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Preface for The
Special Edition on Energy and Environment

Summary of papers
The first paper is a review contributed by M. A. A. Musa, C.-Y. Yin and R. M. Savory of Universiti Teknologi MARA.  The review 
summarises recent works on the synthesis, characterisation and application of Covalent Organic Frameworks for hydrogen storage, 
as well as to hypothesise its use in other areas, e.g. gas storage, separation processes, and catalytic reactions. The second paper is the 
output of an international collaboration work among researchers from Universiti Putra Malaysia (W. A. Wan Ab Karim Ghani, M. S. 
F. Abdullah, K. A. Matori), Universiti Teknologi MARA (A. B. Alias) and the University of Melbourne, Australia (G. da Silva). The 
collaborators investigated the correlation of physical and thermochemical properties of four Malaysian biomasses (rice husk, palm 
kernel shell, coconut shell and wood sawdust) during a pyrolysis process, in order to exploit the potential application as commercial 
products in the industry.

Third, fourth and the fifth papers focus on various optimisation studies. The third paper contributed by R. R. Tan of De La Salle 
University-Manila, Philippines, presents a bi-level mathematical optimisation model for carbon constrained energy planning problem.  
In the fourth paper, an experimental optimisation study was reported on the analysis of the factors of a two-step enzymatic hydrolysis 
of sweet sorghum by commercially available enzymes. The paper is generated from a collaboration work between International 
Islamic University Malaysia (N. Nadir, M. Mel, M. I. A. Karim), and Universiti Malaysia Pahang (R. M. Yunus). The fifth paper 
reports the potential of sulphated zirconia as a heterogeneous acid catalyst for the esterification of free fatty acid to biodiesel. The 
paper is contributed by S. E. E. Misi, W. N. N. Wan-Omar and N. A. S. Amin from Universiti Teknologi Malaysia.  

The last two papers in this special issue focus on safety and health aspects, which are understandably linked with environmental 
issues. The sixth paper is contributed by M. Z. Abidin and M. S. Takriff of Universiti Kebangsaan Malaysia. The paper presents a 
methodology to integrate consequence analysis with process simulation, which enables process design decision to be made by taking 
into account the potential consequence of process accidents at preliminary design stage.  

The last paper in this issues is a Brief Paper (concise description of new technical concepts or applications within the scope of 
IEM Journal – see Information for Authors) that involves international collaboration between Universiti Teknologi Malaysia (M. H. 
Hassim) and Aalto University (formerly known as Helsinki University of Technology), Finland (M. Hurme). The paper introduces a 
new concept of inherent occupational health.  It is hoped that this introduction as well as the establishment of its definition will have 
a significant impact on the appreciation and understanding of this subject matter especially in the chemical process industry.
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A Review of Nanoporous Materials Derived
from Covalent Organic Frameworks

Muhammad Afiq Aizuddin Musa1, Chun-Yang Yin2 and Robert Mikhail Savory3

1,2,3 Faculty of Chemical Engineering, Universiti Teknologi MARA, 
40450 UiTM Shah Alam, Selangor
E-mail: 2yinyang@salam.uitm.my

abstract
The implementation of nanoporous materials is becoming increasingly more prevalent due to their unique characteristics, 
which make them highly applicable in a multitude of different functionalities. Covalent Organic Frameworks (COFs) are one 
of the new types of nanoporous material constructed from covalently bonded non-metals. COFs exhibit several advantages 
over conventional nanoporous materials such as low density, high thermal stability and the framework can be tailored for 
specific applications. This paper reviews recent works on synthesis, characterisation and applications of this new class of 
nanoporous materials. It is obvious from various studies that 3-dimensional COFs can, at least, compete with established 
nanoporous  materials  such zeolite and metal organic frameworks (MOFs) in terms of potential for H

2
 storage, if not improve 

upon them. While previous studies focused on applying COFs for hydrogen storage, it is postulated that COFs can be further 
developed for various chemical engineering applications such as gas storage, separation processes, and catalytic reactions. 

Keywords:	 Adsorption; Covalent Organic Frameworks; Gas Storage; Nanoporous Materials 

1.0	INTRODUCTION
One of the ultimate goals of chemists, material scientists and 
chemical engineers in terms of sustainable technologies is to 
develop an efficient hydrogen storage material in order to initiate 
the global hydrogen economy. A commonly used standard to 
develop such a material is the United States Department of Energy 
target of a nanoporous material capable of storing up to 6 wt% 
of hydrogen at ambient temperature and pressure. This challenge 
drives scientists and engineers to synthesize novel lightweight 
nanoporous materials to replace conventional porous materials 
such as activated carbon, zeolite and silicate frameworks for 
such application. 

Yaghi et al. [1] in 1995 first published work regarding 
modular metal organic frameworks (MOFs) and provided the 
stepping stone towards the development of organic frameworks 
for various applications, including hydrogen storage. MOFs 
are composed of metal or metal oxide vertices connected by 
organic linker molecules containing functional groups, which 
coordinate with the metal corners and thus complete the MOF 
unit. These materials can be composed of numerous metal, metal 
oxide and organic linker molecule combinations, thus enabling 
the formulation of many application specific MOFs. Precise 
coordination geometries between the organic linker molecules 
and metal vertices result in highly-ordered, periodic porous 
structures [2]. Such porous materials are characterised by pore 

dimension, low density, high thermal stability, high surface area 
and crystalline [3;4]. MOFs are well-established nanoporous 
materials and used in adsorption, separation, catalysis, extraction 
and gas storage technologies. However, they still have a 
significant drawback in terms of presence of ‘heavy’ metal 
atoms within their frameworks which add weight in the structure 
without enhancing hydrogen storage capacity. 

An obvious improvement in the gravimetric capacity of 
these nanoporous materials can occur by substituting the metal 
cluster with another lighter building block or by a novel family 
of materials that will exhibit the large surface area and the 
aromaticity of the organic linkers that MOFs have, but without 
the drawback of the presence of heavy metals [5]. In this sense, 
covalent organic frameworks (COFs) provide an alternative to 
improve on this characteristic since their molecular frameworks 
are made up of light elements (carbon, boron, hydrogen and 
oxygen) that reduce the relative weight of the structure. The 
term "covalent organic framework" refers to an extended 
covalent organic network having clusters connected by linking 
groups [6]. COFs were discovered by Côté and co-workers in 
2005 whilst searching for a new porous, crystalline material 
composed of building blocks linked together by strong bonds. 
Networks which are assembled via strong covalent bonds 
exhibitenhanced stability over many coordinatively linked 
materials [7]. 

(Date received: 13.5.2009/ Date accepted: 25.6.2010)
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The first synthesized COF, named COF-1 ((C3H2BO)6 and 
(C9H12)1) (Figure 1), is obtained from the molecular dehydration 
of 1,4-benzenediboronic acid (BDBA) [8]. The reversible 
formation of COFs, specifically COF-1, allows for the reordering 
of the framework yielding a material of significantly greater 
structural organisation than that found in rigid polymers. Such 
formation enables specific manipulation and tailoring of the 
framework hence enabling the development of reaction/process 
specific COFs. The porous frameworks have high thermal and 
chemical stability with surface areas, which surpass those of the 
well-established porous zeolite and silicate frameworks.

The development of COFs, while still in its early stages, 
has exhibited great potential for application in the field of 
hydrogen storage. The aim of this review is to critically 
assess and summarise the recent works concerning synthesis, 
characterisation and application of COFs for hydrogen storage, as 
well as to hypothesise on other areas for future development and 
application within the realm of chemical engineering processes. 

2.0	SYNTHESIS OF COFs
Intriguingly, COFs can exist as one, two and three dimensional 
structures. Two dimensional structures resemble layered graphite 
composed of graphene sheets [9], whereas three dimensional 
COFs are composed of triangular and tetrahedral nodes; COF-
102, 103, 105 and 108 [10]. COF-102 and 103 have similar 
characteristics except that COF-103 uses silicon atoms at the 
tetrahredral nodes rather than carbon. COF-NT, a one dimensional 
COF, also known as the armchair or zig-zag, is constructed by 

rolling a COF layer in a particular direction in a manner similar 
to that of carbon nanotubes [9]. It is widely known that Omar 
M. Yaghi’s group are the pioneers behind the synthesis of COFs 
via reticular chemistry (linking molecular building blocks into 
extended structures by strong covalent bonds [11]. Table 1 
presents existing COFs synthesised by the Yaghi group to date. 
The synthesis temperatures to produce these COF systems are 
relatively low (< 150 ºC) and this may present another plus point 
in terms of safety considerations. 

Besides the Yaghi group, other researchers [12-15] have 
also synthesized COF variants. Kuhn et al.[12] synthesized a 
new class of high performance polymer frameworks with regular 
and irregular porosity formed from simple, cheap, and abundant 
aromatic nitriles via dynamic trimerisation in ionothermal 
conditions (molten zinc chloride at high temperature). This new 
class of frameworks is designated as covalent triazine-based 
framework (CTF-1) which resembles the boron oxide-based 
(COF-1) and has a surface area of up to 2475 m2 g–1 and a total 
pore volume of 2.44 cm3g–1. 

Tilford et al. [14] tailored the pore dimensions and COF 
environment through the condensation of dialkyl-substituted bis-
diols with triboronic acids. In general terms, they incorporated 
hydrophobic and sterically bulky groups (alkyl groups, e.g. 
methyl, ethyl and propyl) in the pores while maintaining the same 
basic COF structure. They found that modification of the pore 
interior with increasingly larger alkyl groups caused a decline in 
nitrogen uptake, but an increase in the molar amount of hydrogen 
adsorbed by the network.

Another COF variant is the Surface Covalent Organic 
Framework (SCOF), which has been developed and synthesized 
by Zwaneveld et al. [15]. SCOFs are functionally and 
structural controllable due to their complimentary bicomponent 
composition; HHTP (2,3,6,7,10,11-hexahydroxytriphenylene) 
and BDBA (benzenediboronic acid). The networks produced 
are connected by boronate covalent bonds generated by the 
molecular dehydration of BDBA with three boronic acid 
molecules reacting to form a six-membered B3O3 rings, SCOF-
1, and the condensation reaction of BDBA and HHTP forming 
dioxaborate heterocycles, SCOF-2. It is of note that the quality of 
the network is highly dependent upon the removal of impurities 
and water during synthesis.

 

3.0	CHARACTERISTICS OF COFs
3.1	Density and Thermal Stability

One of the major obstacles to the extensive use of hydrogen 
as a fuel is the lack of lightweight storage materials with high 
thermal stability capable of storing large volumes of hydrogen 
gas. COFs have been reported to be able to withstand temperatures 
as high as 600°C [8]. Metal hydrides have been considered as 
practical means for high pressure liquid hydrogen storage using 
physisorption according to the works of Frost and Snurr [2], 
however this approach has inherent problems including hydrogen 
embrittlement and handling issues. COFs have greater pore size 
control and most importantly lower densities than MOFs, e.g. 
COF-108 has a density of 0.17 g cm–3 compared to MOF-5 and 

Figure 1: COF-1 structure [8]
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MOF-177 with respective densities of 0.59 and 0.42 g cm–3. 
Another characteristic of COFs is their high thermal resistivity, 
which derives from their strong covalently bonded framework 
and makes their application in high-temperature processes 
viable.

3.2	Surface Area and Pore Characteristics
Surface area, or specific surface area, is one of the major 

factors that influences the characteristics, or behavior, of many 
materials and can be used as an indicator to determine the 
efficiency of the material with respect to hydrogen adsorption. 
Thus, it can be said that, a porous material with a large surface 
area and good adsorption characteristics govern the volume of 
adsorbate by maximising the adsorption capability [16]. COFs are 
porous materials with particularly large surface areas; the specific 
surface areas of COF-5, COF-102 and COF-103 are 1590, 3472 
and 4210 m2 g–1 respectively, which are larger than zeolite Y (904 
m2 g–1) [10;17] and double that of MCM-41 (Mobile Crystalline 
Material 41) [18] . The latest synthesized COFs; COF-202 was 
found to have a BET surface area and Dubinin-Radushkevich 
pore volume of 2690 m2 g–1 and 1.09 cm3 g–1, respectively [11]. 
Table 2 compares the textural characteristics of existing COFs to 
conventional porous materials. The intended application of COF 
systems for gas capture or storage is clearly reflected by their 
small pore sizes which are predominantly microporous (< 2 nm 
or < 20 Angstrom) with the exception of COF-5, COF-10 and 
TP-COF. 

Adsorbent specific area can be calculated from the adsorption 
data of nitrogen vapour at 77 K using a linear form of Brunauer-
Emmett-Teller (BET) surface area equation for non-porous, 
macroporous and mesoporous COFs. Isothermal correlation of 
the Langmuir surface area equation for microporous materials 
is used to infer the pore characteristics, e.g. COF-5 contains 
mesopores (0.998 cm3 g–1) and has a surface area of 1590 m2 g–1 
[19]. In addition to surface area, pore volume is also considered 
as one of the main factors in achieving good adsorption with 
varying pressure. The level of solid-fluid interaction will dictate 
the quantity and efficiency in capturing gas molecules.

Pore distribution and size are vital components of a porous 
material, because the function and adsorption strength of the 
different sized pores changes with process conditions. Increasing 
adsorbate molecule size results in decreasing adsorption capacity 
due to the exclusion of access to the smaller pores [20]. Hence, 
the pore size must be tailored to suit the size of the adsorbate 
molecules. El-Kaderi et al. [10] reported the synthesis of COF-
108: a crystalline mesoporous material with two different 
primary pore sizes of 15.2 Å and 29.6 Å, and a carbon Van der 
Waals radius of 1.7 Å. It is preferential for reaction-based porous 
materials to have either meso- or micropores, because the larger 
meso pores act to channel and transport the adsorbate molecules 
to the micropores, which are filled; once the micropores are full, 
then the mesopores are progressively filled. 

Further to this, three dimensional simulation work by 
Garberoglio [17] on COF-102, -103, -105 and -108 show that the 

Table 1: Recent works conducted by Yaghi group on synthesis of COFs

Researchers Designation Synthesis process Synthesis condition 

Côté et al., 2005 COF-1 Dehydration of 1,4 benzenediboronic acid (BDBA) 120°C for 72 hours

Côté et al., 2005 COF-5 Dehydration of phenylboronic acid and HHTP* 100°C for 72 hours

Côté et al., 2007 COF-6
Co-condensation of HHTP * and 
1,3,5-benzenetriboronic acid (BTBA)

85°C for 48 to 120 hours

Côté et al., 2007 COF-8
Co-condensation of HHTP * and 1,3,5-benzenetris 
(4-phenylboronic acid) (BTPA)

85°C for 48 to 120 hours

Côté et al., 2007 COF-10
Co-condensation of HHTP * and  
4,4’-biphenyldiboronic acid (BPDA)

85°C for 72 hours

El-Kaderi et al., 2007 COF-102 and COF-103
Self-condensation of tetra(4-dihydroxyborylphenyl) 
methane (TBPM) or silane analog (TBPS) and 
HHTP * 

85°C for 96 hours

El-Kaderi et al., 2007 COF-105 and COF-108 Co-condensation of TBPM or TBPS with HHTP * 85°C for 96 hours

Hunt et al., 2008 COF-202
Condensation of tert-butylsilane triol with 
monotopic boronic acid to form a high symmetry 
borosilicate cage. 

120°C for 72 hours

* HHTP = 2, 3, 6, 7, 10, 11-hexahydroxytriphenylene
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uptake of adsorbate molecules, namely hydrogen gas, at 77 K and 
low pressures is better for COF-102 and -103 due to better solid-
fluid interactions. Hence, the more compact the microscopic 
structure the better the solid-fluid interactions and the greater the 
adsorption capability. At low pressures, large pore sizes in the 
macroscopic range (> 50 nm) are detrimental to the adsorption 
capability, because the solid-fluid interactions are insufficiently 
strong to ensure adherence of the adsorbate molecules to the porous 
surface. According to Garberoglio et al.21 and Latroche et al. 
[22] this is a common problem inherent in MOFs. However, at 
high pressure, the inverse trend is found with respect to COF-102, 
-103, -105 and -108 in which COFs with larger pore size have 
higher uptakes than the smaller ones (COF-102 and -103). This 
is due to the increased pressure driving the adsorbate molecules 
deeper into the macropores and sufficiently close to the surface 

to facilitate sufficiently strong solid-fluid interactions to cause 
adsorption. 

Although cryogenic results evidently indicate that COFs 
have superior uptakes, it is under ambient conditions that the 
uptake is of greater importance; due to the high costs associated 
with cryogenics and the consequent cost saving benefits of 
ambient condition storage. Unfortunately, to date, no high 
uptake porous materials exist [17]. A primary advantage that 
COFs have over MOFs and zeolites is that COFs have no latent 
edges (minutely-sized edges not visible to the naked eyes) 
within their three dimensional arrangement, thus optimising 
access to the faces and edges of the molecular framework units., 
which means larger surface areas and statistically increases 
the number of available adsorption sites at the aromatic ring 
centres [17].

Table 2: Comparison between textural characteristics of COF systems and conventional nanoporous systems

Designation Surface area (m2g-1) Pore size (Å) Reference(s)

COF-1 711 15.0 8

COF-5 1590 27.0 19,8

COF-6 980* 8.6 19,33

COF-8 1400* 16.4 19,33

COF-10 2080* 31.7 19,33

COF-18 Å 1260 18 4,7

COF-102 3472 8.9 10

COF-103 4210 9.6 10

COF-202 2690# 11.0 11

TP-COF 868 31.4 40

26 Å  MCM-41 680 26.0 8

32 Å  MCM-41 1140 32 18

Carbon Black Pearls, BP700 170 212.0 38

Carbon Black Pearls, BP2000 520 456.0 38

Zeolite Y 904 7.4 10,39

MOF-177 4500 11.8 4,37

MOF-5 @ IRMOF-1 2900 15.2 17,37

CTF-1 791 12.0 12

MIL-53 (Al) 1020 6.4 37

MIL-101 4100 - 10

*Langmuir surface area; generally higher than BET surface area
# measured with argon
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3.3	 Enhancing Adsorption Capacity
The enhancement of adsorption capability at ambient 

conditions is a focal point of COFs research, because it is 
essentially the limiting step in its wider implementation. Methods 
such as increased pore density, increased adsorption energy, the 
use of atomic hydrogen, increased carbon bridging and spillover 
technology (interphase diffusion of adsorbed active species) 
induce greater gas uptake. However, all of these methods have 
their limitations and they are discussed in the following. 

Increasing the pore density appears to be comparatively 
simple since the COF structures can be manipulated to generate a 
high density of smaller pores, which inherently causes an increase 
in surface area and hence provides greater storage capability. Even 
so, this requires systematic synthesis and a large degree of control 
over the reaction mechanism and the synthesis of specific reagents, 
all of which, ultimately, increase synthesis and processing costs. 
Adjusting the adsorption energy through enhanced activation 
of the COFs surface improves the solid-fluid interaction and 
increases the likelihood of adsorbate molecule capture. Bhatia 
and Myersn [23] conducted work with integration of simulation 
components, suggested that increasing the value to 15 kJ mol–1 is 
necessary to improve adsorption. In another separate development, 
experimental findings reported by Dinca et al.[24;25] showed that 
adsorption isotherms measured at 77 and 87 K indicate high H2 
adsorption enthalpies in the range 7.0−9.5 kJ/mol, depending on 
the degree of loading.

