV), as seen in Fig. 22. 
Furthermore, CLPs with a narrow particle size distribution were obtained in the 
tubular flow reactor using static mixing elements in comparison to CLPs 
produced in the absence of mixing elements or in the agitated mixing reactor, 
as seen from Fig. 23 and the TEM images shown in Fig. 22 (a)-(c). 
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Figure 22. (a), (b) TEM images of 2.8 wt. % CLP dispersion prepared with 3m mixing length and 
1m of static mixing elements. (c) TEM image of 2.8 wt.% CLP dispersion prepared without the 
use of static mixing elements and 3m mixing length. (d) zeta potential graph of a 2.8 wt.% CLP 
dispersion (Reproduced from publication II). 

Figure 23. Particle size distribution obtained using different configurations of mixing length and 
static mixing elements in the tubular reactor and when using a stirred mixing reactor (Reproduced 
from publication II). 
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As seen from Fig. 24, colloidal dispersions produced in the tubular flow reactor 
remained stable for at least one week without aggregation or changes in particle 
size. This implies that the solvents present in the dispersion need to be 
recovered quickly by drying, ideally in a week. Additionally, no chemical 
differences were observed in the CLPs obtained within the first few minutes and 
those obtained after several hours. CLPs have previously been shown to have no 
effect on the chemical structure of lignin using 1H-NMR and 31P-NMR 
spectroscopy [51]. 
 

  

Figure 24. Stability of a 2.8 wt. % CLP dispersion prepared using 3m of mixing length and 1m of 
static mixing elements. Zeta potential and particle diameter of CLPs plotted as a function of time
(Reproduced from publication II). 
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4.3. Techno-economics of furfural production from birch wood pre-
hydrolysate liquor 

In paper III, we evaluated the process viability of furfural synthesis from birch 
pre-hydrolysate liquor by conducting a techno-economic study that included 
conceptual process development, material and energy balances, estimation of 
total investment, profitability, and sensitivity analysis. To estimate the furfural 
minimum selling price, payback time, net present value (NPV), and internal rate 
of return (IRR), a discounted cash flow analysis was undertaken. 

4.3.1 Process overview 

In the process, a pre-hydrolyste stream from the bio-refinery primarily 
composed of xylose (64 wt. % xylooligosaccharides and 36 wt. % monomeric 
xylose) and water undergoes auto-catalyzed hydrothermal reaction to produce 
furfural. Furfural extraction from aqueous to organic phase is carried out using 
SBP (2-sec-butylphenol) as an organic solvent. SBP, a lignin-derived organic 
solvent, has a high partition coefficient for furfural in organic-aqueous systems 
[75, 76] and does not require phase modifiers due to its water immiscibility. The 
higher boiling point of SBP (227 °C) in comparison to furfural (162 °C) facilitates 
its easy recovery as a top product during distillation [76, 77].  
 
Based on the experimental results, in autocatalyzed conditions, the maximum 
yield of furfural from birch hydrolysate liquor by employing 2-sec-butylphenol 
was 54 mol %. The formation of furfural from birch hydrolysate can result in the 
formation of humins as side products which can be filtered and utilized for heat 
generation. After solvent recovery, SBP is recovered for re-use during the 
process and 97.8 wt. % pure furfural is obtained as the product. Fig. 25 depicts 
the flow diagram of the process and the mass balances. Plant utilities like high-
pressure steam in reboiler, cooling water in heat exchangers, and electricity for 
pumps are used in the process. 
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4.3.2. Capital and operating costs 

The estimated total investment for a plant capable of producing 5 kt of furfural 
per year is 14.12 M€. Fig. 26 shows the contribution of specific process 
equipment to overall direct costs (TDC). The reactors, heat exchangers and 
distillation column were the most expensive process units and accounted for 
46%, 24% and 15% of the total direct costs, respectively. The yearly operational 
costs were estimated as 7.23 M€, which included fixed, variable, and general 
expenses. The process generates revenue primarily from the sale of furfural, but 
also by selling the high-pressure steam condensate produced in the process as 
district heat. 

