
BMC Chemical EngineeringGuan et al. BMC Chemical Engineering            (2019) 1:24 
https://doi.org/10.1186/s42480-019-0024-6
RESEARCH ARTICLE Open Access
Economic feasibility of gasoline production

from lignocellulosic wastes in Hong Kong

Weixiang Guan1†, Sim-Ying Chua2†, Chi-Wing Tsang2* , Xiao Chen1, Carol Sze Ki Lin3*, Raymond Sze Wai Fu2,
Haoquan Hu1 and Changhai Liang1*
Abstract

In this study, the conceptual process flowsheet was developed and the economic feasibility of woody biomass
conversion to biofuel as feedstock was analysed by considering several promising experimental processes for lignin
depolymerization, such as hydrodeoxygenation and hydrogenolysis, along with lignocellulosic biomass fractionation
processes. The engineering simulation process toward the commercial production of bio-gasoline from
lignocellulosic biomass using SuperPro Designer® was modeled. The compatibility of the end products with the
current gasoline specifications was evaluated and various blending options were investigated to meet the octane
number and Reid vapor pressure requirement of the product. The economic potential of the simulated engineering
process was then evaluated from an economic perspective. The operating costs and capital investment of three
scenario using three different catalytic systems were estimated and discussed to assess of the potential of
commercializing of woody biomass valorization process. The main potential market segments were identified,
including the process by-products such as xylose and cellulose pulp. From the economic evaluation study, it was
found that selling the biomass fractionation products alone does have a greater profit than valorization of lignin to
produce bio-gasoline, with net present value of RMB 22,653,000 and RMB 177,000, respectively at the same return
on investment if the plant is set up in Hong Kong. It was also found that catalysts play a pivotal role in
determination of the profitability in the valorization process, not only because of the price of the catalyst, but also
the product distributions obtained with various types of it. To obtain the same gross profit, the sale price of bio-
gasoline has to be set higher with platinum catalysts than with ruthenium catalysts (nearly 10 folds). Thus, catalyst
development and process improvement are crucial in the establishment of bio-based circular economy.
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Background
Technological advancements in conventional and renew-
able energy production processes has changed people’s
lifestyle. A growing global population coupled with
higher purchasing power has driven global industries to
adapt to higher energy demands and to explore emer-
ging renewable and alternative energy. This applies to
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refinery industry and petrochemical manufacturing units
which have been essential in supplying the world with
chemicals and providing fuels for energy and transporta-
tion, since the exploration and use of renewable energy
could sustain the ever-increasing energy needs. In Hong
Kong, only a small amount of renewable energy is do-
mestically produced [1], in which the major types of re-
newable energy are biodiesel and biogas from food
wastes, wind energy and solar energy. In 2015, a total of
1899 TJ of renewable energy was produced and utilized
by the consumers [1]. Over 80% of this energy was pro-
duced as biogas and only about 12% was sourced from
biodiesel. Obviously, other types of renewable energy
and resources could be explored, such as bio-gasoline
and especially those can be derived from waste re-
sources. Among the many different wastes in Hong
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Kong, lignocellulosic waste is probably is one of the less
studied but is full of valuable resources. According to
the “Monitoring of Solid Waste in Hong Kong” reports
published by the Environmental Protection Department
[2], the daily average of wood/rattan waste that ended
up in landfills in 2017 was about 330 t, and it could
reach up to 600 t due to the incomplete records on ac-
tual bulky waste flow [3]. There were used to be a few
wood recycling and treatment companies in Hong Kong
where old crates were refurbished for reuse and wood
waste was shredded into wood chips for export overseas
for further recycling operation. However, these wood re-
cyclers ceased to operate due to financial reasons. In
2017, the waste wood recycling rate was less than 1%.
Wood is composed of valuable resources including cellu-
lose, hemicellulose and lignin. Therefore, successful re-
covery of these components can provide high economic
returns if wood waste is properly recycled and reused,
particularly if they can be chemically converted and
valorised.
Valorization of lignocellulosic biomass to produce

valuable chemicals and fuels, which is also known as the
second-generation biorefinery, has been increasingly rec-
ognized as a sustainable and renewable solution to re-
duce dependence on fossil resources. One successful
example is the development of cellulose to bioethanol
using various biocatalysts, seemingly better alternative to
the commercial corn and sugarcane to ethanol process
due to direct competition for food consumption [4].
Commercial and demonstration plants that turn wood
scraps into ethanol have been either established or are
being constructed by several chemical companies [5–
10]. According to a number of recent studies, enzymatic
hydrolysis of lignocellulosic biomass to ethanol and fuels
has found to be generally economically feasible [11–23].
However, its operability at full capacity has not yet been
attained due to a number of technical and economical
hurdles [24]. Stable supply of biomass feedstock, trans-
port, pre-treatment/pre-processing [25] and enzyme cost
[26] are issues that have yet to be addressed. While the
first two issues can be rather regiospecific, the pre-
treatment issue can be tackled by research and develop-
ment efforts. Without good comparisons of the eco-
nomic and technical performance of different processing
options, pre-treatment at scale could still be the major
hurdle towards commercialization [25].
Pyrolyzed oil is considered as one of the most abun-

dant, globally available resource that exhibits itself as an
alternative for production of a wide variety of liquid
fuels and chemicals. While hydrogenolysis is useful in
deploymerizing lignocellulosic biomass into phenolic
monomers, hydrodeoxygenation (HDO) is particularly
useful in upgrading and oxygen removal of lignocellu-
losic biomass feedstocks such as pyrolysis bio-oil which
is derived from fast pyrolysis of biomass. During the up-
grading process, HDO increases thermal stability, lowers
oxygen contents and lowers viscosity of the products,
which is why it is regarded as one of the most effective
methods to convert lignin-derived bio-oil into renewable
oxygen-free hydrocarbon fuels [27–29]. For example,
lignin-derived diphenyl ether can be effectively hydro-
deoxygenated over bifunctional catalyst Ru/H-Beta.
Cyclohexane can be obtained in excellent yield by react-
ing phenolic monomers and dimeric model compounds
with bifunctional catalyst Ru/HZSM-5. For HDO of real
lignin macromolecules, Ru-based bimetallic catalysts
supported on Zeolite Y such as Ru-Ni/HY exhibited >
80% of softwood lignin conversion yield to hydrocarbons
[30], and Pt and Pd supported on Nb2O5 were also
found to be excellent catalyst in the HDO of birch lignin
to produce aromatics and naphthenes [31]. Although the
HDO of lignocellulosic biomass had been extensively
studied, the economic potential of such technology was
relatively unexplored. We are aware of several thermo-
chemical technologies to convert lignocellulosic biomass
into biofuels that are in the process of
commercialization, such as the Virent’s Bioreforming®
[32–36] and the National Advanced Biofuels Consortium
[37]. Although they utilize lignocellulosic biomass as the
feedstock, the technology involves many multi-steps of
conventional chemical processes such as distillations
which may not be economically sound. We are particu-
larly interested in the direct conversion of lignin [30,
38–51] and woody biomass [52–54] by HDO to blend-
stocks and then directly blending them as drop-in bio-
fuels to minimize the process steps. Several researchers
found on direct lignin conversion to blendstocks are
promising [44, 54]. For example, Shao and co-works ex-
plored the direct lignin upgrading over Ru/Nb2O5 and
an exceptional C7-C9 arenes selectivity of 71 wt.% was
achieved. High conversion of woody biomass to paraffins
and naphthenes could be achieved using Pt/NbOPO4

