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Abstract: A major obstacle in utilising pyrolysis bio-oil as biofuel is its relatively low heating value,
high viscosity, and non-homogeneity. Solvent addition is a simple yet practical approach in upgrading
pyrolysis bio-oil. However, most solvents are often manufactured as specialty chemicals, and thus,
this leads to a high production cost of solvents. It is crucial for the designed solvent-oil blend
to achieve both fuel functionality and economic targets to be competitive with the conventional
diesel fuel. Hence, the objective of this work is to generate feasible solvent candidates by solving
this multi-objective optimisation (MOO) problem via a computer-aided molecular design (CAMD)
approach. Initially, an optimisation model was developed to identify potential solvents that satisfied
the predefined targeted properties. Next, a MOO model was developed via a fuzzy optimisation
approach to identify the trade-off between profitability and heating value of the solvent-oil blend. A
pricing model was employed to estimate the profitability of the solvent-oil blend. The production of
bio-oil in a pyrolysis plant was used to illustrate the applicability of the pricing model. Lastly, phase
stability analysis was conducted to ensure the stability and miscibility of the solvent-oil blend. With
the developed framework, a promising and cost-effective solvent-oil blend can be generated while
displaying optimal biofuel properties.

Keywords: pyrolysis bio-oil; CAMD; solvent design; fuzzy multi-objective optimisation; cost optimisation

1. Introduction

The conversion of lignocellulosic biomass material, also called second generation
biomass, into usable intermediates has attracted the attention as a potential renewable
energy source. While the extent of carbon neutrality of biomass is debatable, the need
to study alternative fuels produced from biomass conversion is critical in response to
fast depleting resources and the rising demand for sustainable development, as well as
to counter volatilities in crude petroleum oil prices. Various methods including thermo-
chemical and biochemical techniques can be employed to convert biomass into liquid
fuels. Among the thermochemical methods, fast pyrolysis received great attention and
has been successful in its commercialisation due to the high yield of the main product
pyrolysis bio-oil. High-quality pyrolysis bio-oil can be applied in engines, turbines, boilers,
and in some cases, qualified as hydrocarbon and transportation fuels, although further
improvement is required of the properties and cost-efficiency of bio-oil [1].

A pyrolysis bio-oil mixture is vaguely defined as one with water and oxygenated
organic compounds, including carboxylic acids, aromatics, acetals, alcohols, aldehydes,
esters, hemiacetals, olefins, phenolics, proteins, and sulphur compounds. The actual
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composition of a bio-oil is an intricate function of feedstock, oil production and purification
techniques, a condensation system, and storage conditions [2]. The direct use of pyrolysis
bio-oil as a fossil fuel substitute suffers from several drawbacks such as low heating
value, high water content, high viscosity, low miscibility, high acidity, as well as storage
instability due to product aging. The properties of pyrolysis bio-oils differ for different
feedstock sources and production parameters, but the products are generally of poor
quality compared to conventional fuels. Upgrading technologies have been actively studied
and implemented in the effort to upgrade bio-oil properties, such as catalytic cracking,
emulsification, esterification, hydrodeoxygenation, hydrogenation, steam reforming, and
the manipulation of supercritical fluids [3]. Pidtasang et al. [4] found that adding a small
proportion of alcohol solvents to bio-oil could improve its heating value, stability, and
viscosity, although the values still could not meet the quality of conventional gasoline and
diesel. Organic solvents such as acetone, acetone-methanol, ethanol, isopropanol, and
methanol were also used for bio-oil upgrading [5].

The identification and selection of solvents often involve tedious experimentation
through trial-and-error, and it could be time consuming to test all potential solvents and
ineffective in optimising blend performance to meet the property targets. In response to
these challenges, computer-aided molecular design (CAMD) techniques were commonly
employed to identify potential candidates that satisfy a set of property targets and con-
straints in the design and optimisation of solvents [6]. CAMD is a reverse engineering
approach which predicts, estimates, and constructs molecules from a given set of molecular
building blocks based on predefined target properties [7]. To develop a CAMD framework,
it is essential to have reliable property prediction models. One of the most widely used
methods for the molecular property predictions is the Group Contribution (GC) meth-
ods [8]. GC methods predict the property of a molecule by summing up the contributions
from the molecular groups in the compound according to the frequency of their appearance
in the structure [8]. The ability of CAMD techniques to generate all possible non-intuitive
solutions can be exploited to identify promising molecular structures for various appli-
cations. With these computer-aided methods, the search was focused on analysing the
alternatives and rejecting infeasible solutions at the initial stages of the design process. The
experiments were only performed during the final selection stage for verification.

In the past, the CAMD approach has been widely employed in solvent design prob-
lems for different applications [9]. Detailed review articles from Austin et al. [10] and
Ng et al. [11] discussed the solution techniques, applications, and future opportunities of
the CAMD tools. In addition, Chemmangattuvalappil [12] reviewed the recent develop-
ment of CAMD applications in the design of solvents. Conventionally, the selection of
solvents had formerly been tackled using a combination of fundamental physio-chemical
knowledge, as well as heuristic and empirical approaches based on expert judgements.
Using CAMD techniques, studies were able to identify solvents ranging from simple
hydrocarbons such as methanol and ethanol [13] to more complex mixtures such as the
methanol, N,N-dimethylformamide (DMF), and acetone blend [14]. A comprehensive
review on the process system engineering tools, such as CAMD and group contribution
(GC) models, for the design of ionic liquids and integrated biorefineries was presented by
Chemmangattuvalappil et al. [15]. In one of the recent developments, CAMD tools were
employed in a multi-objective optimisation (MOO) problem targeted at designing a green
chemical product and integrated biorefinery process that incorporated green manufactur-
ing while fulfilling the customer requirements [16]. In addition, the CAMD approach was
also integrated with the miscibility characteristics to predict possible structures that would
form stable blends with bio-oil [17,18].

A major obstacle in the commercialisation of biofuels is their high production cost
as compared to that of the conventional diesel fuel. Their low heating value and the high
cost of raw materials make biofuels more costly for heat generation [19]. As the biofuel
ratio increases in the fuel, the fuel’s energy density decreases. Furthermore, the addition
of solvents is often required to improve the biofuel’s properties. However, the solvents
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are generally associated with high cost as most of them are manufactured as specialty
chemicals. This further increases the production cost of biofuels. Further, the existing and
progressing biofuel legislative framework sparks the urge to assess the cost associated with
upgrading bio-oil.