Figure 25. (a)Process flow diagram for the production of furfural from birch wood pre-hydrolysate 
liquor. (b) Mass balance for the production of furfural from birch wood pre-hydrolysate (5 kt/yr.).
The reagents used are given a unique color and the proportion of reagents is displayed using a
pie chart. Flow of streams is indicated with the color of the major component (Reproduced from 
publication III). 
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Figure 26.Contribution of equipment to the total direct cost (Reproduced from publication III) 

4.3.3 Minimum selling price, payback period and IRR 

 

The furfural minimum selling price was estimated as 1.62 €/kg at NPV equal to 
zero using a discount rate of 10 %, with a calculated payback time of 8.9 years. 
With a furfural selling price of 1.93 €/kg, the payback time decreased to 5 years, 
resulting in a positive NPV of 9.5 M€ at the end of the project, as seen in Fig. 27. 
Upon iterating the discount rate until the NPV at the end of the project lifetime 
was equal to zero, the internal rate of return was computed as 20.7%, indicating 
the project's viability. 
 
The minimum selling price estimated in paper III is very similar to the prices 
presented in literature and the current market price of bio-based furfural. 
Agricultural materials such as wood wastes and corn cob that contain xylose or 
xylan are currently utilized in the industrial production of furfural [78]. For 
decades, furfural has been manufactured on an industrial scale from biomass 
feedstock by acid-catalyzed hydrolysis of hemicellulose to xylose, followed by 
dehydration to furfural [79]. China, the Dominican Republic, and South Africa 
are the leading manufacturers of furfural and account for 90 % of the worldwide 
furfural production capacity, approximately 280 kt/yr [80]. Based on a 
feasibility assessment of a corn stover to ethanol bio-refinery, Bbosa and Brown 
[81] established a furfural market price of 0.93 €/kg. In a recent study, Dalvand 
et al. [82] estimated the economic potential for furfural and its derivatives and 
reported a market price for furfural of 1.36 €/kg. Olcay et al. [83] in their study, 
produced furfural as one of the products via aqueous-phase processing of 
biomass and the estimated MSP for furfural was 1.53 €/kg.  
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Figure 27. NPV plotted as a function of the project lifetime (Reproduced from publication III). 

4.3.4 Sensitivity analysis 

  

Figure 28. Sensitivity analysis for evaluating influence of various economic factors on the MSP of 
furfural. The base values of the economic factors: discount rate = 10 %; project lifetime = 20 years; 
OPEX = 7.23 M€/year; taxation rate = 20 % and fixed capital investment = 12.84 M€ (Reproduced 
from publication III) 

The impact of key economic parameters on the process can be predicted quite 
easily by carrying out a sensitivity analysis. As seen in Fig. 28, the annual 
operational cost, discount rate, and fixed capital investment had the biggest 
influence on the MSP of furfural. For example, with a 20% increase in the 
operational and fixed capital expenses, the MSP increased by 11.1 % and 4.2 %, 
respectively. Likewise, a 50 % increment in the discount rate increased the MSP 
by 7.8 %. The rate of taxation and duration of the project had a negligible effect 
on the MSP. 
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4.4 Techno-economic evaluation to produce valuable platform 
chemicals (GVL, 2-MTHF and 5-HMF) from spruce 

 
In Paper IV, an integrated biorefinery concept was developed to produce 
platform chemicals like γ-valerolactone (GVL), 5-hydroxymethylfurfural (5-
HMF) and 2-methyltetrahydrofuran (2-MTHF) from lignocellulosic biomass via 
aqueous-phase processing. The bio-refinery concept was validated using 
rigorous process simulation models and a techno-economic assessment 
including cost estimation, energy analysis, profitability study, sensitivity 
analysis and uncertainty analysis via Monte Carlo simulations was carried out 
to ascertain the process feasibility. 

4.4.1. Process overview 

Based on thermochemical conversion of lignocellulosic biomass, the integrated 
process concept presented in this study comprised of several processing steps, 
including biomass fractionation into cellulose and hemicellulose sugars by 
steam pre-treatment in the presence of an acid catalyst (SO2), sugar upgrading 
into platform chemicals (GVL, 2-MTHF and 5-HMF) via the formation of 
intermediates and utilization of the lignin and humins, generated during the 
process to supply energy for the process. The flow diagram and material balance 
are shown in Fig. 29 and Fig. 30, respectively.  
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Figure 29. Simplified process flow diagram to produce GVL, 2-MTHF and 5-HMF from biomass 
(spruce) (Reproduced from publication IV). 
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Figure 30. Mass flow diagram for the different steps involved in the proposed bio-refinery 
concept (Reproduced from publication IV). 
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4.4.2. Energy analysis 