solid acid catalysts in cyclohexane at a pressure of 5
MPa. In such conditions, the aromatics were highly hy-
drogenated and not many aromatic products were
retained, hence, the liquid alkanes will need to be
blended with additional aromatics for gasoline produc-
tions. In this study, we have also devised another Pt
catalytic system for the degradation of lignin with reten-
tion of aromatics contents for drop-in bio-fuel modelling
study.
In our team’s effort to convert lignin to fuels in the

gasoline range, we have developed a series of catalysts
which can convert lignin and lignin-derived model che-
micals into the gasoline fuel range [55–59]. The “drop-
in biofuels” concept by fermentation of lignocellulosic
biomass to bio-fuels with less oxygen contents and
higher energy density is another attractive option
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compared to ethanol [60, 61], however the production
cost and technical hurdles could be much higher. Cata-
lytic depolymerization of biomass by metal catalysis is
one of the mainstreams of study for biomass valorization
and it is a potential technology for “drop-in biofuels”.
Numerous studies have been done to study on the het-
erogeneous [62, 63] and homogeneous [64–66] catalyses
to convert cellulosic and lignin compounds into high-
value chemicals and fuels. An important aspect of these
studies is the direct conversion of woody biomass into
fuel components in the various fuel range [52–54], in
which no chemical pre-treatment nor separation of raw
woody biomass was necessary, and it should be of high
potential for commercialization. Therefore, further eco-
nomic evaluation in catalytic hydrodeoxygenation for
biomass refinery is necessary. Recent studies on techno-
economic analyses of biomass to fuels have been re-
ported extensively. These include the biomass to
bioethanol [11, 12, 14, 15, 17, 19, 21, 67–69], synthetic
fuels from biomass-derived levulinic acid [70, 71], bio-jet
fuel from biomass [16], biodiesel from biomass [20, 72–
74], microalgae biorefinery [75], biomass gasification
[76], biogas production [77] and biomass fractionation
[78]. The aim of this study is to develop a process which
converts the raw woody biomass into bio-blendstocks
using catalytic depolymerization technology, which
could be integrated as part of the conventional petrol-
eum refinery processing, such as blending with refor-
mate, or oxygenated chemicals to produce bio-gasoline.
This offers a green and sustainable approach for current
traditional petroleum refineries to incorporate renewable
feedstocks into their existing plants and facilities, thus
mitigating carbon emission and relying less on fossil
fuels at the same time. Herein, a process for the conver-
sion of wood to bio-gasoline which could be fit into the
current conventional petroleum production plant to
achieve the goal of sustainable development and carbon
emission reduction is reported. Sensitivity analysis was
performed to investigate the major parameters which
could be critical to such technology development.

Results
The process consists of pre-treatment and lignin extrac-
tion, hydrodeoxygenation/hydrogenolysis process and
the final blending with butane, ethanol and reformate
(RON = 95), etc. to produce a bio-gasoline that is com-
patible with the current uses of gasoline. The complete
process flow sheet was shown in Fig. 1.
SuperPro Designer® process simulator has been exten-

sively used in modelling, evaluation and optimization of
integrated biomass conversion process, especially for the
first generation of biorefinery, such as bioethanol pro-
duction [11, 14, 17, 19, 22, 67, 69], biodiesel production
[72], food waste valorization [79], microalgae biorefinery
[75], bio-jet fuel production [73, 74], biogas production
[77], hydrogen production from bio-methane [80]. Most
of these processes are biochemical or fermentation pro-
cesses. It is handy to get an approximate cost of equip-
ment and plant operating cost using this simulator. In
this study, the economic viability of different scenarios
using different catalysts can be quickly assessed. Sensi-
tivity analysis was performed to assess which parameters,
such as catalyst cost, prices of feedstocks and products,
have a greater impact on the plant’s profitability (see
Additional file 1 Section F for details).
The process design was estimated to run 22 batches

per year. This simulation design analyses the production
of bio-gasoline at a feed rate of 100,000 kg/batch woody
biomass. Our simulation was entirely based on a batch
process mode. This process design has been divided into
five sections: 1) pre-treatment and fractionation of
woody biomass cellulose; 2) pulp extraction; 3) lignin ex-
traction and conversion process into liquid alkanes; 4)
xylose recovery; 5) gasoline blending. By using SuperPro
Designer® software for process engineering design, each
portion of the processes were described in the following
section. Detailed stream data were provided in the Add-
itional file 1 section.

Process description
This simulation design analyses the production of bio-
gasoline produced at a process rate of 10,000 kg/batch of
woody biomass. Our simulation is based on a batch
process mode. This process design has been divided into
four sections:

Section 1: Pre-treatment and Fractionation of Woody
Biomass
Section 2: Cellulose pulp extraction
Section 3: Hemicellulose isolation
Section 4: Lignin extraction and conversion process
into liquid alkanes/aromatics

Section 1: pre-treatment and fractionation of Woody
biomass
Wood chips were delivered to the plant primarily via
trucks. As the trucks enter the plant they were conveyed
(BC-101 and SC-101) at a rate of 10,000 kg/batch
through a grinder (GR-101) for size reduction and a re-
actor (R-101) for fractionation of lignocellulosic biomass
into hemicellulose, cellulose and aromatic polymer lig-
nin. The fractionation section was based on the labora-
tory experiment conducted by Thorstein and co-workers
[81]. Oxalic acid catalyst was used to selectively
depolymerize the carbohydrate polymers, namely hemi-
cellulose and cellulose together with the biphasic solvent
(water and 2-methyltetrahydrofuran). The stoichiometry
for this reaction is based on weight fraction. The



Fig. 1 Proposed process flowsheet of the Ashwood conversion to bio-gasoline using Amberlyst-15/5wt%Pt/CNTs (Case IV in this study). For the
cases using Ru/Nb2O5 and Ru/C, the flash drum operation unit was omitted (Please refer to the Additional file 1). The flowsheet was separated
into five main sections: the woody biomass fractionation process; the cellulose pulp production; procedure for xylose production; the lignin
isolation and hydrodeoxygenation process; and finally, the separation and blending procedures
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stoichiometric coefficients are derived from calculation
of mass of reactants and products involved together with
100% of extent of reaction assumed.
In this case, 100% of woody biomass was consumed

for the conversion. Part of the oxalic acid crystal was
originated from the crystallization of oxalic acid during
the recycle.

100 Woody Biomass ➔ 28 Cellulose Pulpþ 21 Lignin
þ 30 Waterþ 21 Xylose wt:fractionð Þ

The operation is heated at 150 °C and pressurised to
15 bar for 10 min at a working volume of 90%. This frac-
tionation process yields an aqueous solution of hemicel-
lulose sugars (in the form of xylose), a solid cellulose
pulp, and a lignin fraction dissolved in the organic solv-
ent. S-102, S-103, S-104, S-106, S-112 were involved in
this part of the whole process.

Section 2: cellulose pulp extraction
The effluent of the fractionation reactor was separated
into three streams, cellulose pulp stream, hemicellulose
stream and lignin stream. For the lignin stream, process
explanation will be provided in the third section, i.e. lig-
nin extraction. In this section, the cellulose pulp extrac-
tion from the stream that comprises of water, solid
residue of cellulose pulp, and 2-methyltetrahydrofuran.
S-108, S-115, S-120 were involved in this part of the
whole process. Since the stream was heated in the frac-
tionation reactor, it needed to be cooled down before
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further drying. The cooling agent utilized in the process,
calcium chloride (CaCl2), was used to control the efflu-
ent exit temperature at 25 °C. CaCl2 brine has a good
heat transfer coefficient, which makes it an energy effi-
cient option. The resultant stream is further processed
in a drying drum to extract cellulose pulp from the fil-
trate, which contains water, oxygen, nitrogen and 2-
methyltetrahydrofuran.