Various recent contributions have included the economic aspects such as product pric-
ing, profitability, market share, and operating cost in the product design. In the design of
a traditional Chinese medicinal supplement, customers’ preference on product quality and
economic considerations was taken into account while developing the chemical product
design framework [20]. Zhang et al. [21] provided an overview of chemical product design
in the context of a multidisciplinary hierarchical framework including design issues such as
project management, market study, economic analysis, product design, and process design.
Moreover, an activated carbon production plant from industrial waste nutshells was pro-
posed [22]. In the plant design, an economic analysis was developed by considering the cost
of the main equipment, the price of the raw materials, basic services, and operations. On the
other hand, application of neural network approach is often reported in cost estimation and
investment evaluation. A neural network growth model was proposed to estimate potential
of investment in renewables in Japan by Jehan, and Sultonov [23]. In addition to the existing
growth model, the extended growth model considered both environmental risk diversion
and risk mitigation. With the developed neural network-based approach, the establishment
and operation of a renewable investment opportunity is possible. Further, an artificial neural
network method was used to develop a cost estimation model for the tendering of engineering
services [24]. However, previous research on the design of bio-oil solvent mainly focused on
the functionality of the solvent itself. It is also important to incorporate the economic aspects
into the development of bio-oil solvent for the designed solvent-oil blend to be competitive
with the conventional diesel fuel. Generally, the heating value of pyrolysis bio-oil increases
with the addition of solvent. However, as the amount of solvent increases, the cost of solvent-
oil blend increases as well, resulting in lower profitability. Thus, MOO approach was adapted
in this work to investigate the trade-off between high heating value and high profitability of
solvent-oil blend.

The weighted sum method is a more common approach for handling MOO problem.
In weighted sum method, each objective function was allocated with a weighting factor to
convert different objectives into an aggregated scalar objective function [25]. However, in
CAMD problem, the weighting factor of each objective is not always definable. In most
cases, the relative importance of each objective is fuzzy or uncertain. In addition, these
objectives might be contradictory to each other in nature [26]. Thus, a fuzzy optimisation
approach was employed in this study to solve the MOO problem under the fuzzy environ-
ment. Zadeh [27] first established fuzzy set theory for decision making problems. Later,
the fuzzy set theory was extended to address linear mathematical programming problems
involving multiple objectives [28]. Within the fuzzy optimisation algorithms, the trade-off
between the objective functions to be optimised can be identified by introducing the fuzzy
membership function. As a result, an optimal compromised solution can be identified by
achieving near optimality for all the objectives.

In the past, fuzzy optimisation approach has been applied in various CAMD applica-
tions. A systematic fuzzy optimisation-based method was developed to design molecules
for chemical processes with both property superiority and robustness optimised [26]. Khor
et al. [29] adapted the fuzzy optimisation via max-min aggregation in the CAMD of alter-
native solvents for oil extraction from palm pressed fibre. The developed approach was
able to optimise the physical properties of the solvent simultaneously with the safety and
health aspects. A similar approach was employed and extended with the introduction of
disjunctive programming in the work by Ten et al. [30] to design solvent for gas sweetening
process. Recently, a max-min aggregation fuzzy optimisation approach was employed
along with CAMD method in the design of green solvents for pyrolysis bio-oil upgrading
with consideration of environmental, health and safety aspect while ensuring minimal
compromise on the fuel functionality [31]. The goal of this study is to design a solvent
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which is capable to enhance the properties of bio-oil with minimal addition of solvent via
CAMD approach. Fuzzy optimisation approach was employed to investigate the trade-off
between the functionality and profitability of the solvent-oil blend. With the developed
methodology, the final solvent-oil blend should demonstrate promising property targets
that fulfils the standards of biofuel while displaying desirable profit margin.

2. Methodology

In this work, a MOO framework was established to solve the CAMD problem using
fuzzy optimisation approach. The developed framework can be divided into four main
stages (nine steps): Problem definition, CAMD formulation, Multi-objective optimisation
problem formulation and Phase stability analysis. The detailed methodology for each
stage will be further discussed in this section. Figure 1 demonstrates the overview of
methodology for this CAMD problem.

Processes 2021, 9, x FOR PEER REVIEW 4 of 20 
 

 

the safety and health aspects. A similar approach was employed and extended with the 
introduction of disjunctive programming in the work by Ten et al. [30] to design solvent 
for gas sweetening process. Recently, a max-min aggregation fuzzy optimisation ap-
proach was employed along with CAMD method in the design of green solvents for py-
rolysis bio-oil upgrading with consideration of environmental, health and safety aspect 
while ensuring minimal compromise on the fuel functionality [31]. The goal of this study 
is to design a solvent which is capable to enhance the properties of bio-oil with minimal 
addition of solvent via CAMD approach. Fuzzy optimisation approach was employed to 
investigate the trade-off between the functionality and profitability of the solvent-oil 
blend. With the developed methodology, the final solvent-oil blend should demonstrate 
promising property targets that fulfils the standards of biofuel while displaying desirable 
profit margin. 

2. Methodology 
In this work, a MOO framework was established to solve the CAMD problem using 

fuzzy optimisation approach. The developed framework can be divided into four main 
stages (nine steps): Problem definition, CAMD formulation, Multi-objective optimisation 
problem formulation and Phase stability analysis. The detailed methodology for each 
stage will be further discussed in this section. Figure 1 demonstrates the overview of meth-
odology for this CAMD problem. 

 
Figure 1. Graphical summary of the work carried out in this research. Figure 1. Graphical summary of the work carried out in this research.