Using heat recovery between process streams, vapour recompression, and the 
activated energy savings tool available in Aspen Plus, the process energy 
efficiency could be improved. The energy content of biomass residues (lignin 
and humins) produced during the process was estimated to be 60 MW and 
determined to be adequate to meet the total heating and electricity demands of 
the integrated process while additionally generating 1.75 MW of electricity for 
sale to the grid. Aspen's energy-savings tool also calculates the equivalent CO2 
emissions (CO2-eq) resulting from the production of energy.  Without energy 
integration, the biorefinery's CO2-equivalent emissions would be approximately 
85 kt CO2-eq/yr. After adopting energy integration, emissions were decreased 
to 48.2 kt CO2-eq/yr., corresponding to a reduction of about 43 %. It is worth 
mentioning, however, that actual emissions from energy consumption would 
vary based on the energy source. For example, when energy is generated from 
renewable sources, emissions are expected to be much lower. The energy needs 
and carbon emissions for the process are shown in Table 2 below, both before 
and after energy integration. 

Table 2. Energy requirements and carbon emissions for the process, before and after energy 
integration (reproduced from publication IV) 

Property Before energy 
integration 

After energy 
integration 

% reduction 

Heating utilities (MW) 44.9 0.0 100% 
Cooling utilities (MW) 42.5 19.7 54% 

Electricity (MW) 5.8 0.0 100% 
Total utilities (MW) 93.2 19.7 79% 

Carbon emissions (kt/yr.) 85.0 48.2 43% 

4.4.3. Capital and operating cost estimation 

The simulation results were utilized in sizing the process equipment, and the 
cost of purchased equipment was calculated using Aspen Process Economic 
Analyzer V11 (1st quarter 2018 price) and exponential scaling expressions from 
NREL publications. For each equipment, the material of construction was 
chosen by considering the prevailing process conditions. Monel, for example, 
was chosen for very acidic and high temperature settings, SS6Mo for mildly 
acidic situations, and SS316/316L for the remaining equipment. 
 
The total investment, estimated as the sum of fixed capital investment, working 
capital investment, and start-up capital, was projected to be 262 M€. The 
breakdown of the fixed capital investment is shown in Fig. 31. The overall 
operational costs were estimated to be 66 M€/yr., estimated as the sum of 
variable, fixed and general operating expenses. Variable operating costs, fixed 
operating costs, and general expenditures accounted for 56 %, 32 %, and 12 %, 
respectively, of total operating costs. Since the heating and electrical 
requirements of the energy integrated process are satisfied by burning the 
biomass residues (lignin and humins), the utility cost was mostly comprised of 
costs associated with make-up cooling water, process water, and boiler 
chemicals. 
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Figure 31. Breakdown of fixed capital investment (Reproduced from publication IV)

4.4.4. Minimum selling prices and profitability analysis

The minimum selling prices (MSPs) of the products (GVL, 2-MTHF, and 5-
HMF) were determined using a discounted cash flow rate of return (DCFROR) 
analysis based on the total investment and yearly operational expenses, as well 
as the average market pricing of these chemicals. The MSPs were calculated 
using the solver tool in Microsoft Excel with the constraint that the calculated 
MSPs are less than or equal to their current market values. This approach 
estimated the minimum selling prices for GVL, 2-MTHF, and 5-HMF as 1.91 
€/kg, 1.64 €/kg, and 1.93 €/kg, respectively and as seen in Fig. 32, the calculated 
MSPs are lower than the current average market prices.

Figure 32. Comparison of estimated MSP of products with their average market prices 
(Reproduced from publication IV)
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The main calculations performed in the profitability analysis were the net 
present value (NPV), internal rate of return (IRR), discounted and 
undiscounted payback periods. The platform chemicals produced in the 
proposed bio-refinery were sold at their average market prices, generating a 
NPV of 153 M€ at the end of the project. As seen in Fig. 33, the undiscounted 
and discounted payback periods were determined to be 5.4 and 8.9 years, 
respectively. By iterating the discount rate until the net present value (NPV) 
reached zero at the end of the project's lifespan, the internal rate of return was 
estimated to be 15.9%. A positive NPV and an internal return rate greater than 
the discount rate (10%) suggests that the project indeed viable and rather 
attractive. 