Section 3: hemicellulose isolation
In this section, we intended to extract the lignin com-
position with the purpose to transform it into bio-
gasoline. The lignin stream after the fractionation
process comprised of lignin dissolved in biphasic sol-
vents (i.e. water and 2-methyltetrahydrofuran), oxalic
acid and water-soluble xylose. The stream was sent to
decanter tank (P-7/V-101) where two immiscible liquid
phases were separated. The light phase stream comprises
of the biphasic solvent, oxalic acid, water and xylose. A
series of process units were assigned (i.e. evaporator, re-
crystallisation tank, Nutsche filtration tank) to recover
the light phase stream which could then be reused in the
fractionation process. An evaporator (P-8/EV-101), using
steam as a heating agent evaporate the major part of the
2-methyltetrahydrofuran into vapor state in forward feed
flow. Evaporated 2-methyltetrahydrofuran was recircu-
lated to the mixing bowl (P-10/MX-101for reusing in
the fractionation reactor (P-4/R-101). On the other side,
the resultant liquor from the evaporator was first passed
through a gate valve (P-12/GTV-101) to reduce the pres-
sure of the flow followed by cooling unit (P-13/HX-101)
to lower the temperature to 4 °C. It was then transferred
to a vessel (P-14/R-102) for oxalic acid crystallization
process. The crystallization process was set at 1 h with a
final exiting temperature of 4 °C. Glycol was used as a
cooling agent with a working volume of 90% and a pres-
sure of 1.013 bar. Assuming that 98% of crystallization
yield, a remaining 2% of aqueous oxalic acid was
retained in the effluent, which was then transferred into
a Nutsche Filtration Tank (P-15/NFD-101) for oxalic
crystal filtering process that was set for 4 h with a loss of
drying at 0.5%. Acetone was provided at a rate of 156
kg/batch for washing purpose. The resultant cake (i.e.
crystalized oxalic acid and acetone) was directed into a
drum dryer (P-17/DDR-104) to dry the oxalic acid crys-
tals for reuse in the fractionation process. At the same
time, another drum dryer (P-16/DDR-103) was
employed to separate the xylose from organic biphasic
solvent for further application.

Section 4: lignin extraction and conversion process into
liquid alkanes
The organic heavy phase stream comprised of lignin and 2-
methyltetrahydrofuran at a total flow rate of 493.5 metric
ton/batch at 25 °C. A drum dryer (P-9/DDR-102) heated at
70 °C was applied to extract the lignin component from the
organic phase of 2-Methyltetrahydrofuran with the use of
steam. The resulting 2-methyltetrahydrofuran could be
recycled and reused in the fractionation process, by redir-
ecting it to the mixing tank (P-10/MX-101). The amount of
lignin recovered directly after drying was assumed to be
100% in our case from an average woody biomass compos-
ition of 27% extracted lignin from an average ash wood.
The lignin stream was cooled to 25 °C before it was con-
veyed using a pneumatic conveyor (P-20/PC-101) and ul-
timately blended with 1 wt.% of Ru/Nb2O5 catalyst in
reactor (P-22/R-103). Ru/Nb2O5 catalyst had excellent
performance in simultaneous depolymerization and hydro-
genolysis of raw lignin via cleavage of C-O-C bonds in the
lignin network and selectively cleavage of aromatic carbon-
OH bonds in phenolic compounds [44]. The hydrodeoxy-
genation was conducted at 240 °C and pressurized to 7 bar
with hydrogen. The simulated reaction was set at 30% ex-
tent of reaction and based on the stoichiometric equation
(Eq. 1) below:

Lignin ➔ 0:15 Ethyl Cyclohexane
þ 0:31 Ethylbenzene
þ 0:02 Methyl Cyclohexane
þ 0:12 Propyl Cyclohexane
þ 0:30 Propyl benzeneþ 0:10 Toluene ð1Þ

Here, the weight of the products was estimated on the
basis of production of one mole of water per mole of or-
ganic molecule formed during hydrodeoxygenation. To be
specific, the reaction over the Ru/Nb2O5 reached a total
mass yield of 30.06 wt.% for liquid hydrocarbons. Due to
the high durability of Ru/Nb2O5 catalyst, it could be reused
for hydrodeoxygenation process. This could be done by
skimming the top liquid hydrocarbon layer from the
catalyst-dissolved water. Globe valve was opted to perform
pressure drop on the stream to 1 bar. The rest of the liquid
hydrocarbons is blended with reformate (RON = 95), bu-
tane, isopentane plus n-octane and methyl-t-butyl ether
(MTBE) at 1537.9 kg/batch, 960 kg/batch, 2177.6 kg/batch
and 1924 kg/batch, respectively in a batch reactor and
cooled at − 1 °C upon exiting. Hydrocarbon composition of
a reformate was chosen from the data reported by Karakuts
and co-workers on their research of reformate fraction-
ation [82]. One of the controlling gasoline blending specifi-
cations is Reid Vapor Pressure (RVP). We used butane and
n-octane which can alter the RVP in order to attain an ac-
ceptable value. While MTBE was used as an oxygenate to
regulate the octane number.

Blending and specification of biomass-based gasoline
Reformulated gasoline (RFG) under different consider-
ations are evaluated in this section. Through a
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qualitative case study, these cases were examined to
study the compatibility of the product with the regula-
tions for transportation fuel in Hong Kong. Since Hong
Kong has no refinery industry nor oil reserves, fuel sup-
ply is met by imports from multinational oil companies.
The current selection of gasoline specifications in Hong
Kong were shown in Table 1. For most of the cases,
Hong Kong has adopted standards that are based on
European Union V fuel quality specifications [83].
In Hong Kong, Euro IV standards of motor vehicle

diesel and unleaded petrol was implemented in 2002
and 2005, respectively. To further reduce vehicle emis-
sions, Euro V was implemented in July 2010 for all
motor vehicle fuels. The major difference between Euro
IV and Euro V motor vehicle fuels (i.e. for both diesel
and petrol) is the tightening of the cap on sulphur con-
tent from 0.005 to 0.001%.
The aim of this study is to convert the lignin into

gasoline with bio-based components of 40–45 wt.% and
blended with gasoline additives necessary to meet the
current gasoline specifications and meet the octane
number of no lesser than 87 in order to resist premature
ignition in the engine combustion chamber [84]. The
main route for the biomass to hydrocarbon processes in-
clude OrganoCat® fractionation, lignin processing
(hydrodeoxygenation/hydrogenolysis) and the ultimate
blending with butane and ethanol to increase the octane
number. Case I represents the baseline product from
HDO as a result based on our simulation and reference
articles. Case II represents the simulation without the
HDO process. Case III illustrates the addition of ethanol,
Table 1 Current selection of gasoline specifications in Hong
Kong

Characteristics Unit Limit
(Standard
gasoline)

Test method

RON, min 95 EN 25164

MON, min 85 EN 25163

Reid Vapor Pressure @37.8 °C, max kPa 60 EN12

Benzene, max vol% 1.0 EN 12177

Aromatics, max vol% 35 ASTM D1319

Sulphur, max ppm 10 ISO 14596

Olefins, max vol% 18 ASTM D1319

Oxygen, max wt.% 2.7 EN 1601

Oxygenates

Ethers, max vol% 15 EN 1601

Methanol, max vol% 3 EN 1601

Ethanol, max vol% 5 EN 1601

Tert-butyl alcohol, max vol% 7 EN 1601

Others, max vol% 10 EN 1601
benzene, MTBE, butane, toluene and reformate (RON =
95) using Ru/C as a catalyst for the HDO process. Case
IV represents the experimental data of biomass conver-
sion using a Pt/CNTs with Amberlyst-15 catalyst for
hydrogenolysis to evaluate the product compatibility.