In order to facilitate greater adsorption, it will require much 
greater interaction energy throughout the COFs structure to generate 
any significant improvement in the adsorbate uptake. Another 
means to increase the adsorption energy is through carbonisation 
of the carbon bridges [26]. Although high temperatures in excess 
of 250°C are required for this process, COFs are thermally stable 
to well above this temperature and this provides a viable method to 
activate the adsorption surface. Experimental work conducted by 
Li and Yang [26] has shown that the molecular hydrogen take-up 
of COF-1 increases by 2.6 times and the bridge structure remains 
unsaturated, thereby maintaining the original adsorption sites and 
structure. This approach can also be used to generate a greater 
degree of bridging thus enabling secondary spillover and providing 
an increased number of adsorption sites which combined with the 
use of atomic hydrogen provides an increase in overall hydrogen 
adsorption. 

Another approach to overcome the problem of low uptake 
and the difficulties associated with increasing adsorption energy is 
to increase the number of available adsorption sites and using all 
existing sites to their full potential. [16] Morris and Wheatley [16] 
suggest the use of atomic rather than molecular hydrogen, which 
would improve the use of the available pore space since the smaller 
atoms can penetrate deeper into the pores. Choi et al.[27] studied 
hydrogen storage mechanisms on pure and metal ion-decorated 
COFs via first principles calculations and discovered that the H2 
binding characteristics of pure COFs are very similar to those of 
MOFs. The research suggest that using Li+ and Mg2+ ions yield 
more advantageous activated structures, but at the price of higher 
COFs weights which can be construed as a significant drawback. 
In a theoretical study, Kim et al. [28] inserted pillar molecules 
(pyridine) between the organic layers of COF-1 to improve the 
physisorption ability for hydrogen molecules in which they 

observed puckering in the cluster model of the COF, which were 
caused by binding of pyridine molecules.

4.0	 APPLICATIONS OF COFs 
4.1	 Hydrogen Storage

One intended application of COFs is for H2 storage. Judging by 
recent research, it can be generally agreed that 3-D COFs are most 
advantageous compared to conventional storage materials. Han et 
al. [29] used grand canonical Monte Carlo (GCMC) simulations to 
hypothesise that the best COFs for hydrogen storage are COF-105 
and COF-108, each of which lead to maximum excess H2 uptakes 
of 10 wt % at 77 K (the highest value reported for associative H2 
storage of any material).The very low uptake temperature at 77 K 
is the stumbling block for commercialisation of COFs. In light of 
this, it has been suggested that in order to obtain high H2 uptake 
at 300 K, doping of COFs with electropositive elements such as 
Li, Na, K should be carried out in order to increase H2 binding 
energy.[30] 

In a theoretical study, Klontzas et al.[31] reported that the 
gravimetric uptake for COF-108 reached the value of 21 wt % 
at 77 K and 100 bar conditions and the very promising value of 
4.5 wt % in room temperature and 100 bar conditions. They also 
indicated the gravimetric uptake of COFs is in some cases 2 times 
larger than that of the best known MOFs while the volumetric 
results remain comparable. Kuhn et al. [12] experimentally 
found that covalent triazine-based framework could adsorb up to 
1.55wt% H2 at 1.00 bar and 77 K while Tilford et al. [14] reported 
that their customised COFs could store up to 1.5 wt% H2 at 77K 
and 760mm Hg. A general consensus from all these combined 
theoretical and experimental studies shows that 3-D COFs can, 
at least, compete with established MOFs in terms of potential 
for H2 storage, if not improve upon them. Two-dimensional 
COFs, however, are relatively ineffective and less likely to 
be used for H2 storage in the future according to Garberoglio 
and Vallauri [32], who conducted computer simulation and 
found that the quantity of H2 adsorbed in these materials was 
generally half that adsorbed by other organic frameworks under 
the same conditions, either on both gravimetric and volumetric 
bases.

4.2	 Carbon Dioxide and Methane Storage
Recent studies have indicated that COFs have high potential 

for the storing of other gases such as CO2 and CH4. Barbarao and 
Jiang [33] reported that COF-102 exhibited CO2 high capacity 
at considerably low pressures. They further reported that COF-
102 could reach CO2 saturation (> 13 mmol/ cm3) at a pressure of 
approximately 1000 kPa, which is less than half of the saturation 
pressures observed for MOFs for similar volumetric saturation. This 
indicates that COFs can be further developed to be incorporated 
into more effective and safer CO2 sequestration systems. 

Methane is a major component of natural gas and is a very 
promising fuel source. However, it is found normally in the gas 
phase, which makes it difficult to store. Currently, methane is 
stored in pressurised containers to maintain it in its liquid phase at 
ambient temperatures. This phase change and added safety comes 
at a high price; the installation of multiple safety procedures to 
guard against the possibility of leakage and consequent possible 
explosion is vital. COFs offer an alternative means to storage of 
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methane gas. The COFs enable storage of the gas in large quantities 
due to their extensive porous structures. Garberoglio [17] reported 
that COF-102 had the potential to meet or even exceed the DOE 
target of 180 cm3 (STP)/cm3 at 35 bar for methane adsorption. It 
was also found that methane adsorption in various COFs revealed 
the presence of a large volume with strong interaction energy in 
COF-102. Both studies by Barbarao and Jiang [33] as well as 
Garberoglio [17] observed that the packing of atoms in COF-102 
was rather compact and, hence, has a significant overlap of spaces 
with attractive interaction with carbon dioxide molecules. 

COFs have also been considered for the storage of other 
hydrocarbons, but it is possible that COFs could be used for 
general gas storage, including medical purposes (e.g. nitric oxide 
and oxygen), and as a way to store environmentally hazardous 
gases (e.g. carbon monoxide, ammonia, and sulphur dioxide) 
on a long term basis to help preserve our world and health.[16] 
Essentially the application of COFs on a large industrial scale is 
not unimaginable, but it will require further research and tailoring 
of existing COF technology.

4.3	 Catalytic Support/Carrier
The ideal catalyst carrier is a porous, inert substrate with 

a large surface area, added benefits include chemical and heat 
resistance. Based on this criterion, COF would make an ideal 
catalyst carrier and its ability to be tailored would ensure that 
optimised catalyst loading is possible, irrespective of the catalyst 
size or shape, ensuring catalysis is performed effectively. The 
lightweight character of COFs would also enable a wider application 
as a catalyst carrier. Lino et al. [34] reported that 2-dimensional 
COF extended sheet systems could be rolled up to form stable 
nanotubes which could be applied as molecular filters/carriers, gas 
storage and building blocks for 3-dimensional structures. 

4.4	 Separation Processes and Other Applications
Separation is the process of dividing a mixture into two 

or more components, which is significant in the industrial 
sector. On an industrial level, separation constitutes enrichment, 
concentration, purification, refining and isolation [35] and may 
involve adsorption, decantation, filtration and drying. Ideally, 
one would wish to have a cheap, simple, easy to maintain and 
highly effective separation process, but in reality one finds that 
a compromise must be reached. COFs offer a tailorable, highly 
resistant, lightweight porous substrate, which can be activated to 
optimise separation of multi-component mixtures, which would 
make them an ideal candidate for use in the oil and gas industry.

Other modern technologies, including membranes and saline 
separation processes as well as biorection could benefit from the 
development of tailored COFs. Membrane and saline technologies 
require pore sizes to be of specific sizes so as to prevent ions 
passing through them; COFs could be tailored to selectively 
prevent ionic passage. COFs could be used in bioreactors, which 
require the immobilisation of microorganisms and enzymes on the 
surface of porous inert substrates. Coupled with the need for large 
surface areas is the requirement of a bimodal pore size distribution, 
whereby the smaller and larger pores act as immobilisation sites and 
transport channels for the carrier fluid, respectively [36]. However, 
it should be noted that saline separation and bioreaction processes 
involve presence of water, which can reverse the synthesis of COF 
frameworks and subsequently breaks them into stating materials. 
As such, extensive experimental studies to determine the state of 
COF frameworks in liquid flows should be conducted to shed light 
on this issue. 

5.0 	CONCLUSION
COFs, while mainly used for hydrogen storage, have great 
potential in other fields including catalysis and separation due to 
their highly desirable textural characteristics and varied framework 
structures. The physicochemical properties of COFs mean that their 
application is viable in many modern industrial processes, although 
it has yet to be proven that COFs are comprehensively superior to 
zeolites and MOFs in the long term. Preliminary technical studies 
have shown the huge potential of COFs in storing H2, CO2 and 
CH4, which indicate their importance within the field of energy 
and environmental sustainable technologies. While there have 
been a multitude of studies on the effectiveness of COFs, studies 
on other aspects such as economics as well as environmental 
implications of using them in existing process systems are lacking. 
This is crucial since 3-D COFs are relatively more complicated 
and more expensive to produce. Further strides need to be taken 
to develop this highly promising group of compounds and enable 
process specific tailoring to be achieved without compromising 
cost-effectiveness and environmental sustainability, which many 
previously considered gas storage materials have failed in the 
past. 
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abstract
The agriculture sector in Malaysia has been growing rapidly over the years and this leads to large amount of agricultural 
waste. However, sustainable development and increasing fuel demand necessity had identified biomass ashes can be exploited 
into many commercial industrial products (i.e. energy, carbon storage, ceramics, construction materials, etc). In this paper, 
pyrolysis of biomass from four sources (rice husk, palm kernel shell, coconut shell and wood sawdust) has been performed 
to investigate its correlation with their physical and thermochemical properties in order to exploit their potential application 
as commercial products in the industry. Generally, biomass ashes have average bulk density between 0.61 and 1.21 gcm-3 

characterised with high porosity (up to 80%) but low thermal conductivity (below 1 W m-1 K-1). Thermogravimetric analysis 
on the raw biomass revealed that the heating profile of the biomass governed by three major decomposition of hemicellulose, 
cellulose, and lignin at respective temperatures of 325°C, 375°C, and 400 to 500°C. Inductively coupled plasma (ICP) 
detected insignificant amounts of toxic metals in the biomass ashes samples. Silica has found to be major compounds in most 
biomass ashes samples especially rice husk ashes which explain its highest water absorption properties. Other compounds 
found include calcium, magnesium and potassium. The large variation observed in biomass ashes properties need to be 
considered when applying these materials to the environmental systems or designing a commercial product, where outcomes 
may be correlated with these features.  

Keywords:	 Biomass Ashes; Characterisation; Lignin; Porosity; Thermal 

1.0	INTRODUCTION
In Malaysia, more than 2 million tones agricultural wastes 
are produced annually and potentially an attractive feedstock 
for energy production as it contributes little or no net carbon 
dioxide to the atmosphere. Agricultural production in Malaysia 
continued to record positive growth from 2000 to 2005 and 
expected to expand more in 2010 consistent to the government 
policies [1]. There are significant amount of wastes and residues 
also called as agricultural wastes produced from the post-
processing of these products. Major agricultural products are 
palm oil, sawlogs, paddy and tropical fruits. Table 1 report the 
production, residues generated and potential energy for selected 
biomass. In Malaysia, rice husk and paddy straw are among 
major agricultural wastes that can be applied as biomass- based 

power generation. Rice husk referred to an outer cover of rice 
and in form of hull. The husk account for 22% of the weight 
of paddy and 78% of the weight is received as rice, broken rice 
and bran throughout the milling process [2]. While for oil-palm 
sectors, oil-palm solid wastes (including shell, fibre and its EFB) 
are cheap and abandoned materials produced during palm oil 
milling process. For every ton of oil-palm fruit bunch being fed 
to the palm-oil refining process, about 0.07 tons of palm shell, 
0.146 tons of palm fiber and 0.2 tons of EFB are produced as the 
solid wastes [3]. For bagasse, 3×105T per year was reported in 
1999 while rubber wood residues generate 11.32×106m3 in 2000, 
respectively. Bagasse is the matted cellulose fibre residue from 
sugar cane that has been processed in a sugar mill. Despite the 
decreasing acreage, coconut still plays an important role in the 
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Table 1: Oil palm, paddy and wood production in Malaysia in 2008[3]

Type of Industry
Production

(106× Tone)
Residue

Residue product 

Ratio (%)

Residue Gener-

ated (103*Tone)

Potential Energy, 

(E) PJ*

Oil Palm 

(62707×106 Tone)

62707

EFB

Fiber

Shell 

Total solid 

Other (POME)

20.44

14.63

6.58

11698

8373

3766 

23837

38870

57

108

55 

15308

Paddy

(214×106 Tone)

2141

Rice 

Husk

Paddy 

Straw

22

40

471

856

7.6

8.8

Wood 2937679

523336

147813

Sawn timber

Plywood and veneer

Moulding

0.5-0.6

0.18-0.65

0.2-1

1629718 

121000

75600

5.2

0.374

0.232

* sample calculation is shown in appendix

socio-economic position of the Malaysian rural population that 
involves 80,000 households. About 63% of coconut production 
is for domestic consumption and 37% is for export and industrial 
processing. The domestic demand for coconut products takes 
in the form of fresh coconut, tender coconut, coconut oil and 
processed cream powders. In terms of exports, the country has 
seen an increase in the export of products of coconut such as 
desiccated coconut, coconut milk powder and activated carbon. 
In 2007, exports of coconut and coconut- based products were 
valued at RM 485,771,416 an increase from the 466.2 million in 
2006 [4]. This large amount of residues need to be disposed at 
landfill and required substantial area to be mounted. By converting 
these materials into commercial products, this not only will solve 
landfill problem but also create wealth to the country.  

Thermal conversion of solid agricultural waste seems to 
have a feasible application and has been developed attractively 
for industrial applications [5].  Recently, biomass ashes have 
attracted a lot of research with a focus on the application of 
biomass ashes (biochar) to soils not only contribute to carbon 
storages but at the same time act as fertilisers [6]. Despite the 
range of feedstock and techniques available to produce biomass 
ashes, very little work has been reported on properties of biomass 
ashes. Thus, detail investigation to evaluate their thermal 
behavior and structural characteristics is important before they 
were applied. The aim of the present paper was to characterise 
the physico-thermochemical properties Malaysian biomass 
ashes produced via pyrolyses in a bench-scale furnace system. 
Physical properties such as bulk density, apparent porosity, water 

absoprtion and thermal conductivity were determined using 
standard procedures. A scanning electron microscopy (SEM) 
were used to observe biomass ashes surfaces and their porosity. 
For thermal characterisation, themogravimetric analyser (TGA) 
were used to measure the thermal degradation of the raw 
biomass. For chemical characterisation, the ultimate analyser 
and inductive coupled plasma (ICP) were used to characterise 
chemical compositions.  

2.0	EXPERIMENTAL
2.1	Raw Material and Ash Preparation

Rice husk, palm kernel shell, coconut shell and sawdust 
from local (Selangor, Malaysia) mills are chosen for the study. 
The biomass samples were dried in crucibles in an oven at 110°C 
for 24 hours to remove moisture. The samples were then ground 
and sieved to 2 to 3 mm particle sizes. The biomass ashes were 
obtained by burning (pyrolysis) the raw biomass materials at 
800°C for 2 hours in a closed furnace.

2.2 	Biomass Ashes Characterisation 
Several techniques were used to assess the physical and 

chemical properties of the ashes. Physical properties such as 
bulk density, apparent porosity, water absoprtion and thermal 
conductivity were determined using standard procedures. For 
example, the apparent porosity was determined according to 
ASTM C 134/95, apparent density according to ASTM C 773/88. 
A scanning electron microscope (SEM) was used to observe the 
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char surfaces in order to verify the presence of porosity. For SEM 
studies, the sample were mounted in gold tabs and examined with a 
HITACHI S 3400 N by different accelerations voltages, depended 
on the roughness and conductivity of the specimen surface. A 
thermogravimetric analyser (Metler ToledoSDRA15e) was used 
to measure and record the mass change with temperature for 
biomass samples. Tests were conducted at heating rate of 10°C 
min-1 over the temperatures 100 to 950°C.  For all the pyrolysis 
runs, 30 mg of sample was used and nitrogen flow was around 
30cm3min-1. The chemical characterisation was performed in 
order to determine ash content and heavy metal content for 
each biomass ashes samples. Leaching of heavy metal ions was 
estimated by the toxicity characteristics leaching procedure 
(TCLP) method of the US Environmental protection Agency 
(EPA) by using inductively coupled plasma (ICP).  

 

3.0	RESULTS AND DISCUSSION 
3.1 	Fuel Properties 

Biomass ashes, being derived from a variety of biological 
feedstock that has thermally degraded exhibit a correspondingly 
large range in composition and chemistry. Table 2 presents the 
proximate and ultimate analyses of studied raw biomass samples. 
In the proximate analyses, biomass in general was characterised 
by high moisture content and high ash content.  The moisture and 
ash content of the fuel is essential for the choice of the appropriate 
combustion and gas cleaning technologies. The lower moisture 
content fuel is preferable in power generation as this parameter 
will influenced the amount of heat required for the pyrolysis or 
combustion technologies. Furthermore, the lower ash content also 
would benefits power or energy production as fly ash formation, 

Table 2: Main characteristics of Malaysian Raw Biomass samples

ash deposit formation as well as logistics concerning ash  
storage and ash utilisation/disposal depend on the ash content of 
the fuel [7].

Fuels with low ash content are therefore preferable. 
Agricultural waste usually contains relatively high amount of 
ash (coconut shell in this case) as compared to coal. However, 
this problem can be solved by using grate or fluidised bed 
boilers which are suitable for ash-rich fuels. Furthermore, the 
composition, density, size and amount of the fly ash emissions 
formed are influenced by the amount of ash-forming elements 
in the fuel as well as by the combustion technology and process 
control applied. A more detailed insight into ash content is given 
in section 3.4.

The elemental compositions of Carbon(C), hydrogen (H) 
and oxygen (O) are the main componens found in the ultimate 
analyses (Table 2). C and H are oxidised during combustion by 
exothermic reaction (formation of CO2 and H2O). The content of 
C and H contributes positively to the calorific value, the content 
of O negatively. The C contents of coal and palm kernel shell 
are higher than those of coconut and rice husk, which explain 
the slightly higher calorific value. During thermal decomposition 
the fuel N is almost entirely converted to gaseous N2 and nitric 
oxides (NOx (NO, NO2). Like nitrogen, the sulfur (S) contained 
in the solid fuels forms mainly pollutant gaseous sulfur dioxides 
(SO2) and alkali as well as earth-alkali sulphates.

Furthermore, the calorific value of the biomass material 
was lower as double compared to coal. This mean the amount 
required biomass to produce the equivalent energy as coal is 
doubled. This phenomenon may contribute logistic problem such 
as storage when the biomass is utilised. 