2.1. Stage 1: Problem Definition
Identification of Product Requirements and Property Constraints

In the first stage, the product needs of solvent and the final solvent-oil blend were
identified to infer the target properties and set their constraints based on the requirements
from various regulations and specifications. The final requirement of the design problem is
to have an alternative solvent-oil blend that can blend well with diesel, or to be applied



Processes 2021, 9, 2159 5 of 19

directly to standard diesel engines. This is the principal product functionality and therefore,
from these, the property targets can be developed based on commercial standards of
biodiesel. In addition, the general safety and environmental regulatory requirements
were also embedded in the target properties at this stage. Generally, the constraints in a
product design problem took form as shown in Equation (1), bounded by upper and lower
bounds [32].

vL
p ≤ Vp ≤ vU

p ; p = 1, 2, . . . P (1)

Based on Equation (1), Vp is the value of the target property and p is the property index.
The lower and upper bound value is represented by vL

p and vU
p , respectively. The ASTM

D7544 biofuel standard was used to develop the constraints on the target properties [33].
The standard governed the pyrolysis liquid biofuel, which served as a guideline for the
final solvent-oil blend’s targeted properties. To maintain the solvent as liquid at room
temperature, the boiling point was set to be above 60 ◦C and the melting point was
restricted at an upper bound of 10 ◦C, while the flash point was set to be greater than
45 ◦C. On the other hand, the lower bound for the density of mixture was set below that
specified by the standard. That is to give more solutions, since eventually the solvent-oil
blend is to be blended with other fuels such as diesel, which can have lower densities than
those in the ASTM standard. The critical high heating value (HHV) property was restricted
at a lower bound of 30 MJ/kg. Table 1 summarises the requirements of the solvent and
the solvent-oil blend, which are then translated into the target properties along with its
respective property constraint.

Table 1. Target properties identified and their respective constraints.

Requirement Target Property Lower Bound Upper Bound ASTM D7544
Standard

Solvent

Liquid at room conditions Normal boiling point 60 ◦C − −
Normal melting point − 10 ◦C −

Safety Flash point 45 ◦C − −
Bio-oil blend

Consistency of fuel flow Density 800 kg/m3 1200 kg/m3 1100–1300 kg/m3

Kinematic viscosity 1.0 mm2/s 5.0 mm2/s Maximum 5.0 mm2/s
Fuel combustion quality Higher heating value 30 MJ/kg − Minimum 15 MJ/kg

Homogeneous form Gibbs energy of mixing To be determined

2.2. Stage 2: CAMD Formulation
2.2.1. Selection of Property Prediction Models

In the next stage, suitable property prediction models were selected to estimate the
solvent’s target properties via a GC approach. In the GC approach, the property of a
compound was defined as a function of structurally dependent parameters, which can be
estimated by summing contributions per structural group according to their recurrence in
the solvent molecule. The method was mainly attributed to the research done by Joback
and Reid [8]. The general property estimation model via GC methods can be seen in
Equation (2).

f (X) = ∑
i

NiCi + w ∑
j

MjDj + z ∑
k

OkEk (2)

here, Ci is the contribution of the first order group of type i that occurs Ni times, while
Dj is the contribution of the second order group of type j that occurs Mj times. Ek is the
contribution of the third order group of type k that occurs Ok times. In addition, mixing
rules were applied to determine the final values of the targeted solvent-oil blend. The
selected property prediction models and mixing rules for targeted property estimation can
be found in Appendix A: Table A1. In this study, crude bio-oil derived via the fast pyrolysis
of palm kernel shells (PKS) was used as the basis [34]. However, only the organic phase of



Processes 2021, 9, 2159 6 of 19

pyrolysis bio-oil was considered. The properties and components of the pyrolysis bio-oil
applied in this study are summarised and listed in Appendix A: Table A2.

2.2.2. Structural Constraints

Other than the abovementioned property constraints, structural constraints were also
included in the CAMD model to ensure the formation of a feasible molecule by limiting
the molecule to that which favours the targeted properties. The molecular building blocks
forming the solvent’s structure also need to be carefully tailored. Molecular design can
utilise many functional group families and, in this work, several groups were selected,
and are shown in Appendix A: Table A3, whereby their group-contribution variables for
property estimation were available from the work of Marrero and Gani [34].

In addition, for completeness of the designed molecule, the final molecular structure
must not have any free bonds. In other word, the free bond number (FBN) of the final
solvent molecule must equal to zero, to be identified as a feasible molecule [35]. FBN
can be expressed mathematically as Equation (3), where Nr is the number of rings in the
structure and Ni is the number of acyclic groups in the molecule. Constraints were set for
the parameter Nr and Ni to ensure there is a feasible length of groups included to form an
aliphatic chain or cyclic ring.

FBN = Σi NiFBNi − 2(Σi Ni − 1)− 2Nr = 0 (3)

For acyclic structures: Ni ≥ 0. For cyclic structures: Ni ≥ 3. For ring molecules: Nr ≥ 1.

2.2.3. Formulation of CAMD Model

The CAMD model was formulated with generalised mathematical expressions as
shown from Equations (4)–(8) [10]:

Fobj = max/minF(x, p) (4)

h1(p, x) ≤ 0 (5)

s1(x) ≤ 0 (6)

pL
k ≤ pk ≤ pU

k ∀k (7)

xL
g ≤ xg ≤ xU

g ∀g (8)

here, Fobj (Equation (4)) is the objective function, which is to minimise or maximise one
or more parameters. Meanwhile, the F(x,p) is the vector to the objective function, which
evaluate the performance of the designed solvent based on its property p. The target
properties constraints can be formulated as Equation (5), which is the general function that
correspond to the solvent design specification. As the properties of each solvent molecule
are highly dependent on the presence of GC building blocks, this constraint can limit the
number of appearances of specific GC groups in the designed solvent molecule. On the
other hand, Equation (6) can be referred to as the general function that relates the molecular
structure generation, to ensure structure feasibility of the generated solvent molecule. In
Equations (7) and (8), pk indicates the property values for each property k and xg indicates
the number of occurrences of each GC group g. Both equations represented the boundaries
set on pk and xd. Here, pL

k and xL
g are the lower bounds for parameter pk and xg, respectively.

On the other hand, pU
k and xU

g are the upper bounds for parameter pk and xg, respectively.
With the developed CAMD framework, the list of solvent candidates that were feasible,
available, and had a relatively established commercial or industrial scale presence were
identified and applied in the next stage.

2.2.4. Database Verification

All solvent candidates generated from the CAMD model were verified by conducting
a database search on online platforms such as PubChem, ChemSpider, etc. The main
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purpose of this step was to ensure that all the generated solvent candidates were feasible
and practical enough to be applied in real life applications. For solvent candidates that
could be found in the databases, property values estimated from the design problem were
compared to validate the CAMD results. However, for solvent candidates that could be
found in the database or proved to be infeasible, the previous step was revisited by revising
the property attributes and constraints.