Case I (HDO using Ru/Nb2O5 as catalyst)
The blending of the resultant HDO process of lignocel-
lulosic biomass with butane would likely increase the
RVP gasoline in order to meet the Hong Kong RVP re-
quirement of 60 kPa. Based on the physical constants of
paraffins, 372 kPa was used as the butane RVP, since it
is the listed vapor pressure at 37.8 °C for n-butane. With
these assumptions, the butane was blended at 0.22%
with 9.45 psi gasoline (ethanol included), the resultant
blend RVP was around 53.48 kPa. The octane number
calculated in this case was 91.2 which falls into the Pre-
mium Gasoline category.
Oxygenate blending adds oxygen to the fuel in

oxygen-bearing compounds such as MTBE, ETBE and
ethanol with the purpose to increase the octane number
and reduce the amount of carbon monoxide and un-
burned fuel in the exhaust gas, thus minimizing smog
formation. In Hong Kong, the current gasoline selection
for oxygen content is set at 2.7 wt.% in order to reduce
smog and other airborne pollutants. The resulting fuel is
often known as reformulated gasoline (RFG) or oxygen-
ated gasoline.

Case II (without further lignin processing)
This case was conducted using Ru/Nb2O5 with the con-
sideration of selling the fractionated biopolymers as raw
materials for other chemical applications.

Case III (HDO using Ru/C as catalyst)
This case was simulated according to the report pub-
lished by Shao and co-workers on the product yield of
direct HDO [44]. Compared with the Ru/Nb2O5 case,
this conversion using Ru/C only yielded exclusively
alkylcyclohexanes, such as methylcyclohexanes, ethylcy-
clohexanes and propylcyclohexanes. The RVP and ON
after blending were calculated as 48 kPa and 92.2 (pre-
mium grade gasoline), respectively.

Case IV (Hydrogenolysis using Pt/CNT catalyst with
Amberlyst-15)
Several research teams reported the direct conversion of
woody biomass with promising precious metal and lay-
ered catalysts without biomass pre-treatment. Xia et al.
reported the one pot direct conversion of raw woody
biomass into gasoline component in high yield using a
type of Pt catalyst on solid acid support [54]. One prom-
ising aspect of this conversion was that the product
components were quite clean, which consisted mostly of



Table 2 Catalysts and additives used in different case studies

Case Type of Catalyst Lignin processing Additives

I Ru/Nb2O5 Yes ethanol, benzene, MTBE, butane, isopentene, n-octane, reformate (RON = 95)

II NA No NA

III Ru/C Yes ethanol, benzene, MTBE, butane, toluene, reformate (RON = 95)

IV Pt/CNTs with Amberlyst-15 (this work) Yes ethanol, butane, cyclohexane and methylcyclohexane
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pentanes, hexanes and alkylcyclohexanes, in a maximum
of 28.1 wt.% total liquid alkanes yield. Liu et al. devel-
oped a very promising biomass degradation and
valorization process of raw woody biomass using Ru/C
and layered LiTaMo6 catalysts under inorganic acid con-
ditions for gasoline alkanes productions [52]. Apart from
deoxygenation reaction to produce fuels, Ford and co-
workers worked out a solution to convert woody bio-
mass into alcohols using metal-based catalysts such as
Cu [53]. In our effort for hydrogenation catalyst develop-
ment, we have developed a series of Pt/CNTs for the ef-
ficient hydrogenation of alkenes and alkynes [85]. In this
study, the Pt/CNTs was used with addition of polymeric
solid acid Amberlyst-15 to convert organosolv lignin in
26–29 wt.% yield. For the product distribution and their
corresponding composition, please refer to the Add-
itional file 1. Interestingly, a large number of aromatics
(26 vol%) was detected. It was also clearly observed that
oxygenate (1.5%) components were among the products
from our experiment and the result obtained was rather
similar to the products yield reported by Kong and co-
workers on their use of nickel-copper catalyst for alco-
holysis of Kraft lignin [86]. Hence, adequate aromatics
content in the products boosted the octane number
thereby blending with reformate (RON = 95) was not ne-
cessary in this case. Details of the additives for blending
Table 3 Specifications of the blended bio-gasoline

Compositions Case I Case II Case III Case IV

RVP (kPa, by ASPEN plus) 53.48 – 48 48.5

Density (kg/m3) 769.63 – 784 778.2

Specific Gravity 0.77 – 0.78 0.8

API gravity 52.27 – 48.88 46.49

RON 97.6 – 95.7 95

MON 84.8 – 85.7 87.2

Butanes (vol%) 9.24 – 8.39 –

n-paraffins (vol%) 19.74 – 10.87 –

i-paraffins (vol%) 3.03 – 4.72 –

Naphthene (vol%) 13.48 – 42.56 –

Benzene (vol%) 1 – 0.94 1

Aromatics (vol%) 34.26 – 29.82 35.16

Olefins (vol%) 8.93 – – –
for all the scenario were listed in Table 2. Table 3 sum-
marizes the specifications of the blended bio-gasoline in
all cases. In SPD modelling, the gasoline components
were flashed off in the flash drum to produce gasoline
component in the boiling point range of 50 - 220 °C as
shown in Fig. 1. The products were further blended with
pure naphthene, butane and ethanol to produce the final
gasoline product.

Economic evaluation
In considering the economic value of this model, there
are two types of situations: 1) the benefit of HDO/hydro-
genolysis valorization; 2) the impact of using different
catalysts. In the first instance, 2 scenarios are selected.
We looked at the economic performance of the pro-
posed Case I model as Scenario I and one with similar
process but without the HDO/hydrogenolysis process
that converts lignin into hydrocarbons as Scenario II,
which means that the revenue would therefore merely
come from the selling of the fractionation products,
namely xylose, lignin and cellulose pulp. The aim of this
comparison was to realize the benefit of lignin upgrading
and valorization. On the other hand, three different cata-
lysts, namely Ru/Nb2O5, Ru/C and Pt/CNTs/Amberlyst
were compared for their effects to the plant’s economics
with the consideration of additives to fulfill the require-
ment of the end product’s quality.