4.4.5. Sensitivity and uncertainty analysis 

Based on the sensitivity analysis results shown in Fig. 34, the annual operating 
cost, fixed capital investment, and discount rate had the most significant 
influence on the minimum selling prices of the products. If annual operating 
expenses were increased by 25 %, the MSPs of GVL, 2-MTHF and 5-HMF 
increased by 21.2 %, 9 % and 3.3 %, respectively, compared to the baseline. The 
catalyst price and rate of taxation on the other hand, had the least influence on 
the MSPs. With a 25 % increase in cost of the catalyst, the MSPs of GVL, 2-
MTHF and 5-HMF reduced by 0.6 %, 0.3 %, and 0.1 %, respectively. 
 
 
 
 

Figure 33. Cumulative cash flow plotted as a function of the project lifetime (Reproduced from 
publication IV) 
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A Monte Carlo simulation was used to conduct an uncertainty analysis to 
quantify and evaluate the economic risk associated with the planned 
biorefinery. Microsoft Excel was used to run the Monte Carlo simulation, which 
included 10000 iterations, to understand better how the uncertain parameters 
interacted with one another and impacted the net present value. The simulation 
was carried out by utilising random values derived from the triangular 
distribution for all the uncertain parameters listed in Table 3. 
  

Figure 34. Sensitivity analysis to evaluate the influence of key economic parameters on the MSP 
of GVL, 2-MTHF and 5-HMF (Reproduced from publication IV) 
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Table 3. Uncertainty parameters 

Uncertainty parameter Distribution 
function 

Lower 
limit 

Upper 
limit 

 

Minimum 
value 

Base 
value 

Maximum 
value 

FCI (M€) Triangular -20% 30% 178.8 223.5 290.5 

OPEX (M€/yr.) Triangular -20% 30% 52.3 65.4 85.0 

Discount rate (%) Triangular -25% 50% 7.5 10 15 

Revenue (M€/yr.) Triangular -30% 30% 91.5 130.7 169.9 

 
Based on the results of the simulation study, the probability of loss was 
predicted to be 17%, with a mean net present value (NPV) of about 130 M€. As 
shown in Fig. 35, when the uncertainty parameters are found to fluctuate within 
the reference values, the bio-refinery has a high likelihood of being profitable. 
 

 

Figure 35. NPV distribution from Monte Carlo simulation study. The bars coloured in red indicate 
NPV ≤ 0 (Reproduced from publication IV). 

4.4.6. Market potential of GVL, 2-MTHF and 5-HMF 

GVL, 2-MTHF, and 5-HMF are not currently widely used on an industrial scale, 
but their characteristics suggest significant commercial potential. As shown in 
Table 4, a pre-market was done to assess the potential applications for each 
product based on the global market valuation and compounded annual growth 
rates (CAGR). For decades, GVL has found application in the food industry as a 
flavor enhancer. However, it does not yet have a REACH registration and 
therefore, the use of GVL in this regard is restricted, and new applications are 
expected to have a more significant market potential [84, 85]. 2-MTHF is being 
utilized to synthesize organometallics [86], but the potential for development is 
limited due to the relatively small market size; thus, this application has not 
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been included in Table 4. Because 2-MTHF has superior characteristics to THF, 
it can replace THF in various applications [86]. 
 
Even though 5-HMF is already being used as a biochemical in limited quantities 
[87], it has shown tremendous promise as a possible substitute for 
formaldehyde in phenolic resins [88]. 5-HMF can also be utilized as a starting 
material for polyethylene furanoate (PEF) production, which is touted to be a 
biobased alternative to the plastic polyethylene terephthalate (PET) [89]. With 
the global PET packaging market estimated at 45.7 billion €, this industry has 
room for expansion [90, 91]. GVL, 2-MTHF, and 5-HMF have physical 
characteristics that make them ideal for use as solvents. Their combined market 
value is projected to be 18.1 billion € [84, 88, 92, 93]. Furthermore, one of the 
most promising and appealing applications for these three products is as 
biofuels or biofuel additives, with the global biofuel industry presently valued at 
112.9 billion € with an annual compound growth rate of 2.2 % [94-97].  

Table 4. Preliminary assessment of the market potential of GVL, 2-MTHF and 5-HMF 
(Reproduced from publication IV). 