2.3. Stage 3: Multi-Objective Optimisation Problem Formulation
2.3.1. Formulation of Pricing Model

After the potential solvent candidates were identified in the previous stage, a detailed
economic analysis was conducted to determine the selling price of the new solvent-oil
blend based on the current market demand, availability and existing competitors identified
via a comprehensive background study. The pricing model proposed by Bagajewicz [36]
was employed to relate the product quality to demand and price of the product [37]. In the
past, the pricing model has been incorporated in various product design such as wine [38],
carpet deodorizers/disinfectants [39], skin moisturising lotion [40], die-attach adhesive [37]
and dry-cleaning solvent [41]. The mathematical expression for the pricing has been shown
in Equations (9) and (10).

APTP = AC
(

TP
)δ
(

α

β

)δ(Y− APTP

AC

)1−δ

(9)

Y ≥ APTP + AcTc (10)

here, AP and TP refer to the price and demand of the new solvent-oil blend while AC and TC

refer to the price and demand of the competitor’s product. In this study, AP can be obtained
by summing up the cost of bio-oil production, cost of solvent and the profit obtained by
selling the solvent-oil blend (Equation (11)).

Ap = CostBio−oil + CostSolvent + Pro f it (11)

Y is the total market size for the solvent-oil blend and δ is the elasticity of substitution,
which is an adjustable parameter that measures the change in the ratio of products demand
in response to a change in the ratio of their prices. On the other hand, α is expressed as the
consumer’s awareness on the new product, which can be raised by allocating higher budget
in the marketing of new product. The value of parameter α ranges between 0 and 1, where
α with value 0 indicates that the consumers have no knowledge about the new product,
and vice versa. Lastly, β is the consumer preference coefficient that relates the consumer’s
interest in the new product over the competing product, which can be determined using
Equation (12), where the λC and λP are the consumer’s preference function of competitor’s
product and new product, respectively. In this study, the consumer’s preference was
related to the HHV of the solvent-oil blend, which possess a significant influence on the
functionality of the solvent-oil blend.

β =
λC

λP (12)

From Equation (12), the λC and λP refer to the consumer’s preference function of
competitor’s product and new product, respectively. The new solvent-oil blend is said to
be preferred by consumers if β is smaller than 1. However, the competitor’s product is
preferred by consumers when the value of β greater than 1.

Based on the market analysis conducted, the total market size, Y of solvent-oil blend
was identified to be USD 500 million annually [42]. The price elasticity was defined between
the range of 0.11 to 0.33, based on the previous studies for diesel fuel. The demand of
bio-oil blend was said to be price inelastic when the parameter δ lies between 0.1 to 1.
Thus, in this work, the parameter δ was assumed to be 0.1 [43]. On the other hand, the
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parameter α was estimated to be at the value 0.85. These values should be revised and
updated based on the response received once the solvent-oil blend was introduced into
the market. The benchmark for this work is the reported solvent-oil blend consisting of
50 wt.% pyrolysis bio-oil and 50 wt.% of iso-propanol, with a HHV of 27.55 MJ/kg [44]. The
cost of iso-propanol and bio-oil was assumed to be USD 1336.57 per tonne of iso-propanol
and USD 354 per tonne of pyrolysis bio-oil [45,46]. The cost of the competitor’s solvent-oil
blend can be calculated using Equation (13), where xi and Ci are the ratio and costs of the
solvent and bio-oil, respectively.

Cblend = ΣixiCi (13)

Next, the selling price of competitor’s blend AC can be calculated by summing up
the cost of solvent-oil blend and the profit obtained, which was assumed to be USD 50
per tonne of solvent-oil blend, in this case. Table 2 summarises the parameters and its
respective values obtained from this market analysis.

Table 2. Parameters and values from market analysis.

Parameters Values

Total market size, Y USD 500,000,000 per year

Consumer’s awareness coefficient, α 0.85

Elasticity of substitution, δ 0.10

Price of competitor’s product, AC USD 895.29 per tonne solvent-oil blend

HHV of competitor’s product, λC 27.55 MJ/kg

2.3.2. Formulation of Fuzzy Multi-Objective Optimisation via Max-Min Aggregation

The HHV of pyrolysis bio-oil can be increased with the addition of solvent. The
higher the mass fraction of solvent in the solvent-oil blend, the higher is the energy content.
However, a higher amount of solvent was often associated with higher cost, and thus,
lower profitability obtained from the solvent-oil blend. In this study, a MOO problem was
developed to investigate the trade-off between high HHV and high profitability. Most of
the current CAMD techniques focus on optimising a single objective or property of the
chemical product [29], but having a multi-objective problem necessitates the use of more
complex optimisation methods.

Thus, fuzzy mathematical programming was applied to solve the MOO design prob-
lem. The satisfaction degree of fuzzy, λ is introduced to both property functions that were
to be optimised. The degree λ is a continues variable that lies between the value 0 and 1,
where 0 indicates unsatisfactory and 1 is completely satisfactory (Equation (14)).

0 ≤ λ ≤ 1 (14)

The objective function of the fuzzy optimisation model was to maximise the overall
satisfaction degree of fuzzy constraint λ as shown in Equation (15). The max-min aggre-
gation was applied to the fuzzy programming, where every fuzzy constraint should be
satisfied partially at least to the degree λ.

fobj = maxλ (15)

Fuzzy goals for the HHV of solvent-oil blend and the profitability were expressed
using a linear membership function, as shown in Equations (16) and (17).

λp(max) =


0,
∣∣∣ Vp ≤ vL

p

Vp−vL
p

vL
p−vL

p
,
∣∣∣∣ vL

p ≤ Vp ≤ vU
p

1,
∣∣∣ Vp ≥ vU

p

∀p ∈ P (16)
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λp ≥ λ (17)

where Vp is the target property values bounded by the lower and upper bounds, vL
p and

vU
p , respectively. The values for the lower and upper bound can be obtained by performing

single objective optimisation for both objective functions.