Capital cost estimation
The estimated capital cost consists of the fixed capital
investment and working capital. Fixed capital refers to
the investment made by the business for acquiring long
term assets. This is the only cost that was not recovered
at the end of project life time, other than the scrap value.
The fixed capital investment (FCI) includes the costs of
purchasing equipment, installation, piping, instrumenta-
tion and other related costs. For a preliminary economic
analysis, the purchase cost of equipment estimated here is
based on correlations provided by SPD (see Table 4). The
item, “cost of uninstalled item”, accounts for the cost of
secondary equipment that was not considered explicitly.
Installation cost of a piece of equipment included the

cost of foundations, supports and services. Together
with the other direct costs, these were estimated by
multiplying the purchase cost of equipment with Lang



Table 4 Bare equipment cost in Scenario I and Scenario II

Items Equipment
Code

Scenario I Scenario II

Unit Unit Cost
(RMB ¥)

Cost
(RMB ¥)

Unit Unit Cost
(RMB ¥)

Cost
(RMB ¥)

Equipment purchase costs

Belt Conveyor (Length:100m) BC-101 1 ¥ 1,850,000 ¥ 1,850,000 1 ¥ 1,850,000 ¥ 1,850,000

Grinder (Capacity: 6000 kg/h) GR-101 1 ¥ 1,275,000 ¥ 1,275,000 1 ¥ 1,275,000 ¥ 1,275,000

Screw Conveyor (Length:15m) SC-101 1 ¥ 765,000 ¥ 765,000 1 ¥ 765,000 ¥ 765,000

Stirred Reactor (Capacity: 112,914 L) R-101 1 ¥ 6,500,000 ¥ 6,500,000 1 ¥ 6,500,000 ¥ 6,500,000

Decanter Tank (Vessel Volume = 1200 L) V-101 1 ¥ 595,000 ¥ 595,000 1 ¥ 595,000 ¥ 595,000

Heat Exchanger (Area = 5m2) HX-101 1 ¥ 436,000 ¥ 436,000 1 ¥ 436,000 ¥ 436,000

Heat Exchanger (Area = 10m2) HX-102 1 ¥ 948,000 ¥ 948,000 1 ¥ 948,000 ¥ 948,000

Drum Dryer (Drum Area = 2m2) DDR-101 1 ¥ 552,000 ¥ 552,000 1 ¥ 552,000 ¥ 552,000

Drum Dryer (Drum Area = 1m2) DDR-102 1 ¥ 395,000 ¥ 395,000 1 ¥ 395,000 ¥ 395,000

Evaporator (Evaporator Area = 1m2) EV-101 1 ¥ 334,000 ¥ 334,000 1 ¥ 334,000 ¥ 334,000

Stirred Reactor (Capacity: 6000 L) R-102 1 ¥ 4,500,000 ¥ 4,500,000 1 ¥ 4,500,000 ¥ 4,500,000

Gate Valve (Valve ϕ: 0.28 cm) GTV-101 1 ¥ 7000 ¥ 7000 1 ¥ 7000 ¥ 7000

Nutsche Filter (Filter Area: 100 m2) NFD-101 1 ¥ 2,040,000 ¥ 2,040,000 1 ¥ 2,040,000 ¥ 2,040,000

Drum Dryer (Drum Area = 40m2) DDR-103 1 ¥ 972,000 ¥ 972,000 1 ¥ 972,000 ¥ 972,000

Drum Dryer (Drum Area = 1m2) DDR-104 1 ¥ 265,000 ¥ 265,000 1 ¥ 265,000 ¥ 265,000

Centrifugal Pump (Power: 5 kW) PM-101 1 ¥ 145,000 ¥ 145,000 1 ¥ 145,000 ¥ 145,000

Heat Exchanger (Area = 5m2) HX-103 1 ¥ 472,000 ¥ 472,000

Gate Valve (Valve ϕ: 0.28 cm) GTV-102 1 ¥ 7000 ¥ 7000

Stirred Reactor (Capacity: 78450 L) R-103 1 ¥ 5,500,000 ¥ 5,500,000

Blending Tank (Vessel Volume: 18455.68 L) V-102 1 ¥ 1,700,000 ¥ 1,700,000

Pneumatic Conveyor (Length: 150 m) PC-101 1 ¥ 816,000 ¥ 816,000

Globe Valve (Valve ϕ: 1.41 cm) GLV-101 1 ¥ 34,000 ¥ 34,000

Centrifugal Pump (Power: 5 kW) PM-102 1 ¥ 128,000 ¥ 128,000

Unlisted Equipment 1 ¥ 7,588,000 ¥ 7,588,000 ¥ 5,984,000 ¥ 5,984,000

Total Cost of Equipment ¥ 37,794,000 ¥ 27,563,000
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factors of SPD. Working capital was used to deploy the
financial resources in the day-to-day business operations.
The corresponding working capital costs were calculated
by multiplying the numbers of days by the correspond-
ing unit costs per day. The detail of the parameters for
this techno-economics study is described in Table 5.

Operation cost estimation
The operating cost to run a bio-gasoline production
plant is the sum of all ongoing expenses including raw
materials, labour, consumables, utilities, waste disposal
and facility overhead. Unit production cost can be ob-
tained by dividing the annual operation cost with the an-
nual production yield. The costs of raw material were
obtained from major chemical suppliers. The labour re-
quirement was estimated based on the local basic wages
at RMB 32.10 per hour [87].
The utilities usage was determined based on the ma-
terial and energy balance in SPD and the costs were esti-
mated from local utilities companies and online
databases [88–91]. The wastewater and solid waste treat-
ment costs were based on local regulations in Hong
Kong [92] while transportation fixed cost and variable
cost were set at RMB 24.3/m3·km and RMB 0.25/
m3·km, respectively with driving speed consideration of
64 km/hr. [93]. Flue gas (i.e. hydrogen gas, nitrogen and
oxygen) was flared at high temperature according to re-
quirements of safety and environmental management
and the cost was set at RMB 60/MT of emission [94].

Revenue
The revenue was generated from sales of products, in-
cluding the bio-gasoline, lignin, cellulose pulp and xy-
lose. A market price for xylose, cellulose pulps, lignin



Table 5 Parameters and financial assumptions for the techno-economic study

Items Estimation Assumption

Plant Location Hong Kong

Design Capacity 100,00 kg of wood per batch

Feedstock Ash Wood

Main Products Bio-gasoline

Capital Cost Capital cost = FCI + working capital

Direct Cost (DC)

Purchase Cost (PC) Listed Equipment Purchase Cost

Unlisted Equipment Cost 0.50 x PC

Piping 0.30 x PC

Instrumentation 0.40 x PC

Insulation 0.03 x PC

Electrical Facilities 0.10 x PC

Buildings 0.15 x PC

Yard Improvement 0.12 x PC

Auxiliary Facilities 0.25 x PC

Indirect Cost (IC)

Engineering 0.25 x DC

Construction 0.34 x DC

Contractor’s Fee 0.05 x (DC + IC)

Contingency 0.10 x (DC + IC)

Fixed Capital Investment (FCI) FCI = DC + IC

Working Capital 0.08 x FCI

Start-up cost 5% DFC

Annual operating cost Annual operating cost - total viable production costs + fixed charges + plant overhead

Total variable production costs

Raw materials From Mass Balance

Labour-dependant Hourly rate RMB ¥ 32.10

Utilities cost Steam: RMB ¥ 81/MT

Steam (high P): RMB ¥ 94/MT

CaCl2: RMB ¥ 530/MT

Glycol: RMB ¥ 235/MT

Freon: RMB ¥ 1.01/MT

Std Power: RMB ¥ 0.82/MT

Chemical Waste Disposal RMB ¥ 2984/MT

Industrial Wastewater Treatment RMB ¥ 502/MT (Sent offsite for treatment)

Transportation Facility Owned Truck

Quantity Dependant Cost RMB ¥ 24.3/ m3

Quantity and Distance Dependent Cost RMB ¥ 0.25/ m3km

Gas flaring RMB ¥ 60/MT

Equipment Maintenance & Repair 6% of DFC

Laboratory cost for QC and QA 15% of Total Labour Cost

Fixed charges

Depreciation (10-year straight line) 5% DFC

Insurance 0.1% DFC
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Table 5 Parameters and financial assumptions for the techno-economic study (Continued)

Items Estimation Assumption

Local Taxes 0.2% DFC

Factory Expenses 0.5% DFC

Laboratory, Quality Control & Quality Assurance Cost 10% TLC
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and bio-gasoline were set at RMB 45,000/MT, RMB 13,
000/MT, RMB 9000/MT and RMB 32,000/MT, respect-
ively. The selling price of lignin residue used as combus-
tion feedstock, which was due to incomplete
depolymerization of lignin, was estimated to be RMB1,
230/MT [95].