Rice Husk Palm kernel shell Coconut shell Sawdust Coal

Proximate analysis 
(wt% db)

Volatile matter 60.68 72.47 30.62 51.39 29.2

Fixed carbon 15.02 18.56 26.41 14.29 54.0

Ash 24.30 8.97 42.98 22.67 14.8

Ultimate analysis 
(wt% db)

Carbon 34.9 51.63 45.24 53.4 70.0

Hydrogen 5.50 5.52 5.04 6.7 8.5

Nitrogen 0.10 1.89 1.46 3.1 2.21

Sulfur 0.00 0.05 0.06 0 0.8

Oxygen(by different) 59.5 40.91 48.2 36.8 18.5

Calorific values  
(MJ/kg)

13.5 22.97 16.07 18.3 29.4
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Figure 1: Pictures of biomass samples before and after the thermal treatment

Before After

(a) rice husk

(b) palm kernel shell

(c) coconut shell

(d) sawdust
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Microscopic observation shows particle shape and structure 
variation in all raw ashes after heating. Figure 2 illustrates the 
scanning electron microscope (SEM) that described a fundamental 
macrostructure of the produced biomass ashes (biochar) for 
different biomass samples. The presence of aligned honeycomb-
like groups of pores most likely the carbonaceous skeleton from 
the capillary structure of the botanical origin confirmed this 
structure [8]. As anticipated from the regular size and arrangement 
of plant cells in most biomass from which biochars are derived, 
the macro-pore size distribution is composed discrete groups of 
pores sizes rather than a continuum [13]. 

Figure 3: Scanning Electron Microscope (SEM)

Table 3: Physical properties of biomass ashes

Rice husk Palm kernel shell Coconut shell Wood

Bulk density   (gcm-3) 0.61 0.78 1.21 0.98

Apparent porosity (%) 79.7 25.9 28.9 33.7

Water absorption (%) 37.41 19.75 19.99 20.3

Thermal conductivity (W K-1 m-1) 0.15 0.97 0.85 0.80

3.2	Physical and Surface Analyses 

This section focuses on the physical and macrostructure of 
biomass ashes. Figure 1 shows the biomass samples before and 
after thermal treatment while Table 3 lists the physical properties 
of biomass ashes. As summarised in this table, rice husk ashes 
showed the lowest bulk density and thermal conductivity but the 
highest water absorption as compared to other biomass ashes. On 
the contrary, palm kernel shell had a high thermal conductivity 
compared to other but very low percentage of porosity. The 
amount of the entrapped air will increases with increases porosity 
of the refractory. Hence, the thermal conductivity decreases. 

(c) coconut shell ash

(a) Rice husk ash

(d) sawdust

(b) palm kernel ash
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Figure 4: Thermogravimetric analysis (TG) of the pyrolysis of biomass sampples at constant heating rate (10°C min-1) with N2 sweep gas at 120 
mL min-1

Figure 5: Differential thermogravimetric analysis (DTG) of the pyrolysis of biomass samples at constant heating rate (10°C min-1) with N2 sweep 
gas at 120 mL min-1
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3.3	Thermal Analyses 

The thermogravmetric (TG) and derivative of 
thermogravimetric (DTG) curves for of coal and studied raw 
biomass undergoing pyrolysis in a nitrogen atmosphere at a 
heating rate of 10°C min-1 is shown in Figures 4 and 5, respectively. 
The thermal decomposition starts at lower temperature 
approximately 200°C for agricultural waste compared to 350°C 
for coal. Furthermore, agricultural waste samples showed two 
overlapping peaks and a flat tailing section. Its have been debated 
by other researchers that the lower temperature peak represents 
the decomposition of hemicellulose in the material and the higher 
temperature peak represents the decomposition of cellulose 
[8-11]. The flat tailing section of the DTG curves at higher 
temperature represents lignin, which is known to decompose 
slowly over a very broad temperature range [11]. The TGA 
shows about 17 wt% losses of physically bound water at 100°C. 
This could be due to volatilisation of unburned carbon and other 
organic matter present due to incomplete combustion as well as 
SiO2 present in agricultural waste ash samples. On the contrary, 
in case of rice husk ash the weight loss is insignificant. This can 
be attributed to the fact that rice husk comprises primarily of 
silica with negligible amounts of volatile oxides. On the other 
hand, for the TGA curves of bituminous coal, the decomposition 
starts at about 350 °C, which is significantly higher than the one 

Percentage (%)

Compound Rice husk Palm kernel shell Coconut shell Sawdust

SiO2 89.57 31.73 42.45 8.78

Al2O3 1.32 3.46 3.31 13.89

Fe2O3 1.43 1.78 2.57 2.35

P2O5 1.04 2.57 2.33 19.32

CaO 0.77 20.27 1.21 2.72

TiO2 1.01 12.39 1.33 35.72

MgO 0.76 1.01 21.36 0.35

Na2O 1.15 1.38 1.97 1.04

K2O 1.65 1.51 2.01 1.93

Cl 1.3 0.08 0.98 0.07

MnO - 1.27 1.91 -

C - 12.55 19.67 13.83

Table 4: Ash composition of Biomass Ashes (biochar)

corresponding to the biomass samples. The maximum pyrolysis 
rate occurs at 500 °C, at a level of 3 x 10-2 min-1 which is 5 to 7 
times lower than that of the biomass materials, thus indicates that 
bituminous coal is less reactive. This phenomenon is reflective 
in the DTG curves which represent by peak height and peak 
temperature. Hence, the higher potential for energy production 
would be suggested for pyrolysis and gasification [12].

  
3.4	Chemical Characterisations 

Table 4 shows the selected major elements formed in the 
ash components of the biomass ashes (biochar). From the results 
it is observed that SiO2 is predominant in most of the ashes except 
for wood samples. Other compounds of phosphorus, magnesium, 
aluminium, calcium, iron and potassium are also present.  These 
elements are of relevance for ash melting, deposition, formation, 
emissions as well as corrosion. A high content of potassium 
(K) and silica (Si) in all of the agricultural wastes are observed. 
This usually will decrease the ash melting point which may 
cause sintering or slag formation in the combustion chamber. 
In addition, melts occurring in fly ash particles may cause hard 
deposit formation on cooled furnace walls or heat exchanger tubes 
[6]. However a low content of aluminium and iron are observed 
in coconut shell sample. It tends to suggest that the origin of 
the ash is mostly inherent, rather than adventitious material from 
sand, clays and soil [13].  
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Generally, much of the mineral content in the biomass 
is carried over into the biomass ashes (biochar) where it is 
concentrated due to loss of C, H and O during pyrolysis. The 
amount and distribution of mineral ash in the biochar is influenced 
by its feedstock and process conditions. However, Table 5 
reveals that all the toxic metals of selected biochar samples by  
TCLP tests were found to be below than regulation limit. 
Bridgewater suggested that the partial pressure of O2, steam and 
carbon dioxide (CO2) controls the amount of mineral ash in the 
biochar [14]. 

3.5	Potential Application of Biomass Ash 

Based on the above properties, it appears that the presence 
of porosity and high water absorption, low thermal conductivity 
and immobilised toxic metals of the most biomass char (biochar) 
will make them suitable to be recycled for ceramic products such 
as insulators, filters, structural ceramics, adsorbent materials, etc. 
These applications have not been explored for biomass ashes. 
For instance, ceramic membranes can be used for clarification, 
separation and decontamination in several industries such as 
food processing, petrochemical and wastewater treatment [2]. In 
perspective with typical soil application, these structures vital 
soil functions such as aeration and hydrology [14], soil water 
holding capacity and adsorption capacity [16-18]. Furthermore, 
food-processing industries in Malaysia (dairies, beverage) where 
rice husk is commonly used in the boilers, can be use ceramic 
membranes for separation (e.g. removal of whey protein from 
whey) and clarification (fruit juice clarification).The presence 
of unburnt carbon in biomass ash could enhance its adsorbent 
properties. There is also the possibility to separate and activate the 
unburnt carbon as has been done for coal fly ash. The advantages 
of using unburnt carbon includes high yields of activated carbon 
since the carbon has already undergone devolatalisation and 
simplified process since only activation is required. Recently, 
biomass ashes (biochar) also claimed can be use to mitigate 
a greenhouse gases especially carbon dioxide (CO2) from 
atmosphere or from power plant. 

4.0 	CONCLUSION
Physico-chemical properties of the biomass ashes are found to be 
varies and greatly influenced by the origin of their raw materials. 
Physically, biomass is characterised with high moisture and ash 
content but lower calorific value as compared to coal. These 
properties indirectly contributed to high water absorption and 
low thermal conductivity to the materials. Morphologically, 
SEM images reveal the presence of irregular shape and porous 
structure in all biomass ashes. Furthermore, thermal analysis 
shows most of the weight loss is in the range of 320-600°C which 
mainly governed by decomposition of cellulose, hemicelluloses 
and lignin in the raw biomass samples. These findings not only 
will gave some temperature profile of the raw materials but 
also will provide useful appropriate operating temperatures 
to deal with biomass samples depends on the target products. 
Furthermore, biomass-derived ashes exhibits a correspondingly 
large range in composition and chemistry over the studied 
pyrolysis temperature. Generally, SiO2 is predominant in most 
of the biomass ashes except for wood samples. A high content 
of potassium (K) and silica (Si) in all of the agricultural wastes 
are observed. Apart from high ash content, insignificant amount 
of metals were found in the biochar samples except for Ca, Fe 
and Zn, albeit in very low concentration (less than 100 ppm). In 
conclusion, the properties of biomass ashes (biochar) products 
may affect many of the functional roles that they may play in 
environmental management applications. The large variations 
of their physical, thermal, and chemical characteristics observed 
in the biomass-ashes (biochar) will be more effective than 
others in certain applications. Hence, it is important that these 
characterisations are undertaken before they were experimentally 
applied to environmental systems and variations outcomes maybe 
correlated with these features.
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Table 5: Results of TCLP tests for selected biomass ashes

Heavy metals
Rice husk ash 

(ppm)
Palm kernel shell 

(ppm)
Coconut shell 

(ppm)

Limit 
(ppm) 
[15]

Cd 0.084 0.099 0.082 1.0

Cr 0.702 0.069 0.049 1.75

Cu 0.962 0.108 0.281 100

Pb 0.149 0.215 0.016 0.25

Ni 0.083 0.058 0.035 100
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Appendix

a) Calculation of potential energy 

Potential Energy (E) = Mass of biomass (tonne) × Calorific Value of biomass (kJ/kg)

			   Example : energy potential from palm fibre residues  (refer Table 1 for values) 

			   E   	 = 11698 × 103 Tonne × 4.87* (kJ/kg)
				    = 11698 × 103 Tonne × 4.87 × 109 (J/Tonne)
				    =  56.9 × 1012 J
             				    =  57 PJ

* from experimental data / literature data 
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abstract
In recent years, there has been growing international concern about climate change as a result of greenhouse gas emissions 
from human activity. Various process integration techniques have thus been developed to assist in determining the optimal 
allocation of energy sources to sectoral or regional demands under carbon footprint constraints; for example, the source-
sink representation of this problem has been solved using graphical and algebraic pinch analysis techniques as well as linear 
programming. This work presents an extension of the original problem by incorporating a game-theoretic, two-level decision 
framework, which is a more accurate representation of real-life energy planning applications. The upper level decision-maker 
(i.e., the government) seeks to minimise total costs to society by selecting appropriate emission limits for each sector as well 
as subsidy levels for clean energy sources; on the other hand, the lower level decision-maker (i.e., industry) seeks to minimize 
total energy-related costs subject to the emission limits set by the government. This problem is a static Stackelberg game 
which may be formulated as a fuzzy bi-level optimisation model. A numerical example from literature is used to illustrate the 
modeling approach. The case study is then solved using an adaptive multi-particle simulated annealing algorithm to yield an 
approximate Stackelberg solution.  

Keywords:	 Bi-level Programming; Carbon Constraints; Energy Planning; Source-sink Model; Stackelberg Game 

1.0	INTRODUCTION
In recent years, growing international concern about climate 
change has led to increased research emphasis on mitigation of 
emissions of greenhouse gas (GHG) emissions. Since a large 
portion of global GHG emissions are in the form of CO2 from 
energy use, various approaches to achieve this goal include 
fuel substitution, efficiency enhancement and carbon capture. 
Process systems engineering (PSE) techniques have also been 
developed to optimise the utilisation of different fuels in energy 
systems with carbon emission constraints. For example, Tan and 
Foo (2007) developed a graphical pinch analysis approach for 
allocating fossil fuels to different energy sinks or demands, so 
as to minimise the requirement for clean or low-carbon energy 
sources such as renewable or nuclear power. The technique is 
based on approximating such energy sources as having virtually 
zero carbon emissions, which is justified by their low carbon 
footprint in comparison to conventional fossil fuels. The graphical 
method was also shown to be equivalent to a linear programming 

(LP) problem. A subsequent paper (Foo et al., 2008) showed how 
the same problem may be solved numerically through cascade 
analysis.  

The basic carbon pinch approach was then extended to 
segregated targeting problems (Lee et al., 2009; Bandyopadhyay 
et al., 2010), as well as problems involving demand growth 
(Atkins et al., 2010), carbon capture and storage or CCS (Tan et 
al., 2009a) and carbon footprint visualisation for industrial plants 
(Tjan et al., 2010). Furthermore, the methodology was also shown 
to be applicable to land use (Foo et al., 2008), water footprint 
(Tan et al., 2009b) and emergy (Bandyopadhyay et al., 2010) 
constraints in energy planning. More recently, there has been a 
shift in emphasis towards mathematical programming, which is 
able to handle complex energy planning considerations that are 
not possible using purely pinch-based approaches. For example, 
Pękala et al. (2010) extended the basic LP model from Tan and 
Foo (2007) to cases involving biofuel production with trade 
considerations, and to deployment of CCS retrofits in the power 
sector (Tan et al., 2009a).
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The main limitation of these insight-based and mathematical 
programming-based optimisation approaches is the implicit 
assumption that a single decision-maker exists for the energy 
system. In reality, energy planning involves the complex interaction 
of multiple players or stakeholders. Thus, such problems are 
best dealt with using game theory, which accounts for the self-
interested behavior of independent agents. In its simplified form, 
the interaction may be reduced to one that occurs between an upper 
level regulatory decision-maker (i.e., government) on one hand, 
and a lower level decision-maker (i.e., private industry) on the 
other. In general it may be assumed that the government plays the 
role of trying to influence industry to behave in an environmentally 
responsible manner (through regulations or economic incentives), 
while industry seeks to maximise profit. This sort of leader-
follower interaction may be represented as a Stackelberg game 
(Stackelberg, 1951; Simaan and Cruz, 1973) where the leader’s 
problem is to determine appropriate incentive strategies that induce 
the follower to react in a manner that favors the leader’s interests 
(Salman and Cruz, 1981). This situation requires that the leader 
anticipates the follower’s reactions. A static Stackelberg game can 
be formulated as a bi-level mathematical programming problem 
(Bard, 1998) which essentially consists of one optimisation model 
(representing the follower’s desires) nested within an outer model 
(representing the leader’s objective).

This paper presents a bi-level optimisation model for the 
carbon constrained energy planning problem originally posed by 
Tan and Foo (2007). The approach assumes that the leader decides 
on the emission limits and subsidy levels for clean energy, while 
the follower seeks only to maximise profit (or minimise cost). 
The model is described in the next section. A hybrid approach is 
then shown for determining an approximate Stackelberg strategy, 
which involves relaxation of constraints in a fuzzy optimisation 
model, followed by determination of a highly satisfactory (i.e., 
“satisficing”) solution using an adaptive multi-particle simulated 
annealing (AMPSA) algorithm. A case study based on literature is 
then used to illustrate the methodology. Finally, conclusions are 
drawn and prospects for future research are identified.  

2.0	 PROBLEM STATEMENT
The idealised bi-level carbon constrained energy planning 
problem may be stated as follows. The problem consists of two 
decision makers, the first representing government and the second 
representing industry. Assume that there are m energy sources, for 
which the available quantity and carbon intensities are known. In 
addition, there is one additional resource denoted as clean or zero-
carbon energy, whose carbon intensity is so low when compared 
to the other fuels as to be negligible; there is no specified limit 
for this energy source. There are also n sinks, each with a fixed 
energy demand and carbon emission limit imposed by the upper 
level decision maker. The problem is for the upper level decision 
maker to minimise external costs (borne by society as a result 
of emissions) by setting appropriate levels of subsidy for clean 
energy and emission limits, subject to the lower level decision 
maker’s objective to minimise direct energy costs, and subject to 
system-wide energy balances. A further simplifying assumption is 
that all energy sources are fully interchangeable.  

3.0 	BI-LEVEL PROGRAMMING MODEL 

Parameters
B External cost per unit of carbon dioxide emissions

Cz Unsubsidized cost per unit of clean energy

Ci Cost per unit of energy source i
Dj Energy demand of sink j
Fmax,j Maximum allowable carbon emission intensity limit 

per unit energy for sink j
Hi Carbon footprint per unit of energy source i
R Maximum fraction of clean energy cost to be 

subsidized

Si Maximum availability of energy source i

Leader’s Variables
A Subsidy per unit of clean energy

Fj Carbon emission intensity limit per unit energy for  
sink j

G1 Total cost burden to society

Follower’s Variables
Eij Amount of energy from source i allocated to sink j
G2 Total energy cost

Zj Amount of clean energy allocated to sink j

	
The leader’s objective (Equation 1) is to minimise the cost burden 
to society:

	 min G1					                  (1)

subject to:

 	 G1 = A 
 j

   Zj + B  
j
   Fj Dj			               (2a)

 					      				  
	 Fj ≤ F max j		  ∀j			              (2b)

	 The first term in Equation 2 is the cost of subsidising clean 
energy in the system, while the second term is the external cost 
of environmental impacts arising from carbon emissions. The 
follower’s objective (Equation 3) is to minimise total energy 
costs:

	 min G2 					                            (3)

subject to:

	 G2 = (Cz – A)   
j
   Z j   +   

i
   Ci    

j
  Eij 		               (4)

	 The first term in Equation 4 is the cost of the subsidised clean 
energy, while the second term is the cost of fossil energy. A limit 
may be set for the fractional subsidy (R) of clean energy cost, as in 
Equation 5:	
				  

Σ Σ Σ

Σ Σ
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	 A ≤ RCz					                   (5)

	 The energy balance for each demand is:

	 Zj +   
i
  Eij = Dj 	 ∀j			                 (6)

	 The first and second terms on the left hand side of Equation 
6 indicate the amount of clean and fossil fuel allocated to a given 
sink, respectively. The carbon emission balance for each demand 
is:

	    
i
  Hi Eij ≤ Fj Dj 	 ∀j 			                 (7)

	 Equation 7 assumes that clean energy generates negligible 
carbon emissions, and that whatever emissions are generated by 
fossil fuel use should fall within the limits imposed by the leader. 
The energy balance for each source is:
				     					   
	   

j
   Eij ≤ Si		  ∀i		                             (8)

	 Equation 8 simply states that the amount of each energy 
source allocated to the sinks cannot exceed the available supply. 
In addition to these equations, all variables are non-negative. The 
corresponding non-negativity constraints are no longer listed here 
so as to save space. It can be seen that bilinear terms are present in 
Equations 2 and 4, and thus the model is a non-linear programming 
(NLP) formulation.