2.4. Stage 4: Phase Stability Analysis

With the identification of optimal solvent-oil blend ratio from the previous step, phase
stability analysis was carried out to ensure the miscibility of the designed solvent-oil blend
at the targeted mixing ratio. In this work, the phase stability analysis was conducted
via computation of the tangent plane distance. With fixed temperature and pressure,
Gibbs tangent plane distance function was employed for the phase stability analysis of
N-component mixture (Equation (18)) [47]:

d(x) =
n

∑
i=1

xi[ln xiγi(x)− ln ziγi(z)] (18)

From Equation (18), z refers to the compositions of component i in mole fractions of
the tested phase, x is the composition component i of a trial phase and γ is the activity
coefficient of component i in respective phases. For a solvent-oil blend that is stable and
demonstrates homogenous single-phase, Equation (19) can be followed [47]:

d(x) ≥ 0 (19)

Additional information on the computation of tangent plane distance can be found in
the Appendix A: Equations (A1)–(A11). The solvent-oil blend can be concluded as stable if
the tangent plane distance is non-negative. If otherwise, the previous steps are repeated by
revising the property attributes and constraints.

3. Results and Discussion

A case study on solvent design for bio-oil applications was conducted to illustrate
the application of this proposed methodology. The fast pyrolysis process considered in
this work is related to an application in Malaysia. All pricing in this study was converted
to U.S. Dollar at the exchange rate of RM 1 = USD 0.24 and adjusted to 2021 values using
appropriate indices.

3.1. Identification of Feasible Solvent Candidates

In the initial part of CAMD optimisation, 32 feasible solvent candidates, which are
mostly petroleum and natural gas-based solvents that are commonly used as lubricants,
lubricant additives, and food additives, were identified according to the pre-defined target
properties constraints. The candidates list included mostly higher alkanes and alkenes,
with few esters and aromatic compounds. The list was also comprised of several alcohols
and nitriles, which are known to be miscible in water. However, there are only a few that
can be identified as common chemicals. Most of the molecules are complex and may be
challenging to even validate in a lab-scale process, and may not be available at chemical
suppliers. Among the favourable candidate was benzyl acetate which is a readily available
ester often employed in the food industry as a flavouring agent. 1-Pentanol is also a
well-known alcohol employed in the food industry and used as a solvent for lubricants.

Among the candidates for alkenes were 1-octadecene, 1-tetradecene, 1-hexadecene,
and 1-dodecene. Most of these alkenes were produced through the oligomerisation of ethy-
lene using triethyl-aluminium catalyst, followed by fractional distillation of the resulting
alpha-olefin mixture. In other words, these chemicals were produced from downstream
processing of petroleum- or natural gas-based raw materials. Therefore, their availability
can be guaranteed, and the price variation could be related to that of the hydrocarbons.
Comparatively, more alkanes were chosen as they are commonly used as industrial solvents
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and additives. Among those were octadecane, N-tridecane, dodecane and undecane. Only
one nitrile molecule was included, which is decanenitrile. Among the chemicals used in
the additives and food flavouring industry were three ketones: 1-octanone, 2-undecanone
and 2-nonanone. Two aldehydes were included too: 1-nonanal and octanal. Hexyl acetate
and nonyl acetate were some of the esters included in the list as well. Esters are particularly
important for any further research into the reaction system in the blend as they may react
with some of the components of pyrolysis bio-oil. Table 3 summarises the 32 solvent
candidates identified along with their respective target properties estimated from the GC
prediction models. Based on the potential solvent candidates identified in the previous
stage, a thorough search was conducted on the cost of solvent as listed in Appendix A:
Table A4. The solvents and chemicals were of analytical grade and the costs were obtained
from chemical vendors.

Table 3. Feasible solvent candidates generated from Stage 1 Optimisation.

No. Compound Name Chemical
Formula

Melting
Point (K)

Boiling
Point (K)

Flash
Point (K)

Density
ρ (kg/m3)

Viscosity
v (mm2/s)

HHV
(MJ/kg)

S1 1-Pentanol C5H12O 221.44 408.63 320.35 805.74 3.83 37.97
S2 1-Hexanol C6H14O 229.47 432.62 334.83 812.14 4.70 39.31
S3 1-Octanone C8H16O 234.67 449.51 325.07 817.42 1.05 40.24
S4 Octanal C8H16O 243.73 453.46 322.20 818.04 1.45 40.90
S5 Hexyl acetate C8H16O2 208.70 449.66 329.02 872.42 1.14 34.75
S6 Pentyl propionate C8H16O2 205.48 449.57 329.02 870.32 0.96 34.75
S7 Phenylacetaldehyde C8H8O 265.52 468.63 336.74 1025.68 1.74 35.36
S8 Benzyl Acetate C9H10O 243.14 483.92 358.03 1056.67 1.75 31.21
S9 2-Nonanone C9H18O 242.03 469.65 339.54 820.95 1.29 40.98

S10 1-Nonanal C9H18O 250.66 473.27 336.68 821.52 1.79 41.58
S11 Hexyl propionate C9H18O2 214.41 469.71 343.49 868.91 1.19 35.91
S12 Benzyl acetone C10H12O 270.12 501.17 368.55 987.48 1.99 37.14
S13 Decanenitrile C10H19N 238.23 521.90 387.44 822.90 2.45 43.60
S14 Octyl acetate C10H20O2 225.69 488.25 357.97 869.50 1.76 36.87
S15 Hexyl butyrate C10H20O2 222.82 488.18 357.97 867.74 1.48 36.87