Profitability analysis
This study presented various economic indicators to
evaluate the economic profitability of the two scenarios.
The simplest indicator included gross profit, return on
investment and payback time. They were defined in the
following equations:

Gross margin ¼ gross profit
revenues

ð2Þ

Return on Investment ROIð Þ
¼ net profit per year

total investment
x 100% ð3Þ

Payback time ¼ total investment
net profit per year

ð4Þ

The annual gross profit was calculated by subtracting
the annual operating cost (AOC) from total annual reve-
nues whereas annual net profit was calculated as the an-
nual gross profit minus the annual income taxes plus the
depreciation. Other measures were also considered, such
as net present value (NPV), return on investment (ROI)
and internal rate of return (IRR). The average corporate
tax in Hong Kong was 16.5% [96], while the depreciation
of the fixed capital investment was calculated using
straight line method on 10 years lifetime with 5% salvage
value assumed. The NPV represents the total value of
future net cash flows during the lifetime of the plant,
discounted to reflect the time value of money. It was de-
fined in Eq. (5).

NPV ¼
XN

k¼1

NCFk

1þ ið Þk ð5Þ

The IRR is commonly used to indicate the efficiency
of an investment. It was calculated based on cash flows
before and after income taxes.
Discussion
The economic and technical assumptions described
above outlined the base case scenario of the simulated
organosolv process. Due to inherent uncertainties in
simulation studies, sensitivity analyses were carried out
in order to estimate the effect of changes for the major
parameters upon the economic performance for the
plant in both scenarios.
SuperPro Designer® enables users to modify the unit

operations, material compositions, volume and equip-
ment factors. The program also allows the user to key in
the mass and economic factors (i.e. selling price, pur-
chase price etc.) in order to determine the economic
feasibility of the industrial-scale process in the current
market. Apart from the process simulation as mentioned
above, SPD could also generate an economic report,
which is dependent on the capital costs, detailing the op-
erating costs and the purchase and selling prices of che-
micals. Some costs were not considered in this report,
such as environmental abatement cost. The estimation
of the capital and production costs for the production of
biofuel from lignocellulosic biomass are conducted using
the best available price for reagents, equipment and sup-
plying materials. For the economic analysis, Case I will
be evaluated for commercialization feasibility and to
compare with a case where HDO was not anticipated.
Furthermore, the effect on plant’s economics of Case III
and Case IV were also compared in the sensitive analysis
as a result of the use of different catalysts.

Capital investment
Table 4 presents the bare equipment cost for both sce-
narios. It was found that the bare equipment cost for
Scenario I (RMB 37,794,000) was 27% higher than that
of Scenario II (RMB 27,563,000) because equipment,
such as stirred reactor and blending tank, was required
for the bio-gasoline production where Scenario II did
not require this equipment since the fractionated prod-
ucts can be directly put onto the market for sale. It
should be pointed out that the cost of stirred reactors
contributed the largest portion of bare equipment cost,
with over 43% of the total equipment costs in both sce-
narios. Based on the process flow diagram, capital costs
including both fixed capital investment (FCI) and work-
ing capital for Scenario I and Scenario II are summa-
rized in Table 6.



Table 6 Total Fixed Capital Investment (FCI) of the Plant

Items Cost (RMB ¥)

Scenario I Scenario II

Equipment Cost ¥ 37,794,000 ¥ 27,563,000

Equipment Installation ¥ 10,170,000 ¥ 10,274,000

Process Piping ¥ 11,338,000 ¥ 8,269,000

Instrumentation and Controls ¥ 15,117,000 ¥ 11,025,000

Insulation ¥ 1,134,000 ¥ 827,000

Electrical Systems ¥ 3,779,000 ¥ 2,756,000

Buildings ¥ 5,669,000 ¥ 4,134,000

Yard Improvements ¥ 4,535,000 ¥ 3,308,000

Auxiliary Facilities ¥ 9,448,000 ¥ 6,891,000

Engineering ¥ 24,746,000 ¥ 18,762,000

Construction Expenses ¥ 33,655,000 ¥ 25,516,000

Contractor’s Fees ¥ 7,869,000 ¥ 5,966,000

Contingency ¥ 15,739,000 ¥ 11,932,000

Total ¥ 180,993,000 ¥ 137,223,000
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Apart from the bare equipment cost, additional costs
for building the pilot plant were anticipated and summa-
rized in Table 6. Working capital was used to cover the
expenses of the initialization of the plant in the start-up
phase, such as the purchase of raw material, testing of
equipment and training for labour, it was assumed to be
0.7% of the FCI. The total capital investment for Sce-
nario I and Scenario II were RMB 180,993,000 and RMB
137,223,000, respectively.
The total FCI for a plant of this capacity is around

RMB180 million (i.e. with a Lang factor of 6.5) for the
total equipment cost. The quotations of the equipment
were obtained from Zonta Electromechanical Technol-
ogy in China (quoted as of April 2019). Since the actual
costs of equipment were provided up to date, cost ad-
justment with Chemical Engineering Plant Cost Index
was not necessary.

Operation cost
The project estimated annual operating costs for the
Scenario I and II production facilities were shown in
Table 7. It is worthwhile to note that the production
cost of Scenario I RMB32,917,000 was 23% higer than
that of Scenario II RMB25,224,000. In fact, the differ-
ences between the two cases were due to the additives
during blending and equipment, labourers, and the
amount of utilities as a result of additional steps for bio-
gasoline production. More than 55% of the operating
cost was attributed by the facility dependent cost in both
Scenario I (RMB19,711,000) and Scenario II (RMB14,
944,000). Facility dependent cost is associated with
equipment maintenance, depreciation of the fixed capital
cost, and miscellaneous costs such as insurance, factory
expense and local taxes.

Revenue and profitability analysis
As shown in Table 8, the annual revenue generated in
Scenario I and Scenario II were RMB 37,073,219 and
RMB 31,458,000, respectively.
After the evaluation of capital cost, operation cost and

the revenue generation discussed above, the profitability
analysis was carried out to compare the profitability of
Scenario I and Scenario II. Financial indicators such as
gross profit, net profit, net present value (NPV), internal
return rate (IRR), return on investment (ROI) and pay-
back time of both scenarios are presented in Table 9.
It was found that both scenarios were economically

feasible, in which Scenario II was being more economic-
ally favourable in term of the net present value, payback
time and IRR. The bottom line of the financial analysis
is the net profit, which is the leftover after paying all the
expenses and taxes. Scenario I was 9.6% higher in net
profit than Scenario II. The IRR, NPV and payback time
for both scenarios were considered high, which indicates
the profitability in the investment. Both scenarios have
demonstrated positive level for the ROI, suggesting that
in the long-run, their respective production could be
profitable. Aside from this, a slightly longer payback
time was observed when the bio-gasoline products were
sold as a source of revenue. Results of the scenario ana-
lysis shows that the Scenario I was the most favourable
solution to the current market, i.e. it can both satisfy the
biorefineries’ economic growth and provide an alterna-
tive solution to the depleting fossil fuel resources.
Discount rate is the rate of return used in a discounted

cash flow analysis to determine the present value of fu-
ture cash flows. It was defined in Eq. (6):