4.0	 FUZZY BI-LEVEL PROGRAMMING 		
	 MODEL 

Fuzzy Model Parameters 

A’ Subsidy level per unit of clean energy based on 
follower’s optimum

A* Subsidy level per unit of clean energy based on leader’s 
optimum

F’j Carbon emission intensity limit per unit energy for 
sink j based on follower’s optimum

F*j Carbon emission intensity limit per unit energy for 
sink j based on leader’s optimum

G’1 Total cost burden to society based on follower’s 
optimum

G*1 Total cost burden to society based on leader’s 
optimum

G’2 Total energy cost based on follower’s optimum

G*2 Total energy cost based on leader’s optimum

Fuzzy Model Variables 

λ Fuzzy Degree of Satisfaction
	

	 The fuzzy approach to solving the general bi-level 
mathematical programming model was first proposed by Lai (1996) 
and Shih et al. (2001), and has since been developed further, for 
example by Lee (2001) and Sinha (2003). The general approach is 
applicable to both linear and non-linear problems. 

The main steps are as follows:

	 The model is solved as a single-level optimisation problem 
using the leader’s objective function (Equation 1), and 
disregarding the follower’s objective function (Equation 3). 
All the constraints (Equations 2a, 2b, 4 – 8) are also used 
in this step. This step determines the values of the objective 
functions G*1 , G*2, and the leader’s variables A* and F*j. 
This is the solution if the leader is in a position to decide on 
the values of all the variables in the system. Inspection of the 
model clearly shows that finding the solution is trivial, and 
that the leader’s preferred solution is G*1 = A* = F*j = 0. 
Thus, the model reduces to an LP which can easily be solved 
to find a global optimum.

	 The model is again solved as in the previous step, this time 
using the follower’s objective function (Equation 3) and 
disregarding the leader’s (Equation 1). As in the previous step, 
all the constraints (Equations 2a, 2b, 4 – 8) are considered. In 
this step, the values of G’1, G’2, and the leader’s variables A’ 
and F’j are determined, which correspond to the solution if 
the follower was in control of all the variables in the system. 
It can also be seen easily that the follower will obviously 
prefer maximum subsidy and emission limits, which entails 
saturating the constraints given by Equations 2b and 5. Once 
these are set to the limiting values, the model again reduces to 
an LP for which the global optimum can be found readily.

	 If the solutions in Steps 1 and 2 coincide, then they correspond 
to the exact Stackelberg strategy for the system. However, 
such cases will be rare. Thus, in general, it will be necessary to 
reconcile the conflict of interest between leader and follower. 
The procedure entails having the leader set fuzzy bounds for 
his objective and control variables; likewise, the follower  also 
sets fuzzy bounds for his own objective function. Generally, 
these fuzzy bounds are subjectively defined (Lai, 1996; Lee, 
2001; Shih et al., 2001; Sinha, 2003), but the solutions to 
Steps 1 and 2 can be used as basis for identifying reasonable 
values. The leader then relinquishes control to the follower, on 
the condition that his fuzzy bounds are used as constraints, in 
addition to all other constraints listed in the previous section. 
For simplicity, the fuzzy bounds are assumed to be defined 
by linear membership functions (Lai, 1996; Lee, 2001; Shih 
et al., 2001; Sinha, 2003) as follows: 

		 G1 – G'1  ≥  λ ( G*1 – G'1 )			                (9)

 		 A – A'  ≥  λ ( A* – A' )			              (10)

		 Fj – F'j  ≥  λ ( F*j – F'j )	 ∀j		             (11)

	 G2 – G*2  ≥  λ ( G'2 – G*2 )	 ∀j 		             (12)

	 The variable λ which ranges from 0 to 1 is introduced as an 
index of fuzzy degree of satisfaction of the constraints. A 
solution is partially satisfactory in the fuzzy sense when 0 < λ 
< 1. Note that when λ →1, G1, A and Fj approach the optimal 
values from Step 1 while G2 approaches the optimum from 

Σ

Σ

Σ
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Step 2. Hence, it is in effect possible to seek a compromise 
that may be considered as an approximate Stackelberg 
strategy (Tan et al., 2010) by maximising the value of λ:

	 max λ					                (13)

	 Thus, the original bi-level problem has been translated into 
an equivalent single-level fuzzy optimisation problem. The non-
linear programming (NLP) model may then be solved using an 
appropriate optimisation algorithm. The next section describes the 
stochastic algorithm used in this work. 

 
5.0	 ADAPTIVE MULTI-PARTICLE  
	 SIMULATED ANNEALING (AMPSA) 

AMPSA Nomenclature 

α Random walk coefficient

β Particle interaction coefficient

∆k,t + 1 Change in fitness value of the kth solution between 
successive iterations

f(xk,t + 1) Fitness value of the kth candidate solution in
iteration t + 1

f(xk,t) Fitness value of the kth solution in iteration t

Pk,t + 1 Probability of updating the kth solution

rk,t + 1 Vector of random numbers in the interval
[–0.5, 0.5]

Rk,t + 1 Matrix with diagonals comprised of random 
numbers in the interval [0, 1] and with all non-
diagonal elements at 0

ρ Adaptive cooling coefficient

st Standard deviation of all fitness values in iteration 
t

Tt Temperature in iteration t

xk,t + 1 Vector of decision variables corresponding to the 
kth candidate solution in iteration t + 1

x1,t  Vector of decision variables corresponding to best 
solution in iteration t

xk,t Vector of decision variables corresponding to kth 
solution in iteration t

This section describes the simulated annealing (SA) based 
stochastic algorithm used to solve the fuzzy NLP derived from 
the original bi-level model. SA was originally developed by 
Kirkpatrick et al. (1983) based on a mathematical analog of 
metallurgical annealing. In the latter, the crystalline lattice of a 
heated metallic substance is allowed to reach the lowest possible 
energy levels by means of slow cooling. The enhanced algorithm 
is described below.

The adaptive multi-particle simulated annealing (AMPSA) 
technique was developed by Tan (2008) for general optimisation 

problems encountered in process systems engineering applications. 
The algorithm combines features of SA and particle swarm 
optimisation (PSO); the latter optimisation method was developed 
by Kennedy and Eberhart (1995). Unlike conventional SA, it 
involves parallel search using multiple particles that interact 
among themselves in order to accelerate the search for near-optimal 
solutions. In every iteration, a candidate solution is determined 
through a random perturbation of each of the multiple particles or 
solutions currently present in the algorithm:  

	  	  						    
	 xk,t + 1 =  xk,t  + αrk,t + 1  + βRk,t + 1 ( x1,k  +  xk,t )	 ∀k,t     (14)

Equation 14 shows that the random perturbations consist of 
a random walk component (given by the second term on the right 
side of the equation) plus an interaction component (given by the 
last term) which biases the search of each particle towards the 
direction of the best solution currently available (i.e., k = 1). Note 
that the final term disappears for the “lead particle” corresponding 
to the best solution. The next step is to determine whether the 
candidate solution determined by Equation 14 is to be accepted 
or not. The probability of acceptance is given by the Metropolis 
criterion:

	  			    				  
	 Pk,t + 1  = min 1,e –      		 ∀k,t 		             (15)

where:

∆k,t + 1  =  f(xk,t + 1) – f(xk,t)	 ∀k,t		                      (16)

Equations 15 and 16 assume that the problem is one of 
function minimisation. If the new solution is better than the 
current one, then a “greedy” heuristic is employed and the new 
solution automatically replaces the old one. It thus becomes 
the starting point for the next iteration. If, however, the new 
candidate solution is worse than the previous one, it is not rejected 
outright. Instead, it is accepted with a probability defined by the 
exponential distribution in Equation 15. It can be easily seen that 
the probability of accepting such solutions declines as the extent 
of fitness deterioration increases. The probability distribution is 
modulated by the temperature parameter, which in AMPSA is a 
linear function of the standard deviation (or degree of diversity) of 
the currently available multiple solutions:

				     				  
	 Tt  = ρst 			   ∀t 		             (17)	

In general, the diversity of the different solutions being 
computed in parallel declines as the algorithm progresses; as 
a result, the value of the temperature parameter falls as well. 
This achieves the cooling effect that is normally accomplished 
by geometric progression in conventional SA. In this case, the 
temperature is said to be adaptive since it responds to the quality 
of the solutions found by the algorithm to date.

It should be emphasized that, in practice, AMPSA, as with 
most stochastic algorithms, does not exhibit true convergence in 
the strict mathematical sense. Solutions found by such techniques 
are said to be “satisficing,” i.e., not strictly optimal, but highly 
satisfactory (or near-optimal) from the application standpoint. 
Furthermore, a stochastic algorithm will not necessarily give 
exactly the same solution each time when it is used to solve the same 

∆k,t + 1

Tk
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three regions. Each region has a specified energy demand and a 
carbon emissions limit to be set by the leader. The data for the 
sources and sinks are shown in Table 1. The maximum allowable 
emissions limits in the final column correspond to carbon 
intensity limits of 20, 50 and 100 kt/EJ for Regions I, II, and 
III, respectively. However, the leader’s objective is to minimise 
total costs to society, which consists of the cost to subsidise clean 
energy plus the external costs associated with carbon emissions. 

optimization problem repeatedly. In this work, the algorithm was 
implemented in a program coded in Visual Basic for Applications 
(VBA) (Tan, 2008). 

6.0	 CASE STUDY 
This illustrative case study is based on the example from Tan 

and Foo (2007), which involves the static allocation of clean or 
zero-carbon energy, along with coal, oil and natural gas, across 

Source
Quantity 

(EJ)
Carbon footprint 

(kt/EJ)
Sink

Requirement 
(EJ)

Emissions limit 
(kt)

Coal 600 105 Region I 1000 20,000

Oil 800 75 Region II 400 20,000

Natural gas 200 55 Region III 600 60,000

Zero-carbon No limit 0 Total 2000 100,000

Table 1: Energy sources and sinks (Tan and Foo, 2007) [16]

Table 2: Solution to case study 

Variable Leader’s model Follower’s model Fuzzy limits
Fuzzy model solved  by 

AMPSA

λ n/a n/a n/a 0.11 ± 0.02

G1(103 cost units) 0 390 0 – 390 315 ± 10

G2 (103 cost units) 3,200 2,353 2,353 – 2,700  2,662 ± 8

A (cost units/EJ) 0 320 0 – 200 180 ± 4

F1 (kt/EJ) 0 20 0 – 12  9.0 ± 1.5

F2 (kt/EJ) 0 50 0 – 40 29.2 ± 5.7

F3 (kt/EJ) 0 100 0 – 50  39.9 ± 5.8

Z1 (EJ) 1,000 773 n/a 902 ± 15

Z2 (EJ) 400 133 n/a 274 ± 32

Z3 (EJ) 600 0 n/a  344 ± 44

E11 (EJ) 0 100 n/a  70 ± 24

E12 (EJ) 0 0 n/a  81 ± 34

E13 (EJ) 0 500 n/a  159 ± 57

E21 (EJ) 0 127 n/a  22 ± 21

E22 (EJ) 0 267 n/a  41 ± 44

E23 (EJ) 0 100 n/a  97 ± 77

E31 (EJ) 0 0 0 0

E32 (EJ) 0 0 0 0

E33 (EJ) 0 0 0 0
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Here it is assumed that the maximum acceptable value for the 
subsidy (A) is 320 cost units per EJ, equivalent to 20% of the cost 
of clean energy, while the coefficient for environmental costs is  
B = 1 unit per kiloton (kt) of CO2. The follower seeks to minimize 
the cost of supplying energy to the different sinks, assuming that 
the costs of clean energy, coal, oil and natural gas are 1,600, 1,000, 
1,200 and 1,250 units per EJ, respectively. In this case study, 
fictitious cost units are used but the relative magnitudes of the 
coefficients are based on realistic assumptions. A similar approach 
to costing is used by Pękala et al. (2010).

Solving the model using the leader’s objective function while 
disregarding the follower’s objective (Step 1) gives the result in 
the second column of Table 2. Note that this step assumes that 
the leader is able to dictate all decisions within the system. Since 
this step reduces the model to LP, the solution can be easily found 
using any optimization software; in this case, Lingo 11.0 was used. 
The optimal level of subsidy (A) as well as the emission limits (F1, 
F2 and F3) are all zero, which leads to the external costs borne by 
society (G1) to be zero as well. These limits force the follower 
to use only zero-carbon energy sources to meet the demands of 
the three regions, such that fossil energy use (Eij for all i and j) 
becomes zero throughout the system. The corresponding cost for 
the follower (G2) becomes 3,200 × 103  units. 

On the other hand, Step 2 involves solving the model using 
the follower’s objective function, while disregarding the leader’s, 
which then gives the result in the third column of Table 2. Here 
it is assumed that the follower dictates the decisions; the model 
again reduces to a simple LP which is solved here with Lingo 
11.0. Thus, subsidy level for clean energy (A) as well as regional 
emission limits F1, F2 and F3) reach their maximum levels, which 
leads to an external cost (G1) of 390 × 103 units, while the total of 
energy costs (G2) is at the minimal level of 2,353 × 103 units. Note 
that the energy sources used are 906 EJ (773 + 133 + 0 EJ) of 
clean energy, 600 EJ (100 + 0 + 500 EJ) of coal and 494 EJ (127 + 
267 + 100 EJ) of oil. Interestingly, there is no usage of natural gas 
at all in either the leader’s or the follower’s solution. Thus, the use 
of this fuel may be excluded from the fuzzy model as well.

The next step is to determine the fuzzy bounds for the leader’s 
control variables and objective function, relative to his previously 
determined optimum. The fuzzy range for the follower’s objective 
function is also determined. It should be noted that, in general, 
these limits may be determined subjectively (Lai, 1996; Shih et 
al., 2001, Lee, 2001 and Sinha, 2003); however, the solutions to 
Steps 1 and 2 provide some indication of reasonable numerical 
values to be used so that a partially acceptable solution can be 
found. These ranges are given in the fourth column of Table 2 
and are then integrated into a single, unified fuzzy NLP model, as 
described previously. The model is then solved for a near-optimal 

or satisficing solution using an AMPSA program coded in VBA 
(Tan 2008). This program has twenty particles and terminates after 
1,000 iterations, which gives a total of 20,000 function evaluations 
(20 × 1,000) per run. As with most stochastic algorithms, AMPSA 
does not exhibit convergence towards an optimum in the strict 
mathematical sense, but in general will yield satisficing solutions 
if properly tuned. The final column of Table 2 shows the range 
of values (average ± standard deviation) found for ten repeated 
runs using AMPSA. It can be seen that the results for λ as well 
as the leader’s and follower’s objectives (G1 and G2) are fairly 
consistent. On the other hand, there is considerable variation in 
the final values of the decision variables, with the exception of the 
level of subsidy (A). This result indicates that the problem exhibits 
degeneracy – i.e., there may be multiple solutions that exhibit the 
same optimal or near-optimal objective function values.

Table 3 shows an example of an allocation network 
for which λ = 0.10, A = 180 cost units/EJ, F1 = 5.8 kt/EJ,  
F2 = 31.7 kt/EJ and F3 = 45.1 kt/EJ. This solution is randomly 
selected from the ten runs implemented for the case study; it must 
be emphasized that it is only one of many possible schemes that 
achieves an approximate Stackelberg strategy. In this case, the 
resulting objective function values are G1 = 322 × 103 cost units 
for the leader and G2 = 2,666 × 103 cost units for the follower; it 
may be seen that both of these values fall within the statistical 
range of variation given in Table 2. Note that, in this solution, 
the three region use a combined 1,535 EJ (933 + 275 + 327 
EJ) of clean energy, as compared to only 906 EJ without the 
leader’s intervention in the form of carbon emission limits and 
subsidies. Thus, by using an approximate Stackelberg strategy, 
the leader is able to induce environment-friendly behavior even 
when the decision of the follower is motivated purely by cost 
considerations. 

7.0 	CONCLUSION
A hybrid approach to the determination of approximate Stackelberg 
solutions in bi-level carbon-constrained energy planning problems 
has been developed. This technique assumes that the upper 
level decision-maker, or leader, controls the emission limits 
to be imposed on the lower-level decision-maker, or follower, 
as well as subsidy levels for clean energy sources. The leader 
(i.e., government) seeks to minimise total costs to society as a 
result of environmental impacts as well as the direct expense of 
the clean energy subsidy. On the other hand, the follower (i.e., 
industry) is assumed to control the actual allocation of energy 
sources to different demands in order to minimise energy costs 
while meeting the emission limits imposed by the leader. The 
solution procedure involves relaxing the conflicting solutions of 

Table 3: Example of a satisficing energy allocation network (values given in EJ) 

Zero-carbon Coal Oil Natural gas

Region I 933 24 43 0

Region II 275 110 16 0

Region III 327 219 54 0

Excess n/a 248 687 200
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the leader and follower to yield a fuzzy non-linear program (NLP); 
a satisficing or near-optimal solution can then be found using an 
adaptive, multi-particle simulated annealing algorithm (AMPSA). 
As demonstrated by a numerical case study, the model makes it is 
possible for the leader to identify appropriate emission limits and 
subsidy levels to induce the follower to allocate energy sources 
in an environmentally responsible manner, even when the latter’s 
principal goal is to minimize costs. Further research can still be 

done to extend the model to more realistic cases by relaxing some 
of the simplifying assumptions used in this paper.
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abstract
The conversion of starch to sugar can be achieved by hydrolysis process. The two-step enzymatic hydrolysis of sweet sorghum 
was performed by commercially available α-amylase and glucoamylase. An optimisation study was carried out to optimise 
the factors of the hydrolysis process, namely, amount of substrate, liquefaction and saccharification temperature, liquefaction 
and saccharification time, and amount of α-amylase and glucoamylase enzymes. The screening of significant hydrolysis 
factors were done by using the two-level factorial design (TLFD) under the factorial design (FD). The results indicated that 
the liquefaction and saccharification temperature, and amount of glucoamylase enzyme were found to be the major factors 
for further optimisation. The major factors for hydrolysis were optimised by the central composite design (CCD) under the 
response surface method (RSM). The analysis of variance (ANOVA) result showed that glucoamylase enzyme (p < 0.0021) 
and saccharification temperature (p < 0.0181) were significant factors for hydrolysis of sorghum starch. Also, the statistical 
analysis showed that the optimum dextrose equivalent (69.07% (g/g)) were obtained at 90°C of liquefaction temperature, 
47°C of saccharification temperature, and 0.24% (v/w) of glucoamylase enzyme.

Keywords:	α-amylase, Glucoamylase, Liquefaction, Optimisation, Saccharification, Sorghum Starch

1.0	INTRODUCTION
The world’s leading manufacturers and industries are seeking 
to substitute petrochemical-based feedstock with agricultural-
based materials as petroleum supplies continue to decline [1]. 
Great attention has been given to the ethanol production using 
various substrates which can be classified into three main types 
of materials, which are sugars (from sugarcane, sugar beet, sweet 
sorghum, molasses, and fruits), starches (from sweet sorghum 
grain, cassava, corn, potato, and root crops), and cellulose 
materials (from agricultural residue, wood, and paper mills) [2], 
because of the increase in demand for ethanol which is considered 
as an alternative energy source [3]. Furthermore, the commercial 
success of amylases is associated to utilisation of starchy biomass 
as an industrial raw material. Agricultural substrates like corn, 
wheat, sorghum and other cereal grains contain around 60-75% 
(w/w) starch on a dry basis, hydrolysable to glucose and thus 
offer a good resource in fermentation processes [4].
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Sweet sorghum (Sorghum biocolor (L.) Moench) is one of 
the most favourable crops for industrial applications [1]. Sorghum 
is a C4 plant characterised by a high biomass- and sugar-yielding 
crop [5]. It contains approximately equal quantities of soluble 
(glucose and sucrose) and insoluble carbohydrates (cellulose and 
hemicellulose) [6]. Sweet sorghum has the ability of remaining 
dormant during the driest periods and is often judged to be one 
of the most drought resistant agricultural plants [7; 8]. Thus, 
it can be planted primarily in semiarid and dried parts of the 
world, especially in areas too dry for maize [1]. Also, it has been 
considered as an important energy plant for the production of 
fuel bioethanol [9].