S16 4-tert-
Butyltoluene C11H16 246.79 462.25 335.65 858.44 0.26 43.19

S17 2-Undecanone C11H22O 255.73 505.18 368.49 826.34 1.96 42.10
S18 Undecanal C11H22O 263.62 508.26 365.63 826.82 2.72 42.60
S19 Nonyl acetate C11H22O2 233.50 505.29 372.44 868.37 2.18 37.69
S20 Undecane C11H24 191.06 466.22 324.06 737.02 1.18 48.49
S21 1-Dodecene C12H24 209.17 484.87 334.48 754.08 1.19 48.46
S22 Dodecanal C12H24O 269.70 523.89 380.11 828.88 3.35 42.99
S23 Dodecane C12H26 200.87 484.96 338.53 745.48 1.44 48.43
S24 N-Tridecane C13H28 210.08 502.25 353.01 752.80 1.76 48.38
S25 1-Tetradecene C14H28 226.11 518.22 363.43 766.99 1.78 48.36
S26 Tetradecane C14H30 218.74 518.30 367.48 759.21 2.16 48.34
S27 N-Pentadecane C15H32 226.92 533.26 381.96 764.85 2.65 48.30
S28 1-Hexadecene C16H32 241.30 547.21 392.38 776.96 2.69 48.28
S29 N-Hexadecane C16H34 234.67 547.28 396.44 769.87 3.26 48.27
S30 N-Heptadecane C17H36 242.03 560.47 410.91 774.35 4.01 48.24
S31 1-Octadecene C18H36 255.07 572.86 421.34 784.90 4.08 48.23
S32 Octadecane C18H38 249.04 572.92 425.39 778.39 4.93 48.21

3.2. Multi-Objective Optimisation Model

Here, a multi-objective optimisation model was developed via fuzzy max-min aggre-
gation approach to optimise the higher heating value (HHV) and the profitability of the
solvent-oil blend, simultaneously. Two case studies were presented to investigate the effect
of different constraints on the outcome while optimising both objective functions.
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3.2.1. Estimation of Pyrolysis Bio-Oil Production Cost

In this study, a pyrolysis plant was proposed to aid the estimation of pyrolysis bio-oil
production cost. The pyrolysis plant was designed to produce 120 tonne of pyrolysis
bio-oil from 200 dry tonne of PKS biomass daily via fast pyrolysis. The overall pyrolysis
bio-oil yield was assumed to be 60%. It is expected for the pyrolysis plant to operate on a
continuous operation daily for 24 h and 300 days, with a plant lifetime of 30 years. The
production costs of the pyrolysis plant include the biomass, capital, labour, electrical and
other operational costs. Assumption was made that the PKS biomass used in the pyrolysis
plant were supplied by a palm oil mill at no cost.

On the other hand, the capital cost of the pyrolysis plant was estimated based on the
sizing curve developed in Rogers et al. [48] which relates both the total plant cost and
the plant capacity. In this case, the total plant cost of the designed pyrolysis plant was
estimated to be USD 16 million. In addition, the capital cost for the biomass pre-processing
plant was included, with an estimated cost of USD 2.98 million. As for the labour cost
estimation, the following rough scenario was assumed where the designed pyrolysis plant
operates on a shift-work basis, with 5 operators and 1 supervisor per shift. Three 8-h shifts
pattern was implemented with 4 teams to provide 24/7 coverage. An average annual salary
of USD 13 K was allocated for each employee, which cover the employers’ insurance cost,
pension contribution, anti-social hours payments, training and administration charges [49].

A total electrical consumption of 240 kWh per dry tonne of biomass was estimated for
both the biomass pre-processing plant and the pyrolysis plant [50]. The electric tariff of
E1 for general industry with medium voltage as defined by Malaysia’s energy provider
(Tenaga Nasional Berhad) was considered in this study. The price of tariff E1 is USD
0.08/kWh [51] was used to calculate the total cost of electricity. Lastly, an allowance of 4%
of the total plant cost (USD 771.48 K per year) has been made to cover other miscellaneous
cost such as repair, maintenance, insurance and business costs [50]. Thus, the total cost to
produce 1 tonne of pyrolysis bio-oil was calculated to be USD 80.37, as shown in Table 4.

Table 4. Summarised pyrolysis bio-oil production cost.

Production Cost Cost (USD/Tonne of Bio-Oil)

Biomass Cost N/A
Capital Cost 17.86
Labour Cost 8.67

Electrical Cost 32.35
Other Operating Cost 21.43

Total Production Cost 80.37

3.2.2. Fuzzy Optimisation

In case study 1, the constraint on solvent fraction added to the blend was relaxed
to allow higher HHV value of the generated solvent-oil blend. The parameter β was set
to be lesser than 0.75 in this case to achieve HHV of at least 35 MJ/kg. In case study 2,
the constraint on consumer preference coefficient was relaxed, thus lowering the HHV
requirement of solvent-oil blend to allow higher profitability. As mentioned above, the
competitor’s product consisted of 50 wt.% solvent. Hence, the solvent fraction was set to be
less than 0.5. Table 5 summarises the constraints defined in case study 1 and 2, respectively.

Table 5. Comparison of constraints for case study 1 and 2.

Case Consumer Preference
Coefficient, β

Solvent Fraction

Case 1 <0.75 <0.99
Case 2 <0.9 <0.5
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Firstly, single objective optimisation was conducted to generate the upper and lower
bounds for both the objective functions, as shown in Table 6. The values obtained was then
substituted into Equation (16) to solve the multi-objective fuzzy optimisation problem. The
max-min aggregation approach was employed to study the trade-off between high HHV
and high profitability.

Table 6. Results from single objective optimisation of HHV and profitability of solvent-oil blend.

Case Objective Function Max HHVblend Max Profitabilityblend

Case 1
HHVblend (MJ/kg) 47.93 36.73

Profitabilityblend
(USD/tonne of blend) 0.00 3627.62

Case 2
HHVblend (MJ/kg) 33.61 30.61

Profitabilityblend
(USD/tonne of blend) 3086.00 4438.22

Among the 32 solvents identified in the previous stage, only 4 solvents, including
the octadecane, 1-octadecene, 1-tetradecene and 2-octanone, demonstrated promising
performance in terms of functionality and economics. Table 7 shows the results obtained
from case study 1 and 2. As the constraints on the HHV of the solvent-oil blend were
relaxed in case study 1, higher HHV can be observed, ranging from 37.11 to 44.65 MJ/kg.
However, a large amount of solvent was required to be blended with pyrolysis bio-oil, thus
leading to the increased cost and low profitability. From Table 7, higher profit was obtained
from case 2, which is a 1.6-fold increase as compared to the profit in case 1. Nonetheless,
this was compensated with the lower HHV of solvent-oil blend ranging from 31.53 to
32.93 MJ/kg. The lowest profit was that of 2-octanone at USD 122.77 per tonne of solvent-
oil blend. 2-octanone is a flavouring ingredient naturally present in apple, apricot, banana,
papaya, wheat bread and alcoholic beverages. The ketone solvent was available on an
industrial scale and should be delivered at a slightly higher cost than 1-tetradecene or
octadecane, thus the lower profitability observed.