Products Potential applications Global market 
value (billion €) 

CAGR 
 (%) 

GVL Flavor additives [85]  7.6 [98] 4.8 [99] 

GVL, 2-MTHF & 
5-HMF 

Solvents [84, 88, 93] 
 
 

18.1 [92] 
 

6.6 [92] 
 

2-MTHF THF replacement [93]  2.2 [100]   6.3 [100] 

GVL, 2-MTHF 
& 5-HMF 

Biofuels [96, 97, 101] 112.9 [94]  2.2 [95]  

5-HMF Phenolic resins [88]  2.2 [102]  5.8 [102]  

5-HMF PEF [89] 0.02 [90]  6.6 [90]  

5-HMF PET packaging [89] 45.7 [91]  5.2 [91] 
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5. Conclusions and recommendations 

Due to depleting fossil resources, there is an increasing need for the design and 
implementation of sustainable and economical processes for the industrial-
scale conversion of biomass and its components into valuable products for use 
in a wide range of commercial applications. Biomass upgrading technologies 
can be customised based on the end products desired and the feedstock 
availability. 
 
Lignin can no longer be considered as a waste stream and used for low value 
heating applications, instead by converting it into a more suitable form 
(colloidal particles or nanoparticles), its use can be extended to value-added 
applications such as adhesives, coatings and composites which have a 
substantial market value.  In publication I, an industrially feasible and energy 
saving process was presented for the of dry colloidal lignin particles (CLPs) on 
an industrial scale. Based on techno-economic feasibility assessment, it was 
found that CLPs could be manufactured at a competitive market price, thereby 
allowing it to compete with currently used petroleum-based feedstock. In 
Publication II, the self-assembly of CLPs was studied in a continuous flow 
reactor by utilising the solvent exchange approach, and the results were highly 
encouraging. Colloidal lignin dispersions with small particle diameter, high CLP 
yields, good stability, and lignin concentrations up to 3 wt. % could be achieved 
with the tubular reactor. The tubular flow reactor facilitates the continuous 
manufacture of CLPs, allowing for easy scalability and deployment in industries. 
CLPs may be employed in large-scale applications in the future. For instance, 
CLPs could be utilised as a substitute for fossil-based phenol in PF resins and 
find use in various other applications, including foams, anti-bacterial products, 
carbon fillers, and the fabrication of nanocomposites. Commercially viable 
products are becoming more visible due to cost-effective implementation CLP 
manufacturing processes. 
 
The utilization of cellulosic and hemicellulosic fractions of lignocellulose 
feedstock presents significant opportunity for upgrading into valuable biomass-
based platform chemicals. Through publications III and IV, the efficient 
processing of biomass into various platform chemicals such as furfural, GVL, 2-
MTHF and 5-HMF was explored. The results showed that the processes 
developed are viable and can be used to manufacture platform chemicals at a 
competitive market price, thereby supporting the cause of bio-economy and 
industrial sustainability. The expanding biofuel and solvent markets offer 
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promising potential for these platform chemicals to be used in attractive 
applications. 
 
Lignocellulosic biomass has shown great promise in recent times as an alternate 
substitute to petrochemical feedstock. Due to the low cost of fossil-based 
chemicals, biomass-derived products have not yet been widely adopted or 
developed. However, the rising oil prices and the growing need for a sustainable 
bioeconomy have created new opportunities for the development of bio-
renewable technologies and products. 
 
This research study clearly shows that large-scale bio-renewable plants demand 
substantial capital investments, which can generate low profitability. Further 
research and development can reduce capital and operating costs. Increasing 
awareness about the benefits of bio-based products/processes from 
environmental, societal, and energy efficiency points of view make it possible to 
generate attention from investors and stakeholders. 
 
Better criteria should be implemented for assessing the economic performance 
of a large-scale plant. Typically, when evaluating the techno-economic 
feasibility, instead of just relying upon one profitability parameter, several 
parameters should be used to get more accurate projections. This would support 
the decision-making process of stakeholders/investors by allowing them to 
gauge the performance of a particular process better. Special attention needs to 
be given to the sensitivity analysis for highly complex processes involving 
multiple processing steps. A sudden change in the value of an important process 
or economic parameter can drastically impact profitability. For risky investment 
projects, it is recommended that detailed uncertainty analysis be carried out 
wherein the simultaneous interaction between several uncertain parameters 
can be analysed and studied further. This kind of sensitivity analysis could be 
used more extensively, also for running plants. 
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