Sweet sorghum grain is a starch-rich grain [1]. Starch consists 
of two types of polysaccharides, the linear molecule, amylose 
and a highly branched molecule, amylopectin [10]. Amylose is a 
linear molecule of (1→4) linked α-D-glucopyranosyl units (α-D-
(1→4)-glucan), but it is well established that some molecules 
are slightly branched by (1→6)-α-linkages. Meanwhile, 
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amylopectin is a highly branched component of starch formed 
through chains of α-D-glucopyranosyl residues linked together 
mainly by (1→4) linkages but with 5-6% of (1→6) bonds at 
the branch points. It is a branched polysaccharide composed of 
hundreds of short (1→4)-α-glucan chains, which are interlinked 
by (1→6)-α-linkages [11; 12]. In most common types of cereal 
endosperm starches, the relative weight percentages of amylose 
range between 18-33% and amylopectin range between 72-82% 
[11].

Starchy grains and effluent generated from starch processing 
units are the cheap feedstocks and could be used as potential 
raw materials for ethanol fermentation [13]. The sweet sorghum 
starch hydrolysis may be regarded as a first and important step in 
sorghum processing for bioethanol production [12]. Enzymatic 
hydrolysis is essential for the production of glucose syrups from 
starch because of the specificity of enzymes allows the sugar syrups 
production with well-defined physical and chemical properties 
and the milder enzymatic hydrolysis results in few side reactions 
and less “browning” [2]. Conventional process for production of 
bioethanol from starch basically involved a three-stage process; 
liquefaction of starch by α-amylase, saccharification of liquefied 
starch by glucoamylase and followed by fermentation of sugar to 
ethanol using Saccharomyces cerevisiae [12].

The aim of this study was to investigate the liquefaction and 
saccharification processes of sweet sorghum by commercially 
available α-amylase and glucoamylase. In order to achieve the 
optimum conditions, the present study was carried out in two 
stages: firstly, the two-level factorial design was applied to select 
the most significant conditions of starch hydrolysis such as the 
substrate and enzyme concentrations, and the temperature and 
time required for the enzymatic action, which affect glucose 
production. Secondly, the central composite design (CCD) was 
employed to obtain the optimum level of the significant factors 
by developing a model followed by other statistical tests such as 
analysis of variance (ANOVA), coefficient of determination, 2D 
contour and 3D surface plots for the glucose production of from 
sweet sorghum starch.

  

2.0	MATERIALS AND METHODS
2.1	Substrates

Sweet sorghum grains were obtained from Indonesian 
Bioenergy Foundation and blended into small size of 
approximately 20 µm to enhance the hydrolysis process.

2.2	Enzymes
Both α-amylase from Bacillus subtilis and glucoamylase 

from Aspergillus niger were obtained from enzyme industry 
in Jakarta, Indonesia. The activities of the two enzymes were 
identified to be 25,000 U/mL and 130,000 U/mL, respectively.

2.3	Hydrolysis
The shake flask was filled with 100 ml of distilled water and 

heated to 80°C. Then, 25 g of sweet sorghum was added to the 
flask (to make 25% (w/v) of substrate). After that, 0.2% (v/w) 
of α-amylase (from the amount of sorghum) was added and the 

mixture was cooked at 80 °C and mixed at 250 rpm for 1 h. After 
1 h, the mixture was cooled down to 60 °C and 0.1% (v/w) of 
glucoamylase was added and the mixture was left for 4 h with 
250 rpm agitation.

2.4	Enzymes
Samples for dextrose equivalent (DE) determinations were 

centrifuged at 5000 rpm for 30 min to remove the substrates. 
The supernatant was filtered through a 0.45 μm membrane and 
analysed by high performance liquid chromatography (HPLC) 
equipped with a refractive index detector. The column used for 
separation was a SUPELCOGEL C-610H column. 10 μl of sample 
was injected into HPLC and separation was performed at 30 °C 
with 0.1% H3PO4 as the mobile phase at a flow rate of 0.5 mL/min. 
Glucose was used as a standard. DE was calculated as follows:

DE = –––––––––––––––––––––––––––– × 100              (1)

2.5	Experimental design
2.5.1	T wo-level factorial design

The two-level factorial design was used to identify which 
factors of hydrolysis process have significant effects on the 
response, DE. The factors selected for the experiment were the 
amount of substrate (A, % (w/v)), liquefaction temperature (B, 
°C), liquefaction time (C, h), amount of α-amylase [D, % (v/w)], 
saccharification temperature (E, °C), saccharification time (F, 
h), and amount of glucoamylase [G, % (v/w)]. The factors were 
examined at two different levels (low and high) coded (1 and 2, 
respectively) as shown in Table 1. This design gave an output of 
eight experimental runs (combinations) with seven independent 
variables. All the experiments were performed in triplicate and 
the average of DE was used as the response (dependant variable). 
The two-level factorial design is based on the first order model 
which is as follows:

Y = b0 + Σ b
i
 x

i
 				                  (2)

where Y is the response (DE value), b0 is the model intercept 
and b

i
 is the linear coefficient, and x

i
 is the level of the independent 

variable. This model does not describe the interaction among the 
factors and it is used to evaluate and select the important factors 
that influence the response.

Table 1: Independent variables in the two-level factorial 
experimental design

Variables Symbol Coded levels

1 2

Amount of substrate, % (w/v) A 25 35

Liquefaction temperature, °C B 80 90

Liquefaction time, h C 1 2

Amount of α-amylase, % (v/w) D 0.1 0.2

Saccharification temperature, °C E 50 60

Saccharification time, h F 2 4

Amount of glucoamylase, % (v/w) G 0.1 0.2

g reducing sugar expressed as glucose

g dry solid weight
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2.5.2	 Central composite design

The central composite design was used to demonstrate the 
nature of the response surface in the experimental region and 
clarify the optimal conditions of the most significant independent 
variables. Three major variables namely liquefaction temperature 
(X1, °C), saccharification temperature (X2, °C), and amount of 
glucoamylase [X3, % (v/w)] were included in this model. The 
factors were examined at five different levels (relatively low, 
low, basal, high, relatively high) coded (-2, -1, 0, +1, + 2) as 
shown in Table 2. Other variables were fixed from the result of 
the two-level factorial design. According to the CCD for three 
variables, 20 experimental runs (6 runs at centre point) were 

executed and the results were fitted to the following second order 
polynomial model:

    Z = β0 + β1X1 + β2X2 + β3X3 + β11X1
2 + β22X2

2 +

	    β33X3
2 + β12X1X2 + β13X1X3 + β23X2X3	              	             (3)

where Z is the dependent variable (dextrose equivalent); X1, 
X2 and X3 are the independent variable (liquefaction temperature, 
saccharification temperature and amount of glucoamylase); β0 is 
the regression coefficient at centre point; β1, β2 and β3 are the 
linear coefficients; β11, β22 and β33 are the quadratic coefficients; 
and β12, β13 and β23 are the second order interaction coefficients.

Table 2: Independent variables in the central composite experimental design

Variables Symbol Coded levels

-2 -1 0 +1 +2

Liquefaction temperature, °C X1 75 80 85 90 95

Saccharification temperature, °C X2 40 45 50 55 60

Amount of glucoamylase, % (v/w) X3 0.10 0.15 0.20 0.25 0.30

The developed regression model was calculated by analysing 
the values of regression coefficients, analysis of variance 
(ANOVA), p- and F-values. The quality of fit of the model 
equation was confirmed by the coefficient of determination, R2. 
The statistical software package Design-Expert®6.0.8 (Stat Ease 
Inc., Minneapolis, USA) was used to identify the experimental 
design as well as to establish a regression model to predict the 
optimum combinations considering the effects of linear, quadratic 
and interaction on dextrose equivalent value.

   

3.0	RESULTS AND DISCUSSION
3.1	 Screening of significant hydrolysis parameters for 
	 glucose production using two-level factorial design 

Seven hydrolysis parameters were screened by the two-
level factorial design, which showed eight experimental runs for 
glucose production (Table 3). The main effect of each parameter 
on dextrose equivalent was estimated as the difference between 
the average of the measurements made at the low (1) and high 
level (2) of the factors. The main effects of each hydrolysis 
parameter are shown in Figure 1.

Table 3: The two-level factorial design for the screening of hydrolysis parameters

Run

Factors Response

A
[% (w/v)]

B
(°C)

C
(h)

D
[% (v/w)]

E
(°C)

F
(h)

G
[% (v/w)]

Y
[% (w/w)]

1 25 80 1 0.2 60 4 0.1 27.70

2 35 80 1 0.1 50 4 0.2 51.97

3 25 90 1 0.1 60 2 0.2 54.28

4 35 90 1 0.2 50 2 0.1 51.26

5 25 80 2 0.2 50 2 0.2 61.62

6 35 80 2 0.1 60 2 0.1 20.67

7 25 90 2 0.1 50 4 0.1 52.04

8 35 90 2 0.2 60 4 0.2 41.73
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The screening results were analysed using the analysis of 
variance (ANOVA) as appropriate to the experimental design 
used as shown in Table 4. The computed F-value (46.87) indicates 
that the model was highly significant at high confidence level. 
The probability p-value was also relatively low (p-value > F = 
0.0210) which indicates the significance of the model. The Fisher 
variance ratio, the F-value is a statistically valid measure of how 
well the factors describe the variation in the mean of data. The 
greater the F-value indicates that the factors explain adequately 
the variation in the data about its mean, and the estimated factor 
effects are real. Also, the F-value is inversely proportional to 
p-value > F. Higher F-value will result to lower p-value > F.

Table 4:  Analysis of variance (ANOVA) for screening

Source Sum of Squares F-value p-value > F

Model 1389.47 46.87 0.0210

A 112.59 18.99 0.0488

B 174.31 29.40 0.0324

E 657.19 110.83 0.0089

F 25.88 4.36 0.1719

G 419.51 70.75 0.0138

For the independent variables, the p-value for 
saccharification temperature is the lowest (0.0089), followed 
by amount of glucoamylase (0.0138), liquefaction temperature 
(0.0324), amount of substrate (0.0488), and lastly saccharification 

time (0.1719). The p-values were used to check the significance 
of each coefficient. The lower the p-value indicates the more 
significant correlation of coefficients (p-value < 0.05 indicate the 
model terms are significant; p-value < 0.01 indicate the model 
terms are highly significant).

When the factor is highly significant, the small change in 
the factor (either increase or decrease) will give big impact on the 
response. Positive effect means increasing the factor will result to 
an increase in the response while negative effect means reducing 
the factor will result to an increase in the response. Linear and 
quadratic effects of parameters were significant, meaning that 
they can act as limiting factor and little variation in their value 
would change either the growth rate or the product formation rate 
or both to a considerable extent [14].

From the plot in Figure 1, three factors, which are liquefaction 
temperature, the amount of α-amylase and glucoamylase gave 
positive effect to the response. On the other hand, the amount 
of substrate, liquefaction time, saccharification temperature and 
time, gave negative effect to the response. The results showed 
that the highest value represents the most significant factor, 
by considering the absolute value only (neglect the positive 
and negative sign). The saccharification temperature gave 
highest impact on dextrose equivalent, followed by amount of 
glucoamylase, liquefaction temperature, amount of substrate, 
saccharification time, liquefaction time, and lastly amount of 
α-amylase enzyme. Positive linear coefficient means positive 
effect and vice versa. Therefore, the most important factors 
that affect the hydrolysis process of sweet sorghum are the 
liquefaction and saccharification temperature, and glucoamylase 
enzyme.

Figure 1:  Main effects of the hydrolysis parameters on dextrose equivalent
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where the dextrose equivalent (Z) is a function of liquefaction 
temperature (X1), saccharification temperature (X2) and amount 
of glucoamylase (X3).

Table 5: The central composite design for the optimization of 
hydrolysis parameters

Run

Factors Response

X1

(°C)
X2

(°C)

X3

(% 
(v/w))

Z (% (w/w))

Observed Predicted

1 80 45 0.15 38.62 44.73

2 90 45 0.15 54.98 52.39

3 80 55 0.15 44.54 42.69

4 90 55 0.15 47.24 44.11

5 80 45 0.25 52.26 57.96

6 90 45 0.25 63.74 68.15

7 80 55 0.25 45.08 50.24

8 90 55 0.25 57.74 54.19

9 75 50 0.20 55.92 49.64

10 95 50 0.20 57.54 61.25

11 85 40 0.20 55.20 49.67

12 85 60 0.20 30.70 33.67

13 85 50 0.10 32.48 34.49

14 85 50 0.30 62.38 57.80

15 85 50 0.20 62.24 63.97

16 85 50 0.20 62.12 63.97

17 85 50 0.20 62.36 63.97

18 85 50 0.20 66.14 63.97

19 85 50 0.20 70.40 63.97

20 85 50 0.20 63.12 63.97

At the model level, the correlation measures for the 
estimation of the regression equation are the determination 
coefficient R2. The correlation between the observed and 
predicted values is better when the value of R2 is closer to 1. In 
this experiment, the value of R2 was 0.8636. This value indicates 
a high degree of correlation between the observed and predicted 
values. The value of R2 indicates that 86.36% of the variables: 
liquefaction temperature, saccharification temperature and 
amount of glucoamylase play an important role to the response. 
The value of R2 is also a measure of fit of the model and it can 
be mentioned that only about 13.64% of the total variations were 
not explained by the dextrose equivalent [18].

In this study, the substrate concentration has negative effect 
on hydrolysis process, which means lower amount of substrate 
gives higher amount of dextrose equivalent. According to Mojović 
et al. [12], the substrate concentration had a pronounced effect 
on the starch hydrolysis and the ethanol fermentation. Regarding 
the yields, lower amount of substrate is more appropriate as 
substrate inhibition could be avoided. Furthermore, Aggarwal 
et al. [15] mentioned that 25% (w/v) of sorghum slurry was 
more appropriate for liquefaction process. This is because, at 
35% (w/v), the mixing and homogenization were less efficient 
as the viscosity of the slurry is very high. Thus, the maximum 
concentration of sorghum slurry that suitable for liquefaction 
was observed to be 25% (w/v). This is because at lower substrate 
concentration, mixing and homogenisation of the reaction 
mixture was possible [16].

The liquefaction time has slightly negative effect on the 
amount of DE. As the liquefaction time increases, the amount of 
DE decreases. This is because the longer exposure of the enzyme 
to high temperatures, which are needed for gelatinisation of the 
starch granules and for achieving a good susceptibility to enzyme 
action, could lead to slight enzyme deactivation [12]. According 
to Shewale and Pandit [16], liquefaction of sorghum slurry 25% 
(w/v) was completed in only 1 hour.

For α-amylase enzyme, it provides very low positive effect 
on the DE. In one study, Shewale and Pandit [16] found that 
liquefaction of 25% (w/v) sorghum slurry was completed in 1 h 
with B. licheniformis a-amylase (BLA) concentration of 0.08% 
(v/w) of flour in the absence of CaCl2 supplementation. However, 
Aggarwal et al. [15] mentioned that the optimum α-amylase 
enzyme concentration was 0.15% (v/w) for 1 h of liquefaction 
time, which is higher than the concentration used in this study.
The saccharification time has slightly lower negative effect 
on DE production compared to the effect of saccharification 
temperature. As the saccharification time increases, the amount 
of DE produced decreases. Ejiofor et al. [17] saccharified cassava 
starch at 55 °C only for 2 h.

3.2		 Optimisation of hydrolysis parameters for 
glucose production using central composite 
design
The significant hydrolysis parameters such as liquefaction 

and saccharification temperature, and glucoamylase enzyme as 
independent variables were optimised for the maximum glucose 
production from sorghum starch. Experiments were carried out 
as designed by using central composite design (CCD) (Table 5), 
and the average glucose production obtained was used as the 
response. The optimal values of glucose produced within the 
experimental constrains were predicted by fitting a second order 
polynomial model to the experimental results for the dextrose 
equivalent by the Design-Expert software (v 8.0). The regression 
model developed relating the variables are as follows:

Z =  1492.04 + 17.68X1 + 27.94X2 + 897.52X3

	   – 0.09X1
2 – 0.22X2

2 – 1782.18X3
2 – 0.06X1X2

	   + 2.54X1X3 – 5.68X2X3			                         (4)



Optimisation of Hydrolysis Conditions for Ethanol Production from Sorghum Starch

Journal - The Institution of Engineers, Malaysia (Vol. 71, No.3, September 2010) 31

The 2D contour plots and 3D response surface are the 
graphical representation of the regression model used to determine 
the optimum values of the parameters within the considered 
ranges [19]. The 2D and 3D plots for the interaction between 
two variables among three the variables are shown in Figure 2 
to Figure 4. The purpose of response surface is to determine the 
optimum values of the variables, which mean the response is at 
maximum value [19]. The contour plot represents an infinitive 
number of combinations of the two test variables while the other 
variable maintained at zero level (centre). The maximum predicted 
value is obtained from the surface confined in the smallest ellipse 
in the contour plot. Elliptical contours are obtained when there is 
a perfect interaction between the two independent variables [20]. 
Meanwhile, the 3D surface plot shows whether the ellipse in the 
contour plot is at maximum or minimum.

The optimization results were analysed using the analysis 
of variance (ANOVA) as appropriate to the experimental design 
used as shown in Table 6. The computed F-value (7.04) indicates 
that the model was significant at high confidence level. The 
probability p-value was also relatively low (p-value > F = 0.0026) 
indicates the significance of the model. It was observed that the 
linear and square terms of both saccharification temperature (X2) 
and glucoamylase (X3) were significant (p < 0.05). Meanwhile, 
the linear and square terms of liquefaction temperature (X1), and 
also the interactive terms between liquefaction temperature and 
saccharification temperature (X1X2), liquefaction temperature 
and glucoamylase (X1X3) and saccharification temperature and 
glucoamylase (X1X3) shown in the ANOVA analysis were not 
significant (p > 0.05).

Table 6: Analysis of variance (ANOVA) for optimisation

Source Sum of Squares F-value p-value > F

Model 2038.28 7.04 0.0026

X1 134.79 4.19 0.0679

X2 256.00 7.95 0.0181

X3 543.36 16.88 0.0021

X1
2 114.12 3.55 0.0891

X2
2 781.58 24.29 0.0006

X3
2 499.11 15.51 0.0028

X1X2 19.47 0.60 0.4547

X1X3 3.23 0.10 0.7581

X2X3 16.13 0.50 0.4951

Figure 2:  2D contour plot and 3D response surface show the effect of liquefaction temperature (°C) and saccharification temperature (°C) on 
the dextrose equivalent [% (g/g)] [glucoamylase was 0.20 % (v/w)]
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Figure 2 illustrates the elliptical response surface of dextrose 
equivalent from the interaction of liquefaction temperature and 
saccharification temperature. The predicted dextrose equivalent 
decreased at lower and higher values of ranges for both 
liquefaction and saccharification temperature. The maximum 
dextrose equivalent of about 66.13% (g/g) was predicted at 
liquefaction and saccharification temperature around 89 °C and 
47 °C while glucoamylase concentration was 0.20% (v/w).