DCF ¼ CF1= 1þ rð Þ1 þ CF2= 1þ rð Þ2
þ CF3= 1þ rð Þ3::: þ CFn= 1þ rð Þn ð6Þ

By increasing the discount rate, the NPV of future
earnings will shrink. It is of our interest to study the ex-
tent of the risk. The cumulative cash flow diagram as
shown in Fig. 2 illustrated the effects of discount rate of
the NPV of the two scenarios along the plant’s lifetime
(i.e. 20 years).
As shown in Fig. 2, both scenarios were found to be ra-

ther similar, with the NPV remained positive at discount
rate of 7% provided with 20 years of plants’ lifetime. In both
cases, increasing discount rate resulted in lowered NPV
and extended payback time. As long as the NPV remains
positive, the process is still economically feasible. For Sce-
nario I, it was expected that this result prevails, especially in
the near future when bio-gasoline production becomes
more efficient, such as higher depolymerization yield and



Table 7 Annual Operating Cost of Scenario I and Scenario II

Items Scenario I Scenario II

Unit/year Unit Cost
(RMB ¥/kg)

Annual Cost
(RMB ¥)

Unit/year Annual Cost
(RMB ¥)

Raw Material Used

Butane 23,040 kg ¥ 11.60 ¥ 267,264

Nitrogen 3205 m3 ¥ 1.40 ¥ 4486 3204 ¥ 4486

Acetone 3276 kg ¥ 6.72 ¥ 22,015 3252 ¥ 21,856

2-Methyltetrahydrofuran 74 kg ¥ 6.72 ¥ 494 74 ¥ 494

Oxalic Acid 1000 kg ¥ 2.70 ¥ 1304 483 ¥ 1304

Water 283 m3 ¥ 3.92 ¥ 1304 178 ¥ 700

Woody Biomass 2,100,000 kg ¥ 0.00 ¥ 0.00 2,100,000 ¥ 0.00

Catalyst 1050 kg ¥ 394.36 ¥ 414,078

Hydrogen 406 kg ¥ 6.72 ¥ 2726

Reformate (RON = 95) 8499 gallons ¥ 22.70 ¥ 192,933

Benzene 1840 kg ¥ 13.44 ¥ 24,706

Ethyl Alcohol 14,912 kg ¥ 6.04 ¥ 90,099

MTBE 40,404 kg ¥ 6.72 ¥ 271,515

Isopentene 22,109 kg ¥ 6.72 ¥ 148,571

Octane 23,621 kg ¥ 6.72 ¥ 158,732

Total ¥ 1,566,624 ¥ 28,840

Labour-Dependant

Operators ¥ 32.10 ¥ 2,044,000 ¥ 1,372,357

Total ¥ 2,044,000 ¥ 1,372,357

Facility Dependent

Main Section ¥ 19,711,000 ¥ 14,944,000

Total ¥ 19,711,000 ¥ 14,944,000

Utilities

Steam 2004 MT ¥ 81 ¥ 162,326 2004 ¥ 162,320

Steam (High P) 2036 MT ¥ 94 ¥ 191,403

Glycol 6674 MT ¥ 2.35 ¥ 15,684 6674 ¥ 15,683

Freon 47 MT ¥ 1 ¥ 47

CaCl2 Brine 14,772 MT ¥ 530 ¥ 7,829,051 14,772 ¥ 7,829,038

Std Power 727,593 kWh ¥ 0.82 ¥ 596,627 471,414 ¥ 386,560

Total ¥ 8,795,138 ¥ 8,393,602

Waste and Emission Treatment

Chemical Waste Treatment 106 MT ¥ 2984 ¥ 316,703 0 ¥ 248

Industrial Wastewater 816 MT ¥ 502 ¥ 403,997 816 ¥ 409,410

Emissions 3 MT ¥ 60 ¥ 213 1 ¥ 81

Total ¥ 726,339 ¥ 409,738

Transportation ¥ 75,000 ¥ 75,000

Total Annual Operating Cost ¥ 32,917,000 ¥ 25,224,000
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more economical viable base metal catalysis. Despite the
current capital, chemical and maintenance costs for Sce-
nario I were above that of Scenario II, the projected net
profit was higher. Assuming input prices remained the
same, innovation and R&D on Scenario I could lead to
lower capital and conversion costs, the resultant bio-
gasoline production process could be considered as a re-
warding investment for developed countries.



Table 8 Annual Revenue generated for Scenario I and Scenario II (the % indicates the respective contributions to the total revenue
of the products)

Items Scenario I Scenario II

Biogasoline (main revenue RMB ¥) ¥ 9,204,518 /year 25%

Lignin (RMB ¥) ¥ - – – ¥ 3,696,000 /year 12%

Lignin Residue (RMB ¥) ¥ 379,701 /year 1% ¥ - – –

Xylose (RMB ¥) ¥ 19,845,000 /year 53% ¥ 19,845,000 /year 63%

Cellulose Pulp (RMB ¥) ¥ 7,644,000 /year 21% ¥ 7,644,000 /year 24%

Total Revenue (RMB ¥) ¥ 37,073,219 /year ¥ 31,458,000 /year
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Sensitivity analysis
Sensitivity analysis was performed on the plant’s eco-
nomic to assess the impact of various flow rate of woody
biomass feedstock. In Scenario I, the projected cost of
raw material for the bio-gasoline production was ap-
proximately RMB 1.5 million. Ru/Nb2O5 catalyst was the
biggest contributing factor, attributing 20% of the mater-
ial costs. Therefore, it is of our interest to perform a sen-
sitivity analysis by varying cost of materials, price of
products, income tax, utility cost, wastewater treatment
cost and the cost of labour within ±50% at the beginning
of the plant’s lifetime to evaluate the effects of these var-
iables on the production economics. The impact of in-
come tax variation was analysed in the case that the
Hong Kong Government provides an incentive for this
program. The results are shown in Fig. 3.
It was found that the selling price of the end product

was the largest determinant of the NPV in both scenar-
ios, with Scenario II having much greater influence to
the plant’s economic future. Coproducts, such as xylose
and cellulose pulp have been reported on following an
upward trend towards the future market [97, 98]. The
future rise of bio-gasoline demand due to the depletion
of fossil-based gasoline was also expected. Therefore,
falling of the bio-gasoline price is unlikely to occur in
the near future and thus it was not expected to pose any
risk to the economy of the plant. Lignin produced in
Scenario II has been reported on its extensive uses in
the animal feed additives industry, fine chemical produc-
tions, etc. According to the report by Reuter, Global
Animal Feed Additives Industry is expected to grow at
Table 9 Financial Indicator for Scenario I and Scenario II