Table 7. Results for solvent blend candidates.

Case Study Solvent HHVblend (MJ/kg) Profit
(USD/Tonne of Blend) Solvent Ratio Miscibility

Case 1

Octadecane 44.65 2564.74 0.88 No
1-Octadecene 41.45 1527.30 0.77 No
1-Tetradecene 38.16 2174.28 0.99 No

2-Octanone 37.11 122.77 0.85 Yes

Case 2
Octadecane 32.93 4132.13 0.48 No

1-Octadecene 31.53 3498.17 0.43 No

Apart from improving the HHV of solvent-oil blend, the miscibility of the final blend
can also be improved with the addition of solvent candidates. Instead of dispersing in
aqueous and organic phase, the strong intermolecular forces between the molecules in the
crude pyrolysis bio-oil will attract each other [52]. However, the dispersion of bio-oil can be
improved with addition of solvent candidates due to its amphiphilic properties, and thus
improving the phase separation of bio-oil. In this work, the phase stability analysis was carried
out by computing the tangent plane distance against the identified solvent candidates. Except
for 2-octanone, the remaining solvent candidates identified in both case 1 and 2 (octadecane,
1-octadecene and 1-tetradecene) were immiscible with pyrolysis bio-oil at their respective
solvent ratio. This could be explained by the existence of non-polar hydrocarbon groups in
the solvent molecule. Figure 2 illustrates the Gibbs energy and tangent plot for 2-octanone-oil
blend. The X-axis of the graph represents the mass fraction of 2-octanone solvent in solvent-oil
blend, while the Y-axis indicates the calculated Gibbs Energy. As shown in Figure 2, the blend
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of 2-octanone and pyrolysis bio-oil is stable and demonstrated homogenous single-phase as
the tangent line was completely plotted below the Gibbs energy curve. This may be due to
the polar carbonyl (C=O) functional group found in the 2-octanone which helps in promoting
the miscibility of the solvent-oil blend. As the final solvent-oil blend was expected to be
homogenous while demonstrating promising properties, it can be concluded that solvent-oil
blend with 85 wt.% of 2-octanone is the most promising blend with HHV of 37.11 MJ/kg and
profit of USD 122.77/tonne of blend.
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3.3. Economic Study on the Bio-Oil-Diesel Blend

Based on the optimal solvent-oil blend identified in the previous section, an economic
analysis was carried out to investigate the relationship between the ratio of bio-oil-diesel
blend, the price and HHV of the bio-oil-diesel. The blend of bio-oil and petroleum diesel
was commonly referred to as BX, where X refers to the volume percent of bio-oil in the
blend. For example, B5, B10 and B100 consist of 5%, 10% and 100% bio-oil, respectively.
Generally, bio-oil-diesel blend has a lower energy content and higher fuel consumption as
compared to that of the conventional diesel. Although the bio-oil-diesel blend provides
sufficient environmental advantages, the price of this blend is costlier than the conventional
diesel fuel. As of September 2021, the average price of diesel around the world is USD
1.07 per litre [53]. Meanwhile, the energy content of the conventional diesel fuel generally
ranged between 44 to 48 MJ/kg [54]. From the results obtained, the price of 2-octanone-oil
blend was observed to cost USD 6249.38 per tonne of solvent-oil blend, with a HHV of
37.11 MJ/kg. Table 8 summarises the price and HHV of the solvent-oil blend and diesel
fuel used in this study.

Table 8. Price and HHV for both solvent-oil blend and diesel fuel.

Properties Price (USD/Tonne) HHV (MJ/kg)

Solvent-oil blend 6249.38 37.11
Diesel fuel 1258.82 46.00

Figure 3 illustrates the effects of solvent-oil blend ratio on the price and HHV of the
bio-oil-diesel blend. It was observed that as the ratio of solvent-oil blend increases, the price
of bio-oil-diesel blend increases proportionately. However, the HHV of the bio-oil-diesel
blend decreases as the amount of solvent-oil blend increases. In this study, biodiesel with
HHV of 40 MJ/kg was used as benchmark to determine the desired ratio of solvent-oil-
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diesel blend. As shown in Figure 3, blending with at least 40 wt.% of diesel fuels, or
60 wt.% of solvent-oil blend was required to generate bio-oil-diesel with HHV of at least
40 MJ/kg. However, blending with 60 wt.% solvent-oil blend will cost approximately USD
4.2 K per tonne bio-oil-diesel, which is equivalent to a 3.4-fold increase as compared to pure
diesel fuel. To be competitive with conventional diesel fuel, substantial subsidies and tax
incentives from government are crucial. In addition, the demand for bio-oil-diesel could
be stimulated with the introduction of legislation mandating the blending of biofuel in
conventional diesel fuel, thus making the bio-oil-diesel demand independent of the diesel
fuel price [55].
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4. Conclusions

A CAMD framework was developed to design solvent molecules that can upgrade the
properties of bio-oil upon blending, while achieving a low mixing ratio with pyrolysis bio-
oil and maintaining profitability. At the initial stage, the requirements of the solvent and
solvent-oil blend were identified and translated into target properties. Suitable property
prediction models were used to build the structures of 32 promising solvent molecules.
In the second stage, a MOO model was developed to investigate the trade-off between
high HHV and high profitability of the solvent-oil blend. The HHV and profitability of
the solvent-oil blend were optimised simultaneously via the fuzzy max-min aggregation
approach. Meanwhile, a pricing model was introduced to evaluate the profitability of
the solvent-oil blend. In addition, a pyrolysis plant was proposed to aid the estimation
of pyrolysis bio-oil production cost. Solvent-oil blend with octadecane, 1-octadecene, 1-
tetradecene and 2-octanone demonstrated positive performance in terms of functionality
and economical. Among the four solvent-oil blends, the blend with 85 wt.% of 2-octanone
was selected as the most promising solvent-oil blend with a HHV of 37.11 MJ/kg and
profit of USD 122.77/tonne of blend, while displaying other desirable attributes. As a
conclusion, the developed framework in this work can be applied in the design of bio-oil
solvents with different bio-oil types and compositions. However, financial and legislative
supports from government are also critical in the commercialisation of bio-oil-diesel blend.
In addition, further upgrading of bio-oil via other approaches than solvent addition needs
to be considered to add value on this developed framework. It is recommended that the
stability of said blends be experimentally verified and the results to be validated. Further
investigation on the life cycle sustainability assessment is recommended to compare the
sustainability to conventional diesel fuel.
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Appendix A

Table A1. Property prediction models and mixing rules.