An elliptical response surface in Figure 3 shows the 
variation of dextrose equivalent as a function of liquefaction 
temperature and glucoamylase by making saccharification 
temperature a constant. About 67.14% (g/g) of maximum 

dextrose equivalent was obtained from the response surface 
at liquefaction temperature, glucoamylase concentration, and 
saccharification temperature was about 89 °C, 0.24% (v/w) and 
50 °C, respectively.

Figure 4 is the response surface plot for the dextrose 
equivalent with the interaction of saccharification temperature 
and glucoamylase concentration. The maximum dextrose 
equivalent was predicted at given ranges of both saccharification 
temperature and glucoamylase concentration. Thus, the maximum 
dextrose equivalent of about 66.94% (g/g) was obtained when 
saccharification temperature around 47 °C, glucoamylase 
concentration was 0.24% (v/w), and liquefaction temperature 
was about 85 °C.

Figure 3: 2D contour plot and 3D response surface show the effect of liquefaction temperature (°C) and glucoamylase [% (v/w)] on the dextrose 
equivalent [% (g/g)] (saccharification temperature was 50 °C)

Figure 4:  2D contour plot and 3D response surface show the effect of saccharification temperature (°C) and glucoamylase [% (v/w)] on the 
dextrose equivalent [% (g/g)] (liquefaction temperature was 85 °C)
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The optimum hydrolysis conditions for maximum dextrose 
equivalent of 69.07% (g/g) were predicted at 90 °C of liquefaction 
temperature, 47 °C of saccharification temperature, and 0.24% 
(v/w) of glucoamylase enzyme. Even though the liquefaction 
temperature is not significant, the interaction of all factors are 
significant since the probability p-value of the whole model was 
very low (p-value > F = 0.0026).

According to Shewale and Pandit [16], there are two 
effects occur simultaneously as the liquefaction temperature 
was increased from 75 to 95°C. The first one is when the 
gelatinisation rate of starch increases, and the second is when 
the dextrinisation rate of the starch molecules decreases due to 
enzyme deactivation at high temperatures. Therefore, there exists 
an optimum temperature for the liquefaction process. Moreover, 
for amylases to attack starch, the suspension should be brought 
to high temperatures (90-110 °C) for the breakdown of starch 
kernels [21]. The increase in hydrolysis of starch could also be 
connected to the effect of high temperature or heat on the weaker 
areas on the starch granule, allowing the enzyme to break the 
starch granules more extensively [10]. Aggarwal et al. [15] found 

that the maximum saccharification occurred at 45 °C as the rate 
of saccharification reduced substantially at higher temperature. 
Meanwhile, Shewale and Pandit [16] mentioned that 55 °C is 
the optimum temperature for saccharification to occur. Also, the 
glucoamylase enzyme activity increased progressively with an 
increase in temperature from 20 °C and reaching maximum at 
60 °C [19].

4.0	CONCLUSION
In this study, three hydrolysis parameters, liquefaction and 
saccharification temperature, and amount of glucoamylase 
enzyme were selected by the two-level factorial design as the 
significant factors for dextrose equivalent. These factors were 
further optimized by using the central composite design. The 
dextrose equivalent of 61.62% (g/g) found during the screening 
process by two-level factorial design was increased to a predicted 
value of 69.07% (g/g) during optimisation using central 
composite design. The variables of saccharification temperature 
and glucoamylase concentration showed significant effects on 
the dextrose equivalent. 
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abstract
The potential of sulphated zirconia (SZ) as heterogeneous acid catalyst for esterification of free fatty acid (FFA) to biodiesel 
has been investigated. Experiments using oleic acid as a model compound preceded the esterification of palm oil free fatty 
acid (POFFA) mixtures. The relation of reaction time, SZ loading and methanol to oil molar ratio on biodiesel yield and 
conversion was investigated. Optimisation of esterification process via response surface methodology (RSM) for blended 
POFFA revealed maximum biodiesel yield (FAME) and conversion were 80.2% and 78.4%, respectively. The optimum 
conditions were operating reaction time = 87min, catalyst loading = 0.98wt% and molar ratio methanol to oil = 11.6:1.  The 
fuel properties of biodiesel from POFFA and oleic acid blends were found to conform to the ASTM standard. 

Keywords:	 Biodiesel; Free Fatty Acid; Heterogeneous; Response Surface Methodology, Optimisation 

1.0	INTRODUCTION
Petrol and diesel contribute to environmental problems since the 
exhaust gas from these fuels emits green house gases (GHG) such 
as carbon monoxide (CO), nitrogen oxide (NOx) and particulate 
matter [1]. The GHG can be hazardous to human health besides 
it being a factor to global warning. According to Marchetti et al. 
[2], biodiesel can be defined as a fuel comprised of mono-alkyl 
esters of long chain fatty acids derived from vegetable oils or 
animal fats. Biodiesel is green fuel since it is biodegradable and 
non-toxic, and it significantly reduces toxic and other emissions 
when burned as fuel. Therefore, biodiesel might become a good 
alternative for sustainable environment development.

Vegetable oils such as palm, soybean, peanut and olive 
oil and animal fats such as beef tallow are attractive as raw 
material for biodiesel production. However, the prices of these 
oils and fats are relatively high and increase cost for biodiesel 
production. Therefore, alternative feedstock is being evaluated 
to identify less expensive materials that could serve as cheaper 
feedstock for biodiesel. Substantial efforts have been devoted 
to the development of non-edible oil and waste edible oil such 
as jatropha oil and waste cooking oil respectively as a biodiesel 
feedstock [3-8]. Meanwhile, the development of other feedstock 
such as POFFA is also of interest [9, 10]. POFFA is fatty acids 
residual based palm oil which is a by-product from distillation 
and recovery of desired fatty acids. The POFFA is attractive not 

only to further increase the economic viability of biodiesel, but it 
is also easier to obtain from the palm oil refineries.

Base-catalysed transesterification is the most common way 
to produce biodiesel since the reaction proceeds faster than the 
acid-catalysed reaction. In addition, the alkaline catalysts are 
less corrosive than acidic ones and therefore are more favourable 
in industrial processes [2]. The reaction directly converts the 
triglycerides to form their corresponding fatty acid methyl ester 
(FAME) in the presence methanol and catalyst. However, POFFA 
contains high amount of free fatty acid (FFA) (93 wt% or more) 
[10]. According to Marchetti et al. [2], if the amount of FFA in 
the feedstock exceeds 0.5%, direct esterification will inherently 
take place. Figure 1 illustrates the reaction path of esterification 
where R and R’ denotes any hydrocarbon chain.

Esterification can be carried out in the presence of 
homogenous or heterogeneous catalyst. However, homogeneous 
catalyst is not recommended in the biodiesel production because 
of saponification and problems to separate the catalyst from the 
product[2, 11]. Heterogeneous catalyst seems to be better than 
homogeneous catalyst for obtaining high biodiesel yield.

Several researchers have studied the performance of zirconia 
based catalyst for biodiesel production. Jitputti et al. [12] studied 
ZrO2, ZnO, SO4

2-/SnO2, SO4
2 -/ZrO2 (SZ), KNO3/KL zeolite and 

KNO3/ZrO2 for the transesterification of crude palm kernel oil 
(PKO) and crude coconut oil (CCO). They reported SZ solid 
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acid catalyst exhibited the highest activity for both crude palm 
kernel oil and CCO transesterification compared to the other 
catalysts. Meanwhile, Satoshi et al. [13] reported three types of 
solid superacid catalyst, sulphated tin oxide (STO), tungstated 
zirconia-alumina (TZA) and sulphated zirconia-alumina (SZA) 
were able to contribute in esterification of n-octanoic fatty acid 
and transestrification of soybean oil. TZA was quite effective 
and gave high performance in biodiesel production. Over 90% 
conversions in both transesterification and esterification were 
reported. However, STO only showed high activities in the 
esterification due to its strong acidity compared to the others 
with 100% conversion.

Kiss et al. [14] has investigated the manufacturing of 
biodiesel via dodecanoic acid esterification using various super 
acid catalysts such as SZ, SO4

2−/TiO2, SO4
2−/SnO4

2-, H-ZSM5 
and ion exchange resin. These catalysts were environmentally 
superior such as low corrosion, easy separation, and produced 
no acid waste problems. From the results, SZ was found to be a 

good catalyst for the catalytic biodiesel production. The catalyst 
possessed strong acid sites, highly selective with high thermal 
stability under the process conditions.

Therefore, SZ was a potential catalyst for biodiesel 
production from POFFA since SZ was less expensive and has 
an economical advantage due to productivity improvement 
resulting from its good catalytic activity. In addition, SZ has 
large pores which allow the diffusion of fatty acid molecules. 
Thus, it can produce high alkyl esters yield [15] and can be easily 
separated from the  product [16]. In this paper, the potential of 
SZ as heterogeneous acid catalyst for esterification of POFFA 
to biodiesel is investigated. The relationship of reaction time, 
SZ loading and methanol to oil molar ratio on biodiesel yield 
and conversion of oleic acid was investigated using central 
composite design (CCD). The esterification of oleic acid as 
model compound was initially optimized via response surface 
methodology (RSM). Next, the esterification of POFFA and oleic 
acid mixture at the suggested optimum condition was studied. 

Figure 1: Esterification reaction

2.0	EXPERIMENTAL
2.1	Material
Pure oleic acid was purchased from Reidel De Haen Company 
(U.S.A) while POFFA was obtained from Natural Oleochemical 
Sdn Bhd, Pasir Gudang, Johor, Malaysia. POFFA was received as 
dark brown liquid with mild odour. The components of POFFA 
were identified by GC-MS and tabulated in Table 1. Zirconia was 
purchased from Merck (Germany). Meanwhile, 0.5 N H2SO4, 
analytical grade methanol (98%) and n-hexane were purchased 
from Q-Rëc (New Zealand).

2.2	Catalyst Preparation
SZ, SO4

2-/ZrO2 catalyst was prepared via wet impregnation 
method. The zirconia was immersed in 0.5N H2SO4 solution 
and heated to 110ºC to evaporate the water. After the solution 
turned slurry, it was oven dried at 120°C overnight and calcined 
at 600°C for 1h. 

2.3	Esterification Process
The esterification of model compound, oleic acid and 

POFFA were conducted in a 250 ml round bottom flask 
equipped with a reflux condenser and thermometer. The oleic 
acid, SZ and methanol were mixed at a desired amount. Then, 
the mixture was stirred at 200rpm and heated at methanol reflux 
temperature (65ºC). Next, the solution was allowed to cool to 
room temperature. The catalyst was separated from the product 
mixture using vacuum filtration at 5mmHg. The product was 
then poured into a separating funnel and left to settle for 24h to 
separate the excess methanol.

2.4	Analysis
The compositions of methyl ester was determined by using 
an Agilent Technologies 6890N Gas Chromatograph- Mass 
Spectroscopy (GC-MS) with inert mass selective detector 5975. 
The capillary column was Agilent 19091S-433 HP-5MS (30mm 
x 250µm x 0.25µm) and helium (2 ml/min) was used as carrier 
gas. The oven temperature was held at initial temperature 80°C 
for 0.5 min, and then ramped to a final temperature of 250°C 
for 5min at a rate of 10°C/min, with the total run time of 42 
min. The injector and detector temperatures were 325 oC and 
250°C, respectively. The acid value of the oil was determined by 
titration method using 0.1N potassium hydroxide solution. The 
optimal conditions of oleic acid and POFFA esterification was 
analysed by using STATISTICA 6.0 software. 

 

Properties 

Free Fatty Acid Profile (%)

      Lauric acid 12:0 3.39

      Stearic acid 18:0 12.68

      Oleic acid 18:1 81.44

      Others 2.49

Density (g/ml) 67.5

Viscosity  (mm2/s) 0.927

Table 1: FFA profiles and physical properties of residual palm oil
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3.0	RESULTS AND DISCUSSION 
3.1	Design of Experiments on Esterification 	 	
	 Process using CCD

The effect and interaction of reaction time (X1), catalyst 
loading (X2) and molar ratio methanol to oil (X3) over two observed 
responses; conversion (Y1) and ester yield (Y2) was analysed using 
response surface methodology (RSM). Meanwhile, the reaction 

temperature was maintained at methanol boiling point(65°C) 
since the methanol would evaporate at higher temperature. 
A central composite design (CCD) with full 23 factorial  
designs (three factors each at two levels, six star points and two 
center points) was employed. Table 2 lists the range and level 
coded of independent variables while the complete design matrix 
of CCD and results of ester yield and conversion are given in 
Table 3.

Factors Symbol
Range and Levels

 – α (–2) -1 0 +1 + α (+2)

Reaction Time, min X1 30 45 60 75 90

Catalyst loading, wt% X2 0.6 0.8 1.0 1.2 1.4

Molar ratio methanol: oil X3 4:1 5:1 6:1 7:1 8:1

Note: + α: high star point level; +1: high factorial point level; 0: central point level; -1: low factorial point level; -α: low star point level.

Table 2: Experimental ranges and levels of independent variables

Manipulated variables Responses

X1 X2 X3 Y1 Y2

Reaction time (min) Catalyst loading (wt%) Molar ratio (alcohol:oil)  Conversion (%) Ester yield (%) 

45(-1) 0.8(-1) 5:1(-1) 46.78 35.13

45(-1) 0.8(-1) 7:1(1) 51.74 48.06

45(-1) 1.2(1) 5:1(-1) 50.80 49.80

45(-1) 1.2(1) 7:1(1) 67.94 51.35

75(1) 0.8(-1) 5:1(-1) 46.23 47.27

75(1) 0.8(-1) 7:1(1) 56.62 52.400

75(1) 1.2(1) 5:1(-1) 52.21 43.31

75(1) 1.2(1) 7:1(0) 61.39 59.72

60(0) 1(0) 6:1(0) 63.18 46.99

34(-α) 1(0) 6:1(0) 56.8 40.87

86(+α) 1(0) 6:1(0) 69.83 46.98

60(0) 0.65(-α) 6:1(0) 45.92 38.26

60(0) 1.35(+α) 6:1(0) 56.05 50.49

60(0) 1(0) 4.24:1(-α) 49.48 41.62

60(0) 1(0) 7.76:1(+α) 64.48 55.32

60(0) 1(0) 6:1(0) 57.92 55.8

Table 3: Experiment matrix and experimental results
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3.2	FFA Conversion
The empirical mathematical model equation of the FFA 

conversion is presented in Equation 2:

Y1 = –123.705 + 0.413 X1 + 178 X2 + 18.866 X3 
	 – 0.002 X1

2 – 89.147 X2
2 – 1.639 X3

2                          (2)
	 – 0.395 X1 X2 – 0.021 X1 X3 + 6.856 X2 X3 

Where, Y1 is the predicted percentage of FFA conversion. 
The parity plot in Figure 2 indicates the determination coefficient 
(R2) for conversion of methyl ester is 0.8566. The empirical 
model is adequate to explain most of the variability in the assay 
reading which should be at least 0.75 [17].

Sources
Sum of Squares

(SS)
Degree of Freedom 

(d.f)
Mean Squares

(MS)
F-value Fα

FFA conversion Model

        Regression (SSR) 749.5847 9 83.2872 3.98 F0.10 < 2.96

        Residual 125.4884 6 20.9147

        Total (SST) 875.0732 15

ME yield model

        Regression (SSR) 535.6392 9 59.5154 2.71 F0.25 < 1.77

        Error (SSE) 131.4633 6 21.9106

        Total (SST) 667.1025 15

Figure 2: Parity plot for the observed and the predicted conversion

Table 4: Analysis of variance (ANOVA)
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Meanwhile, in the analysis of variance (ANOVA), the 
F-value of the model (F= 3.98) was greater than the tabulated 
F-value (F0.10, 9, 6 = 2.96) (Table 4) indicating that the model 
was statistically significant at 90% confidence level. Figure 
3 illustrates the Pareto chart and the corresponding p-value of 
variable to check the significance of regression coefficients of 
the conversion model. As shown, the largest effect on conversion 
of methyl ester was linear term of methanol to oil molar ratio 
(X3) which implied a higher t-value (3.9501) and lowest p-value 
(0.0075) at 99% significant level. Catalyst loading in linear(X2) 
and quadratic (X2

2) term could also be regarded as significant 
variables in FFA conversion at 97% and 95% significant level, 
respectively.

The three dimensional surface and contour plots of 
conversion over reaction time, catalyst loading and molar 
ratio are represented in Figure 4. These figures exhibit that the 
catalyst loading (SZ) and methanol to oil molar ratio have the 
most significant effect on the methyl ester conversion compared 
to reaction time. As illustrated in Figure 4a, the conversion of 
methyl ester started at 0.6wt% catalyst loading and reached 
maximum around 1.0wt% and became constant which may be 
due to catalyst deactivation. On the other hand, Figure 4b exhibits 
the conversion increased when excess methanol was applied in 
the reaction. Meanwhile, reaction time has a slight significant 
effect on the conversion (Figures 4a and 4b). The relationship 
between catalyst loading and molar ratio of methanol to oil is 
depicted in Figure 4c.

Figure 3 : Pareto chart and p-value of conversion
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3.3	Ester Yield
The model equation for ester yield with coefficients in 

coded units of factors is given in Equation (3).

Y2 = –108.93 + 1.45 X1 + 143.65 X2 + 6.975 X3

	 – 0.009 X1
2 – 45.845 X2

2 – 0.518 X3
2                          (3)

	 – 0.608 X1 X2 + 0.059 X1 X3 – 0.062 X2 X3

 
where, Y2 is the predicted percentage of ester yield.
The determination coefficient, R2 obtained was 0.8493 as 

shown in the parity plot in Figure 5. Therefore, it can be implied 
that the 84.93% of variability in the data fitted to the model. 
In the analysis of variance (ANOVA) (Table 4), F-value for 
experimental (F =2.71) was lower compared to the tabulated 
F-value (F0.25, 9, 6 = 1.77). This indicated that the fitted model 
exhibited no lack of fit at the 75 % confidence level. Meanwhile, 
the Pareto chart and corresponding p-value in Figure 6 display 
the linear term of molar ratio methanol to oil (X3) in the model 
have the largest effect on ester yield as the factor variable have 

larger t-value (3.4093) and smaller p-value (0.0143). This 
indicated that coefficients of the factor variable affect over 
ester yield at 99% significant level while other variables could 
be considered less significant to affect ester yield. Meanwhile, 
linear term of catalyst loading (X2) could also affect ester yield 
at 95% significant level. 

The empirical model is plotted as a three-dimensional 
surface representing the response (ester yield) as a function of 
two factors for experimental range considered (Figure 7). The 
surface response of operating reaction time and catalyst loading 
on ester yield is confined in the smallest ellipse as illustrated 
in Figure 7a. The ester yield increased when the reaction time 
and catalyst loading increased and decreased slightly after the 
optimum value is achieved. Meanwhile, Figure 7b exhibits high 
molar ratio of methanol to oil produced high ester yield.  The 
same trend for methanol to oil molar ratio can be observed in 
Figure 7c where the interaction with catalyst loading denoted the 
largest effect on ester yield.  