Scenario I Scenario II

Gross Profit (RMB ¥/year) ¥ 11,810,000 ¥ 13,889,000

Taxes (16.5%) ¥ 1,949,000 ¥ 2,292,000

Net Profit (RMB ¥/year) ¥ 27,039,000 ¥ 24,620,000

Net Present Value at 7% (RMB ¥) ¥ 177,000 ¥ 22,653,000

Internal Return Rate (%) 7% 9.14%

Return on Investment (%) 14.2% 17%

Payback Time (year) 7.07 5.90
Compound Annual Growth Rate (CAGR) of around 4%
during the forecast period 2016–2021. Also, lignin has
been used in other products, including absorbents,
emulsifiers, dispersants, and as chelating agents [99].
For both scenarios, utilities cost has high influence on

the NPV, which implies that the cost of utilities may
pose a certain risk on the plant’s economic future. In
fact, it is in accordance with our expectation, since the
cost of utilities in Scenario I and Scenario II are 26 and
33% of the AOC, respectively. The remaining variables,
such as the cost of wastewater treatment, labour cost, in-
come tax and material cost have little impact on the
NPV in both scenarios, which implies that uncertainty of
the scenario is limited.
The petroleum fuel price in Hong Kong as of May

2019 was RMB 15/l according to the Shell Co. Ltd.
[100]. By assuming the gasoline density of 770 kg/m3,
the gasoline cost was ranged at RMB 19.5/kg, which was
lower than the cost of bio-gasoline production (RMB 32/
kg) estimated in Scenario I. It is of our interest to deter-
mine another possible plant’s economics for using differ-
ent catalysts for the HDO process. In this case, we
referred to Case III and Case IV which utilized the Ru/C
and Pt/CNT (5%) with Amberlyst-15 respectively.
Table 10 showed the profitability of bio-gasoline using
various catalysts and their economic indicators were all
adjusted to a similar profitability result. By assuming the
bio-based products of 40–45 wt.%, it was concluded that
given the similar profitability result for three different
catalysts, the selling price of bio-gasoline using Ru/C
catalyst could be the most favourable in the current fuel
market in Hong Kong. Fig. 4 indicates the types of cata-
lyst add uncertainty to the plant economics, as this can
be seen from their respective gradients.
It was found that the cost of 5 wt% Pt/CNT with

Amberlyst-15 has the greatest impact on the plant’s eco-
nomics future. The cost of Pt/CNT has to be reduced to
half in order to become NPV neutral. It should be noted
that other than the catalysts, additives such as ethanol,
butane and reformate (RON = 95) were required for
blending to meet the gasoline specifications and they
were also part of the variables that determine the plant’s
economics. Sensitivity analysis was performed on the



Fig. 2 Cumulative cash flow diagrams at different discount rate in (a) Scenario I and (b) Scenario II
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plant’s economic to assess the impact of variations in
terms of the type of catalyst. The results were shown in
Fig. 5(a) Ru/Nb2O5 (b) Ru/C (c) Pt/CNT (5%) with
Amberlyst-15.
As shown in Fig. 5, the product price for all cases was

the largest determinant of the NPV in the corresponding
cases. Despite poor economic performance for Case III,
the NPV became positive with a 25% increase in selling
price of products (see Fig. 5c). For all three cases, the
market of these products was anticipated to follow an
upward trend due to the depletion of fossil-based
gasoline. This is followed by the cost of utilities which
showed a slight influence in the plant’s economics. The
material cost in the case of using Pt/CNT (5%) with
Amberlyst-15 has the highest impact among the three
cases, since the utilities and raw material using Pt/CNT
(5%) with Amberlyst-15 catalyst are 30 and 23% of the
AOC, respectively. The remaining variables, such as cost
of transport, income tax, waste treatment and labour
costs have little impact on the NPV in all cases.

Conclusions and future prospect
Although our research focus lies on the
commercialization of biofuel production from lignocellu-
losic biomass, the conversion of lignocellulosic stream is
very promising as it is seen as an influential aspect to



Fig. 3 Sensitivity analysis of (a) Scenario I and (b) Scenario II
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minimize greenhouse gas emission. Both the scenarios
examined in this study were economically feasible of
which the production of bio-gasoline in Scenario II was
the most profitable option in terms of the NPV (RMB
22,653,000), payback time (5.90 years) and IRR (9.14%).
However, Scenario I with the use of relatively cheaper



Table 10 Comparison of plant’s economics with different catalysts used in lignin valorization process

Ru/Nb2O5 Ru/C Pt/CNT + Amberlyst-15

Gross Profit (RMB ¥/year) ¥ 11,810,000 ¥ 12,387,000 ¥ 16,114,000

Taxes (26%) ¥ 1,949,000 ¥ 2,044,000 ¥ 2,659,000

Net Profit (RMB ¥/year) ¥ 27,039,000 ¥ 28,476,000 ¥ 37,061,000

Net Present Value (RMB ¥) ¥ 177,000 ¥ 2,814,000 ¥ -32,228,000

IRR (%) 6.95% 7.27% 5.23%

Return on Investment (%) 14.14% 14.10% 14.03%

Payback Time (year) 7.07 7.09 7.13

Selling Price of Bio-gasoline (RMB ¥/kg) ¥ 32 ¥ 29 ¥ 310
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noble metal catalyst (i.e. Ru, Vs and Pt) also showed that
lignocellulosic biomass has the potential to be intro-
duced into the current market due to the potential pro-
duction of co-products as part of the revenue so that the
unit production cost of the bio-gasoline could be low-
ered. It should be pointed out that our studies consid-
ered the scenario where the coproducts were
marketable. In fact, their potential of being upgraded
into value-added products could be higher. On top of
this, the economic feasibility studies were conducted on
different types of catalysts to give an opportunity for the
bio-gasoline to be introduced into the market and be
able to compete with the fossil-based gasoline. It can be
Fig. 4 Types of catalyst and cost impact on the plant’s economics
concluded that the development of economically viable
catalysts was the key for the present blending process to
compete with the current fossil-based gasoline prices.
To make the conversion process commercially viable

and competitive against the existing energy, the follow-
ing suggestions for future work are recommended in
these areas: (a) the technical feasibility of using poten-
tially lower feedstock cost, such as lower grade industrial
lignin, especially the wood pulp by-product from the
pulp and paper industry; (b) technical feasibility to re-
generate the precious noble catalyst for longer time of
use (since the shelf-life of the catalysts in this study was
assumed to be 3 years only) (c) reduce solvent losses



Fig. 5 Sensitivity analysis of (a) Ru/Nb2O5; (b) Ru/C and (c) Pt/CNTs + Amberlyst-15
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with the aim to improve recovery of solvent; and finally
(d) development of non-precious base metal catalysis
with high monomer yields and selectivities.

Methods
SuperPro Designer® (Intelligen Inc., Scotch Plains, NJ)
was used to quantify the materials and energy require-
ments of the three processes being considered. The en-
ergy consumption was calculated with consideration of
the electricity consumption of each equipment, the
steam and the coolant consumption used in these pro-
cesses. Thermophysical properties such as density, heat
capacity, ideal gas heat capacity, Antoine constants of
the raw material and chemical products, maximum vol-
umes of various equipment, maximum areas of exchange
coefficients of heat transfer, the amount of input
streams, the amount of catalysts and raw materials, pur-
chasing and selling prices of various materials, were en-
tered into the simulator. Instead of developing heat
exchanger operation units, heat recovery was performed
to match the hot and cold streams to minimize the energy
consumption. The process was operated as batch mode as
a whole. Solvents and reagents were recycled wherever ap-
propriate in order to minimize the consumption of mate-
rials and energy. Method of lignin extraction, lignin
characterization, catalysts preparation, catalyst perform-
ance tests, catalysts cost estimation, thermophysical prop-
erties and parameters for simulation, stream data, and
methods for estimating octane numbers and Reid Vapor
pressures were all detailed in the supporting information.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s42480-019-0024-6.

Additional file 1: Supplementary information of economic feasibility of
gasoline production from lignocellulosic wastes in Hong Kong.
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