Property Property Prediction Model

Normal boiling point, Tb (K) [34] exp
(

Tb
Tb0

)
= Σi NiTb1,i

Tb0 = 222.543 K

Normal melting point, Tm (K) [34] exp
(

Tm
Tm0

)
= Σi NiTm1,i

Tm0 = 147.450 K

Dynamic viscosity, µ (mPa.s) [56] ln(µ) = Σi Niµ(1,i)

Kinematic viscosity, ν (mm2/s) ν = 1000×
(

µ
ρ

)
Molar volume, V1 (m3/kmol) [57]

V1 − d = Σi Niν1i
d = 0.01211 m3/kmol

Density, ρ (kg/m3) ρ = Ni Mi
V1

Flash Point, FPT (K) [58] FPT−180.594
23.3514 = Σi NiFPTi

Higher Heating Value, HHV (MJ/kg) [59] HHV = Σi Ni Hi
Σi Ni Mi

Mixing Rules

Kinematic viscosity ln(νmix) = Σixi ln(νi)

Density 1
ρmix

= Σi

(
xi
ρi

)
Higher heating value HHVmix = Σixi HHVi

Table A2. Pyrolysis bio-oil properties.

Property Values

Moisture content 16 wt.%
Kinematic viscosity 17.4 mm2/s

Higher Heating Value 19.0 MJ/kg
Density 1150 kg/m3

Components Mole Fraction

Phenol 0.62
2,6-dimethoxyphenol 0.11

2-methoxyphenol 0.11
Furfural 0.08

1,2-benzenediol 0.08
Acetic acid 0.07
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Table A3. The functional groups considered for the solvent molecular design.

Family Functional Group

Alkanes CH3, CH2, CH, C
Alkenes CH2 = CH, CH = CH, CH2 = C, CH = C

Aromatics aCH, aC− CH3, aC− CH2, aC− CH, aC− C, aC− CG = CH2, aC− CH = CH,
aC− C = CH2, aC−OH

Alcohols OH
Ketones CH3CO, CH2CO

Aldehydes CHO
Esters CH3COO, CH2COO, CHCOO, CCOO
Ethers CH3O, CH2O, CHO

Carboxyl COOH, aC− COOH
Nitriles CH3CN, CH2CN, CHCN, CCN, aC− CN
Amides CONHCH3, CONHCH2, CON(CH3)2

Table A4. Cost of solvent candidates.

No. Compound Name Cost (USD/g Solvent)

S1 1-Pentanol 0.09
S2 1-Hexanol 0.40
S3 1-Octanone 0.07
S4 Octanal 0.45
S5 Hexyl acetate 0.26
S6 Pentyl propionate 0.04
S7 Phenylacetaldehyde 0.22
S8 Benzyl Acetate 0.07
S9 2-Nonanone 0.24

S10 1-Nonanal 0.48
S11 Hexyl propionate 0.12
S12 Benzyl acetone 0.12
S13 Decanenitrile 0.70
S14 Octyl acetate 0.09
S15 Hexyl butyrate 0.49
S16 4-tert-Butyltoluene 0.13
S17 2-Undecanone 0.13
S18 Undecanal 0.24
S19 Nonyl acetate 0.22
S20 Undecane 0.26
S21 1-Dodecene 0.28
S22 Dodecanal 0.15
S23 Dodecane 0.22
S24 N-Tridecane 0.57
S25 1-Tetradecene 0.04
S26 Tetradecane 0.33
S27 N-Pentadecane 0.58
S28 1-Hexadecene 0.19
S29 N-Hexadecane 0.21
S30 N-Heptadecane 0.41
S31 1-Octadecene 0.06
S32 Octadecane 0.04

Phase Stability Analysis

To estimate the activity coefficients in non-ideal liquid mixture, group contribution
estimation approach developed by [60] was applied. In this work, the GC prediction model
combines the solution-of-functional-groups concept with a model for activity coefficient
based on UNIQUAC. In a multi-component mixture, the UNIQUAC equation for the
activity coefficient of component i is given by:

ln γi = ln γC
i + ln γR

i (A1)
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In Equation (A1), C represent the combinatorial part while the residual part is denoted
as R. Here, Equations (A2) and (A3) calculates the value ln γC

i and ln γR
i :

ln γC
i = ln

φi
xi

+ 5qi ln
θi
φi

+ li −
φi
xi

∑
j

xjlj (A2)

ln γR
i = ∑

k
v(i)k (ln Γk − ln Γ(i)

k ) (A3)

Equations (A4)–(A11) represents the calculation for terms in Equations (A2) and (A3):

lj = 5(ri − qi)− (ri − 1) (A4)

φi =
rixi

∑j rjxj
(A5)

θi =
qixi

∑j qjxj
(A6)

ri = ∑
k

v(i)k Rk (A7)

qi = ∑
k

v(i)k Qk (A8)

ln Γk = Qk

[
1− ln ∑

m
ϑmψm,k −∑

m

ϑmψm,k

∑n ϑnψn,m

]
(A9)

ϑm =
QmXm

∑n QnXn
(A10)

ψm,n = − exp
( amn

T

)
lj = 5(ri − qi)− (ri − 1) (A11)

where γi = activity coefficient of component i,
φi = segment fraction (volume fraction) of component i,
θi = area fraction of component i,
xi = mole fraction of component i,
ri = pure component molecular van der Waals volume parameter,
qi = pure component molecular surface areas parameter,
vk

(i) = number of groups of type k in molecule i,
Rk = group volume parameters,
Qk = group area parameters,
Γk = group residual activity coefficient,
Γk

(i) = residual activity coefficient of group k in pure component i,
ϑm = area fraction of group m,
ψm,k = group interaction parameter,
Xm = mole fraction of group m in the mixture,
am,n = group interaction parameters obtained from experimental phase equilibrium data.
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