 
 

Figure 4: The response surface plot of conversion as a function of (a) catalyst loading and reaction time at methanol to oil molar ratio = 8:1 (b) 
methanol to oil molar ratio and reaction time at catalyst loading = 1.4wt% (c) methanol to oil molar ratio and catalyst loading at reaction time = 
60min

   (a)

   (c)

   (b)
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Figure 5: Parity plot for the observed and the predicted ester yield

Figure 6: Pareto chart and p-value of ester yield
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3.4	Optimisation Ester Yield of Esterification 	 	
	 Oleic Acid

In this work, the model compound, oleic acid was optimized 
since the major component in POFFA is oleic acid. The response 
surface analysis using Statistica 6.0 software indicated that 
the predicted optimum ester yield of oleic acid esterification 
is 65.2% at operating reaction time = 87.3 minutes, 0.98wt% 
catalyst loading (SZ) and molar ratio methanol to oil = 11.6:1 as 
tabulated in Table 5. Although reaction time was found to have 
no statistically significant effect on either yields or conversion, 
in any of the terms (linear, interaction or quadratic) of the 

regression models at 95% confident level, the extended reaction 
time is considered since the ME yield model was accepted at 
75% confident level for the ANOVA.  Additional experiment 
was carried out to validate the optimisation result obtained by the 
response surface analysis. The experimental yield and differences 
between the predicted and observed values were reported as 
64.60 % and 0.95%, (Table 5), respectively. The errors were 
considered small as the observed values are within the 5% level 
of significance. Therefore, the optimization condition of ester 
yield of oleic acid with RSM was at operating reaction time = 
87.3 minutes, 0.98wt% catalyst loading (SZ) and molar ratio 
methanol to oil is 11.6:1.

Figure 7: The response surface plot of ester yield as a function of (a)catalyst loading and reaction time at methanol to oil molar ratio =8:1(b) 
methanol to oil molar ratio and reaction time at catalyst loading = 1.4wt% (c) methanol to oil molar ratio and catalyst loading at reaction time = 
60min

   (a)

   (c)

   (b)

3.5	Heterogeneous Esterification of POFFA at 	 	
	 Optimum Condition

Heterogeneous esterification of POFFA did not produce 
any FAME as the final product since the kinematic viscosity 
of POFFA was considerably high at 67.53 mm2s-1. As an 
alternative, the viscosity of POFFA has to be reduced to allow 
the reaction to occur at a lower temperature . Thus, POFFA was 

blended with 75% of free fatty oleic acid (kinematic viscosity 
= 21.1mm2s-1) in order to reduce the kinematic viscosity of 
POFFA. Table 6 presents the experimental results at optimum 
condition by using model compound (i.e oleic acid) and blend 
POFFA (25% POFFA + 75% oleic acid) as a sample.

The model compound gave a good yield as predicted in the 
response surface analysis indicating that the statistical approach 
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is valuable in the optimisation of process. Therefore, the blended 
POFFA which demonstrated an excellent ester yield and 
conversion of 80.2% and 78.4%, respectively can be accepted as 
an alternative source to produce biodiesel.

In addition, Fig. 8 depicts the methyl ester yields for 
catalytic SZ and non catalytic esterification of oleic acid and 
blended POFFA at optimum condition. Esterification of oleic 
acid and blended POFFA using SZ as heterogeneous catalyst 
produced a high yield of methyl ester compared to non catalytic 
esterification.  At optimum condition, 64.6% and 80.2% of methyl 
ester yield was produced from oleic acid and blended POFFA, 
respectively while non-catalytic reaction gave methyl ester yield 
of only 4.37% and 3.80%, respectively. This demonstrates that 

the SZ significantly enhanced the rate of esterification as reported 
in previous studies [12, 14].

3.6	Properties of Methyl Ester
The kinematic viscosity and density of oleic acid and blend 

POFFA as well as biodiesel produced from oleic acid and blend 
POFFA are summarised in Table 7. As for the standard, the value 
is given by ASTM D6751[18]. Density for oleic methyl ester 
(0.858) is slightly lower than the ASTM D6751 limit. However, it 
is still in good agreement with the standard because the biodiesel 
produced is lighter than the water. Meanwhile, biodiesel from 
blend POFFA was comparable with the limit.

Factor Observed Minimum Critical Values Observed Maximum

      Reaction time (min) 33.5 87.4 86.5

      Catalyst loading (wt %) 0.65 0.98 1.35

      Molar ratio (methanol: oil) 4.24:1 11.6:1 7.76:1

Predicted ester yield (%) 65.22

Experimental ester yield (%) 64.60

Error (%) 0.95

Table 5: Critical values results for ester yield

Sample Ester Yield
(%)

Conversion
(%)

Observation
(Colour)

Free fatty oleic acid 64.6 100 Light yellow

POFFA 25% + Oleic acid 75% 80.2 78.4 Light Brown

Table 6: Experimental results at optimum conditions

Kinematic viscosity is an important property for fuel as it 
is an indication of the ability of a material to flow. The higher 
viscosity value will increase the tendency of the fuel to cause 
problem in the combustion engine and oil line. For biodiesel, the 
kinematic viscosity at 40ºC should be between 1.9 and 6.0mm2/s 

[19]. From the specification analysis, both methyl ester from oleic 
acid and blended POFFA met the requirements with values being 
3.51mm2/s and 3.53mm2/s, respectively. Hence, no modifications 
are required for handling the biodiesel from oleic acid and blend 
POFFA in the existing engine.

Properties
Feedstocks Biodiesel

Oleic acid Blend POFFA
B100 

(Malaysia)
ASTM D6751 

(USA)
Oleic acid

Blended 
POFFA

Density (20ºC) 
(g/ml)

0.868 0.927 0.878 0.87-0.9 0.858 0.878

Kinematic viscosity, 
40ºC (mm2/s)

21.2 25.6 4.4 1.9 - 6.0 3.51 3.53

Table 7: Properties of sample and FAME
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4.0 	CONCLUSION
All the parameters such as reaction time, catalyst loading 

and methanol to oil molar ratio gave a significant effect on the 
heterogeneous esterification of oleic acid and blended POFFA. 
Longer reaction time increased the biodiesel production. Apart 
from that, excess alcohol led to complete reaction. The maximum 
biodiesel yield from blended residual palm oil was 80.2% at 
optimum conditions 87 min of reaction time, 0.98wt% of SZ 
catalyst and methanol to oil molar ratio = 11.6:1. The results 
indicated that blended POFFA has the potential to be used as 
a source for biodiesel production. From the cost perspective, 
biodiesel from blended POFFA is able to compete with the 

conventional petroleum diesel since POFFA is a by-product of 
palm oil refinery. In addition, the fuel properties of biodiesel 
from blended POFFA were within the standard requirement of 
ASTM D6751 for density and kinematic viscosity.
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Figure 8: Methyl ester yields for catalytic and non catalytic esterification of oleic acid and blended POFFA at operating reaction time = 87.38 
minutes, 0.98wt% catalyst loading (SZ) and methanol to oil molar ratio = 11.6:1
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abstract
Increased public awareness of safety and stringent requirements by the authority has led to the consideration of inherent 
safety in the design of processing plants. Inherent safety approach ensures the safety of a process by eliminating or minimizing 
the hazard from a process rather than implementing engineering control to manage the hazard. The opportunity for such an 
approach is the highest at the early stages of the design. In addition, the effectiveness of the hazard reduction measures by 
employing the inherent safety principles must also be assessed at the early stages of the process design so that the design 
engineers can make an informed decision on the process design. This paper describes the methodology for integrating the 
assessment of fire hazards with process simulation at the early stage of process design. The methodology was illustrated 
by comparing process routes for dimethyl ether (DME) production plant using substitution principle. The process design 
simulation was carried out in iCON® process simulator, while assessment of the fire hazards was carry out in Excel® using a 
seamless two-way data transfer facility that is available in iCON®. The results from the case study showed that the potential 
consequences of a fire can be reduced by employing the substitution principle of inherent safety. The methodology that has 
been developed in this work enables simultaneous technical and safety assessments at the early stages of the process design.   

Keywords:	 Consequence Analysis, Inherent Safety, Process Design, Simulation, Synthesis Gas 

1.0	INTRODUCTION
Optimisation of process design according to economics, 
operational, environmental and safety requirement is the origin 
to an economical, safer and environmentally benign process 
throughout the whole lifetime of the plant. In addition, due to 
general society expectation, company image and economic 
reasons, safety of a processing plant should achieve a common 
acceptable level [1]. For instance in Malaysia, the Occupational 
Safety and Health act 1994 [2] states that, it is the responsibility 
of the company to ensure safety and well being of its workers 
and the general public. The rapid growth in the use of hazardous 
chemicals in the industry has brought significant risk to both 
workers and general public, whose well being could be endangered 
at any time by accident involving these chemicals. For the above 
reasons, the inherent safety principles since its introduction 
by Trevor Kletz in has gained popularity as an approach for 
safety improvement in the design of processing plants[3]. 
Inherent safety strives to enhance process safety by introducing 
fundamentally safer characteristics into process design as well 
as selecting and designing the process to eliminate or minimise 

hazards rather than accepting the hazards and implementing add-
on systems to control it [4]. One of the principles of inherent 
safety is substitution. This can be accomplish by using alternative 
chemistry that allows the use of less hazardous materials or less 
severe processing conditions [5,6]. 

The opportunity for incorporating inherent safety features 
decreases exponentially from conceptual design stage to 
operational stage as illustrated in Figure 1 [5]. Thus, it is best to 
apply inherent safety principles and to assess their effectiveness 
in improving process safety at early stages of process design. 
In order to apply inherent safety principles successfully at the 
early stages of process design, a systematic assessment methods 
and tools must be available to assist the implementation. One 
possible option is to integrate safety assessment with the process 
simulation. Numerous process simulation software are used by 
process design engineers such as Aspen Plus® [7], HYSYS® 
[8] and the locally developed iCON® [9]. Each software has its 
own strength and unique features. However, to integrate safety 
assessment with process simulation, the latter should have 
features that allow for interfacing with other readily available 
and accessible softwares. 
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Most existing safety assessment methods focus on existing 
plants or later phases of process design, where most of the process 
engineering details are known [1]. For example, the conventional 
risk assessment is typically done at the detailed engineering 
stage. Hence, the effects of changes in process synthesis route and 
operating conditions on the potential consequence and risk level 
cannot be studied in a timely manner during the design stages 
[10].  At the process simulation stage, adequate data are available 
for safety assessment using the consequence analysis technique. 
However, a methodology that automatically extracts data from 
process simulation and carries out the consequence analysis is 
currently not available. Without an automated methodology,  

the consequence analysis will be a tedious process, requires manual 
extraction of data and is very time consuming. Such a situation 
makes the effort to assess the effectiveness of inherently safer 
design at process simulation stage an unattractive option when 
the designs engineers are under pressure to meet the scheduled 
target. This paper discusses the integration of consequence 
analysis with process simulation at preliminary design stage. 
The method enables process design decision making takes into 
account the potential consequence of the process accidents by 
considering the selection of process synthesis route and process 
conditions.

Figure 1:  Opportunity for implementing inherent safety features [5]

2.0	 INTEGRATING CONSEQUENCE ANALYSIS  
	 WITH PROCESS SIMULATION
Figure 2 shows the framework for integrating consequence 
analysis with process simulation in iCON®. The first step is to 
simulate a base design case using iCON® process simulator that 
was later used as a basis for comparison. A unit operation was 
then selected for assessment based on consequence analysis. The 
Excel® worksheet is then call upon using the worksheet option 
that is provided in iCON®. The required input variables from 
process simulation were identified and the necessary equations 
for consequence analysis for fire effects were then set-up in the 
worksheet. All major equipment in the plant should be considered 
and consequence analysis was done for all process routes that 
were considered before selecting the best process route for 
detailed design. 

iCON® provides a seamless two way data transfer with 
Excel® allowing a user to link Excel® spreadsheets directly 
to iCON®. Any changes that is made either on iCON® or 
through Excel® is immediately captured and new set of process 
simulation and consequence analysis calculations are triggered 
automatically in the other software. Such features allows a 
user to manipulate any process parameter from either iCON® 
or Excel® to meet the required safety criteria. The available 
process data from simulation at early stage of process design 
are adequate for consequence analysis purposes. Data needed 
for consequence analysis such as process conditions, physical 
properties, flammability data and others were transferred from 
the process simulator to the Excel® worksheet using the import/
export features available on iCON®. These data are used as 
input in modeling the potential consequence of various unwanted 
events such as fires, and in generating useful data such as thermal 
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radiation intensity versus distance. The consequences onto 
various receptors such as human is then determined using the 
vulnerability model [11]. The results of assessment can then be 
used as indicators on the potential consequence of accidents in 
the plant, which provides a basis for selecting process synthesis 
route or the operating conditions that will meet the safety 
requirements. 

 

3.0	CASE STUDY: FIRE MODEL IN A  
	 DIMETHYL ETHER PLANT 
The assessment of two alternative process synthesis routes for 
dimethyl ether (DME) production was selected as a case study. 
In this case study, the substitution approach can be accomplished 
by using alternative process chemistry with different catalyst 
that allows process to be carried out at less severe processing 
conditions and less severe potential consequence of accidents at 
the plant. In the first route, DME was synthesis from syngas using 

Cu-based catalyst and γ-Al2O3 catalyst and the stoichiometric 
equations are presented in equations (1) through (3) [12].

CO + 2H2 → CH3OH			                (1)

2CH3OH → CH3COH3 + H2O			               (2)

CO + H2O → CO2 + H2			                (3)

In the second route, DME was produced from the 
dehydration of methanol over acid-zeolite catalyst [13] as shown 
in equation (4).

2CH3OH → (CH3)2 O + H2O			                (4)

The simulation flowsheet for the two DME plants are 
presented in Figures 3 and 4, respectively. The occurrence of a 
major jet fire at the reactor and absorber as well as pool fire at 

Figure 2:  Consequence analysis approach for fire analysis in inherently safer design
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the distillation columns were selected as illustrations in using 
consequence analysis as a basis for process route selection. The 
DME plant employing the syngas reaction was used as a base 
case design. The simulation flowsheet for the base case design 
with excel® worksheet interface is shown in Figure 5.

A jet fire occurs when there is a loss of containment of 
pressurized flammable gas that is immediately ignited. Detailed 
description on modeling the consequence of a jet fire may be 
obtained from the AIChE Guideline [11]. The main equations and 
brief description in modelling a jet fire are presented in Table 1. 
For estimation of potential consequences due to a jet fire, several 
input data are needed, e.g. release diameter for calculation of mass 
flow rate of flammable gas, combustion reaction for flammable 
gas leak, height above ground and receptor distance from the 
flame. The release diameter used in this work was 100 mm, as 
recommended by the AIChE Guideline [11].

A pool fire occurs when there is a loss of containment 
of liquid phase of flammable substance that is immediately 
ignited [10]. A pool fire model for the estimation of incident 
thermal radiation is shown in Table 2. Detailed description on 
the modeling of the consequence of a pool fire may be obtained 
from the AIChE Guideline [11]. The main equations with a 
brief description for the modeling of a jet fire are presented in 
Table 2. For estimation of potential consequences due to a pool 

fire, several input data are needed, e.g. release diameter for the 
calculation of mass flow rate of flammable substance, heat of 
combustion, heat of vaporisation, etc.

The damaging effect of fire model is from its thermal 
radiation and the consequence that is experienced by a receptor, 
depending upon the intensity of thermal radiation and the 
exposure duration. Longer exposure durations, even at a lower 
thermal radiation level, can produce serious physiological effects. 
The consequence of thermal radiation onto a human receptor was 
estimated using the probit analysis [11,14]. The probit variable, 
Y, for heat radiation lethality is given by Equation (20) and the 
conversion from probit value to percentage of fatalities is given 
by Equation (21), respectively.

Y = 1.49 + 2.56 in  –––– 			              (20)

P = 50   1 + ––––– erf   –––––		             (21)

where Y is the probit variable (unitless), t is the duration 
of exposure (s), I is the thermal radiation intensity (W/m2), P is 
fatalities percentage (%) and “erf ” is the error function. 

 

t14/3

104

Y – 5
|Y – 5|

|Y – 5|

2

Figure 3:  Preliminary simulation flowsheet for the production of DME from syngas
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Figure 4:  Preliminary simulation flowsheet for the production of DME from methanol dehydration

Figure 5:  Simulation flowsheet for base case design with Excel® interface
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Item Description

Source Model
                                       
                                                

                      ––––––––––  +  g (z2 – z1)  + ––  v2
2  + g

c
 ∑e

f
  = 0      (10)

where ρ is the density of the fluid (kg/m3), g
c
 is the gravitational constant (kg m/s2), P1 is the pressure upstream 

of the hole (Pa), P2  is the pressure downstream of the hole (Pa), g is the acceleration of gravity (9.81 m/s2), z1  

and z2 is initial and final reference point (m), v2 is fluid velocity (m/s) and ∑e
f
 is the frictional loss term given 

by equation (11);

                      ∑e
f
  = ∑ K

f
  –––                                                          (11)

where ∑e
f
  is the frictional loss term( m/kg), ∑ K

f
 is the excess head loss due to the pipe or pipe fitting 

(unitless), v2 is fluid velocity (m/s) and gc is the gravitational constant (kg m/s2).

                       m = ρv2 A                                                                     (12)

where m is the liquid discharge rate (kg/s), A is the area of the hole (m2), v2 is fluid velocity (m/s) and ρ is the 
density of the fluid (kg/m3).

Item Description

Source Model
                                      

          m 
choked

  = C
D
AP1     ––––––    –––––   

(k + 1) (k – 1)

                        (5)

m is mass flow rate of gas through the hole (kg/s), A is area of the hole (m2), C
D
 is discharge coefficient (unit-

less), g
c
 is the gravitational constant (kg m/s2), P1 is pressure upstream of the hole (Pa), k is heat capacity ratio, 

C
p
/C

v
 (unitless), M is molecular weight of the gas (kg/kgmole), R

g
 is ideal gas constant (Pam3/kgmole.K) and T1 

is initial upstream temperature of the gas (K).The equation representing mass flow rate for sonic, or choked 
case. The pressure ratio required to achieve choking is given by;

                             ––––––    –––––   
k/ (k – 1)

                                          (6)

Equation (2) demonstrates that choking conditions are readily produced – an upstream pressure of greater than 
13.1 psig for an ideal gas is adequate to produce choked flow for a gas escaping to atmospheric. For real gases, 
pressure of 20psig is typically used.

Jet Fire Model
                                                 

                                              
                             ––– = –––    ––––                                                   (7)

L is the length of the visible turbulent flame measured from the break point (m), dj is the diameter of the jet, that 
is, the physical diameter of the nozzle (m), C

T
 is fuel mole fraction concentration in a stoichiometric fuel-air 

mixture (unitless), M
a
 and M

f
 are molecular weight of air and fuel (kg/kgmole).

                               F
p
 = –––––                                                           (8)

F
p
 is the point source of view factor (m–2), x is the distance from the point source to the target (m) which can be 

obtained using the hypoteneous of a right triangle and π is a mathematical constant = 3.142 (unitless).

                               E
r
 = τ

a
 η m ∆H

c
F

p                                                                                  
(9)

where Er is the radiant flux at the receiver (kW/m2), τ
a
 is the atmospheric transmissivity (unitless), η is the 

fraction of total energy convert ed to radiation (unitless), m mass is flow rate of the gas through the hole (kg/s), 
∆H

c
 is energy of combustion of the fuel (kJ/kg) and F

p
 is the point source of view factor (m–2).    

P
choked 

P1

2
K + 1

kg
c
M

R
g
T1

2
K + 1

L
 

d
j

15 

C
T

M
a

M
f

1 

4ππ2

v2
2

2g
c

g
c
 (P2 – P1)

ρ
1

2

Table 1: Consequence model for jet fire [10]

Table 2: Consequence model for pool fire [10]
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Pool Fire Model
                                 
                                               
                                   
                                               
                                                 
                                    

                               
                                    y 

max
 = 1.27 × 10–6  –––––                               (13)

where y
max

 is the vertical rate of liquid decrease (m/s), ∆H
c
 is the net heat of combustion (kJ/kg) and ∆H* is the 

modified heat of vaporization (kJ/kg) at the boiling point of the liquid given by equation (12)

                                   ∆H* 
 
= 

 
∆H

v
 +  ∫ C

p
dT                                    (14)

where T
BP

 is the boiling point temperature of the liquid  (K), T
a
 is the ambient temperature (K) and C

p
 is the heat 

capacity of the liquid (kJ/kg.K).

                                    m
B
 = y 

max
 × ρ                                                  (15)

where m
B
 is the mass burning rate (kg/m2 s) and ρ is the liquid density (kg/m3)

                                     ––– = 42   –––––––  
0.61

                                 (16)

where H is the visible flame height (m), D is the equivalent pool diameter (m), m
B
 is the mass burning rate

(kg/m2s), ρ
a
 is the air density (1.2 kg/m3), g is the acceleration of gravity (9.81 m/s2).

                                      D
max

 = 2    –––                                              (17)

where D
max

 is the equilibrium diameter of the pool (m), V
L
 is the volumetric liquid spill rate (m3/s), and y is the 

liquid burning rate (m/s) and π is a mathematical constant = 3.142 (unitless).

                                     F
p
 = ––––––                                                   (18)

F
p
 is the point source of view factor (m –2), x is the distance from the point source to the target (m) which can be 

obtained using the hypoteneous of a right triangle and π is a mathematical constant = 3.142 (unitless).

                                      E
r
 = τ

a 
ηm

B  
∆H

c  
AF

p                                                               
(19)

where E
r
 is the radiant flux at the receiver (kW/m2), τ

a
 is the atmospheric transmissivity (unitless), η is the 

fraction of total energy converted to radiation (unitless), m
B
 is the mass burning rate (kg/m2s), ∆H

c
 is energy of 

combustion of the fuel (kJ/kg), A is the total pool area and F
p
 is the point source of view factor (m–2).

∆H
c 

∆H*

H

D

V
L

π y

1

4ππ 2

m
B

ρ
a
   gD
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For simplification purpose, from this point forward, 
production of dimethyl ether from syngas referred as process 
route 1 and production of dimethyl ether from methanol referred 
as process route 2. The results of the consequence analysis are 
presented in Tables 3 and 4, whilst Table 5 [14] presents various 
levels of damages as a result of exposure to thermal radiation. 
The results of the consequences analysis of a jet fire that has 
the potential to occur at the two alternative process routes along 
with the potential fatal consequences onto human receptors are 
presented in Table 3. Based on Table 3, the impact zone as well 
as the potential for fatal consequence as a result of the occurrence 
of jet fire at reactor was higher for process route 1. As shown,  
zero fatality is expected at a distance more than 50 m for process 
route 1. On the other hand, zero fatality is expected at a distance 
more than 25 m for process route 2. In addition, the distance of 
radiation limit that can cause pain to workers who are unable to  
reach for a cover in 20 seconds are more than 65 m and 35 m for 
process routes 1 and 2, respectively. The results of consequence 

analysis of a jet fire that has the potential to occur at the absorber 
at the plant using process route 1 shows that zero fatality is 
expected at a distance almost more than 37 m. Based on Table 
5, the distance of radiation limit effects from potential jet fire at 
absorber that can cause pain to worker who are unable to reach 
for a cover in 20 seconds is more than 55 m.

The potential effects of thermal radiation from pool fire at 
distillation columns at the two alternatives routes are presented 
in Table 4a and b. Based on the results, thermal radiation effect 
from pool fire at DME distillation in both routes will cause zero 
fatality at more than 25m distance. However, longer exposure 
durations can produce serious physiological effects to the 
receiver. The impact zones for the methanol distillation columns 
in both routes are much smaller compare to the DME distillation 
column. Based on the assessment results for main components as 
presented in Tables 3 and 4, process route 2 is safer compared 
to process 1, thus process route 2 should be selected for the 
subsequent stages of the design of the DME production plant.
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Process Route Process Route 1 Process Route 2

Equipment Reactor Absorber Reactor

Distance (m) Flux (kW/m2)
Fatalities 

Percentage (%)
Flux (kW/m2)

Fatalities 
Percentage (%)

Flux (kW/m2)
Fatalities 

Percentage (%)

25 32.78 76.39 29.25 62.95 8.66 0.01

27 28.95 61.60 21.95 25.76 7.64 0.00

30 24.26 37.88 16.90 6.14 6.41 0.00

33 20.55 19.08 13.32 0.93 5.43 0.00

35 18.50 10.88 10.73 0.10 4.89 0.00

37 16.73 5.74 8.79 0.01 4.42 0.00

40 14.49 1.94 7.32 0.00 3.83 0.00

45 11.61 0.24 6.18 0.00 3.07 0.00

50 9.48 0.02 5.28 0.00 2.50 0.00

55 7.88 0.00 4.56 0.00 2.08 0.00

60 6.63 0.00 3.97 0.00 1.75 0.00

65 5.66 0.00 3.49 0.00 1.49 0.00

Table 3: Consequence of a jet fire at several distances for both process routes

Table 4a: Consequence of a pool fire at several distances for both process routes 

Process Route Process Route 1 Process Route 2

Equipment DME Distillation Column

Distance (m) Flux (kW/m2)
Fatalities Percentage 

(kW/m2)
Flux (kW/m2) Fatalities Percentage

5 15.56 3.41 15.70 3.64

10 13.55 1.08 13.64 1.15

15 11.89 0.31 11.95 0.32

20 10.51 0.08 10.55 0.08

25 9.35 0.02 9.37 0.02

30 8.36 0.00 8.37 0.00

35 7.52 0.00 7.52 0.00

40 6.80 0.00 6.79 0.00

45 6.17 0.00 6.16 0.00

50 5.63 0.00 5.61 0.00

55 5.15 0.00 5.13 0.00
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Table 4b: Consequence of a pool fire at several distances for both process routes

Table 5: Thermal radiation limit [14]

Process Route Process Route 1 Process Route 2

Equipment Methanol Distillation Column

Distance (m) Flux (kW/m2)
Fatalities Percentage 

(kW/m2)
Flux (kW/m2) Fatalities Percentage

5 13.65 1.16 13.61 1.13

10 11.76 0.27 11.72 0.26

15 10.21 0.06 10.18 0.05

20 7.02 0.00 6.99 0.00

25 7.90 0.00 7.87 0.00

30 7.02 0.00 6.99 0.00

35 6.27 0.00 6.25 0.00

40 5.64 0.00 5.61 0.00

45 5.09 0.00 5.07 0.00

50 4.62 0.00 4.60 0.00

55 4.21 0.00 4.19 0.00

Thermal Intensity    
(kW/m2)

Exposure Limit

37.5 Intensity at which damage is caused to process equipment

15.6 Intensity on structures where operators are unlikely to be performing and where shelter is available. 

9.5
Intensity at design flare release at locations to which people have access and  where exposure  would be 
limited to a few seconds for escape

6.3
Intensity in areas where emergency actions lasting up to one minutes may be required without shielding but 
with protective clothing

4.5
Intensity sufficient to cause pain to  personnel unable to reach for covers in  20 seconds, though blistering 
of skin (first degree burn) unlikely

1.6 Intensity insufficient to cause discomfort for long term exposure

4.0	DISCUSSION
The methodology that has been developed in this work links 
and automates the consequence analysis of fire hazards at 
process simulation stage using a standard process simulator 
and readily available Microsoft Excel® software. It enables the 
assessment on the selection of process synthesis route based on 
the potential impact of process accidents in addition to technical 

and economical criteria. The framework that has been presented 
in Figure 2 can be extended further to include other possible 
incident outcomes such as explosion and dispersion of toxic gas 
for a more comprehensive assessment on the selected process 
route.

The above case study illustrated the implementation 
of the methodology that has been developed in this work. 
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It allows for assessment of the effectiveness of the implementation 
of the inherent safety at the process simulation stage. The results 
of the consequence modeling of fire can be a useful input in the 
management decision making process. By knowing the thermal 
radiation vs. distance, the plant layout of a new plant can be 
designed such that the spacing between unit operations satisfy 
the exposure limit and adequate safe distance is provided for 
evacuation purpose. For modification or expansion of an existing 
plant, the information on thermal radiation vs. distance is very 
useful to determine the location of the new unit operations so 
that the necessary spacing distances are fulfilled. 

5.0	CONCLUSION
A tool that integrates the consequence analysis of fire hazards 
with process simulation was successfully developed and 

demonstrated. It automatically extracts the required data from 
the process simulator to carry out the consequence analysis and 
generate useful data such as thermal radiation versus distance as 
well as consequences onto various receptors.  The tool can be used 
to carry out safety assessment on process route selection based 
on inherent safety principles. With simultaneous technical and 
safety assessments are done at early stage of the process design, 
the process designers are provided with better information to 
make an informed decision on the process design.
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abstract
The concept of inherent safety was known since the last few decades. The idea was quickly spread from the origin UK to the USA 
and later, to the other parts of the world. The idea was then extended to environment and subsequently health aspects. Various 
works have been done related to inherent safety and environmental friendliness in chemical process industries. Such works 
on occupational health however, are lacking. Unlike the other aspects, the term inherent occupational health has never been 
defined in literatures. This paper proposes a definition of the inherent occupational health concept as well as the background 
of inherent health studies, which was designed for chemical processes. The definition, which was carefully developed based 
on deep understanding and extensive works in this research area will have a huge impact on the chemical process industry 
(CPI) especially related to their efforts in considering occupational health aspect early in process development and design. 

Keywords:	 Definition; Inherent Occupational Health; Inherent Safety; Chemical Process Industry; Terminology 

1.0	INTRODUCTION
Inherent safety initiatives in the chemical process industry (CPI) 
are known since 30 years ago. The idea has been thought up after 
enormous efforts to improve chemical process safety have failed 
to stop or reduce catastrophic plant disasters from occurring. 
History has witnessed hundreds and thousands of deaths and 
higher number of injuries due to major accidents even though the 
most updated add-on protective equipment were installed and the 
best safety managements were practiced. Among the accidents 
and the reported number of deaths are: Flixborough in 1974 (28), 
Bhopal in 1984 (2 000 to 8 000), Piper Alpha in 1987 (167), 
Mexico City in 1984 (650), and Pasadena in 1989 (23). These 
aftermaths show the need for CPI to shift from conventional 
safety approaches to inherent safety.

The concept of inherent safety was first introduced to enhance 
process safety in chemical industries and oil and gas refineries. 
It is widely accepted as it put forward ideas and principles that 
are making sense and back-to-basic. Trevor Kletz [1], the father 
of inherent safety, proposed that the concept applies also to the 
prevention of pollution (environment) and the avoidance of small 
continuous leaks into the atmosphere of the workplace (industrial 
hygiene/health), but he did not evolve it further. The concept 

has later been extended to environmental and subsequently 
health aspects. This agrees with the idea of sustainability which 
incorporates safety, health, and environmental besides economic 
and technical criteria when developing a new process.

Various researches have been conducted in the area of 
inherent safety, inherent environmental friendliness as well as 
integrated inherent safety, health, and environmental friendliness 
(ISHE) in chemical process design. However inherent 
occupational health aspect has not been widely researched in 
the design of chemical plants, but active work has been done 
dominantly from medical point of view. Being the earliest and 
the most researched subject, the concept of inherent safety is well 
defined and discussed. Even though research studies on inherent 
environmental friendliness and ISHE are also active, not much 
attention has been put on defining the terms. The definitions 
however, are still available. As for inherent occupational health, 
no definition has been found; even the use of the terminology in 
CPI-related studies is rare. In this paper, inherent occupational 
health is defined from the perspective of CPI. This is very 
important since there is an increasing demand to evaluate the 
health impacts of substances used in the process industries. For 
example an European Community Regulation on chemicals and 
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their safe use called the Registration, Evaluation, Authorization 
and Restriction of Chemicals (REACH) which has been enforced 
on 1 June 2007 requires anyone manufacturing or importing a 
chemical substance to be placed on the market in the European 
Union countries, in quantities above 1 tonne per year, to register 
that substances for the uses to which it will be put. The hazardous 
effects of these chemicals also need to be reported. 

In order to conduct a comprehensive health hazard and 
risk assessment of chemical process design, definitions of the 
related terms itself are important. A properly designed definition 
of inherent occupational health could bring a huge impact to the 
CPI because it somehow describes the objective and scope of 
inherent occupational health assessment of a chemical process, 
besides indirectly provides means for preventing health hazards 
and making process changes as early as in the development and 
design phases. For better appreciation of the subject matter, 
brief discussions on the background of inherent safety, inherent 
environmental friendliness, and ISHE as well as their definition 
are also given. 

2.0	 INHERENT SAFETY
Inherent safety ideology started to develop in 1970’s. Professor 
Trevor Kletz was the first to propose the concept in 1971 [2]. The 
idea was thought up when he was a member of the organizing 
committee for the symposium on ‘Loss Prevention in the Process 
Industries’ held in Newcastle, UK, in 1971. A paper presented 
on the manufacture of nitroglycerin [3] and temperature control 
of methanol vaporizer [4] had led to a remark made by T. A. 
Kantyka, who is the chairman of the committee, that it was far 
better to avoid the need for complex safety or control systems 
than to install them. Kantyka’s remark had the effect on Kletz on 
his earliest idea of inherent safety.

The idea however, remained latent until the explosion 
at Flixborough four years later. At the 1975 loss prevention 
symposium, Kletz [5] delivered the idea on the inventory 
reduction to avoid Flixborough type of explosions, but the 
words ‘inherently safer’ was not used. The inherent safety 
principles were then formalised [6]. In 1977, Kletz gave an 
annual Jubilee lecture ‘What you don’t have, can’t leak’ to the 
Society of Chemical Industry in London, which devoted entirely 
to inherently safer design.

2.1	Definition
Before discussing the definition of inherent safety, it is 

important to first, understanding the related terms. Safety is the 
prevention of accidents [7] through hazards identification and 
their elimination. Accident is defined as any unplanned event 
that results in injury or ill health of people or loss to property, 
plant, materials, or the environment or a loss of a business 
opportunity [8]. Occupational safety is the protection of people 
from physical injury from accidents at work [9]. An occupational 
injury is any personal injury, disease, or death resulting from 
an occupational accident [10] e.g. instantenous exposure in the 
working environment [11]. Process safety is the prevention 
of accidents through the use of appropriate technologies to 

identify and eliminate the hazards of a chemical plant [7]. Figure 
1 summarises the concept of safety. When introducing the 
inherent safety concept, Kletz’s focus was on process and not 
occupational safety. Therefore inherent safety discussion in this 
paper will be revolved around process safety subject. However 
for better understanding, the difference between occupational 
health, process safety, and occupational safety will be discussed 
in Section 5.1.

Figure 1: Safety concepts

The topic of safety is closely related to hazard and risk; 
therefore definition of these terms worth the attention. The 
definition of hazard is widely available in various publications 
[e.g. 7-8; 12-15]. Basically, hazard is a chemical or physical 
condition that has a potential to cause damage. A safety hazard 
alone is something that has the potential to cause an injury. 
Specific definitions of environmental and health hazards will be 
given in subsequent sections.

Like hazard, the definition of risk can be easily found not 
only for CPI, but also for other fields [e.g. 7-8; 12-13; 15-16]. 
In general, risk is a measure concerning both the likelihood 
and magnitude of loss. Inherent safety was introduced as a 
new measure of risk reduction through hazards elimination or 
minimisation.

Inherent means that which is intrinsic to something. 
American College Dictionary [17] defines inherent as existing 
in something as a permanent and inseparable element, quality, 
or attribute. Compared to extrinsic safety that relies on add-
on engineered safety systems and procedural controls [18-19], 
inherent safety associates with the intrinsic properties of the 
process itself. If add-on safety relates to prevention of risk of 
accidents (prevention of likelihood and magnitude), inherent 
safety concerns with prevention of hazards (prevention of hazard 
potential in a system) through the use of more benign chemicals 
and technologies. The idea of inherent safety is to avoid 
problems by solving them at their roots rather than to manage the 
consequences [20].

The terminology of inherent safety varies somewhat 
throughout the process safety community [2]. Based on the 
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discussions of the term by several researches in this area inherent 
safety is commonly defined as a proactive approach to loss 
prevention that tries to avoid or eliminate hazards, or reduce 
their magnitude, severity, or likelihood of occurrence by careful 
attention to the fundamental design and layout [1; 2; 12; 18-19; 
21-28].

2.2	Related Research Efforts
Since the introduction of the concept in 1970s, researches 

on inherent safety have been very dynamic and continuously 
growing. The researches cover wide range of areas, but major 
efforts have been put on inherent safety assessment during 
process design, which involve the development of various tools 
and methodologies. Among research groups that actively work 
in this field and some of their members are; Loughborough 
University (D. W. Edwards, T. A. Kletz, F. P. Lees), Aalto 
University School of Science and Technology (M. Hurme, A.-M. 
Heikkilä, M. Rahman), Indian Institute of Technology, Kanpur 
(J. P. Gupta), Swiss Federal Institute of Technology (ETH) 
(K. Hungerbühler, G. Koller, S. Shah, U. Fischer), Memorial 
University of Newfoundland (F. I. Khan), Dalhousie University 
(P. R. Amyotte, C. B. Etowa), Pondicherry University (S. A. 
Abbasi), The Mary Kay O’Connor Process Safety Centre at Texas 
A&M University (M. S. Mannan, M. Gentile, W. J. Rogers), 
National University of Singapore (C. Palaniappan, R. Srinivasan. 
R. Tan), Universiti Teknologi Petronas (Azmi M. Shariff), The 
Dow Chemical Company (T. Overton), Rohm and Haas Company 
(D. C. Hendershot, K. Study), and National Research Council of 
Canada (R. Sadiq). The list is endless as process safety awareness 
among industries, academia, and regulators around the world is 
everyday improving and the concept of inherent safety is rapidly 
propagating. 

 

3.0	 INHERENT SAFETY, HEALTH AND
	ENV IRONMENTAL FRIENDLINESS 
	 (SHE) 
A review of the status of inherently safer process design in 
UK conducted by Health and Safety Executive (HSE) stressed 
the need for methodologies that address safety, health, and 
environmental issues in an integrated manner [29]. Among the 
established publications on the SHE evaluation during process 
design are as follows [28; 30-35]. However, no definition of 
inherent SHE terminology was given. Srinivasan and Nhan [35] 
used the term inherent benign to describe a process which is 
inherently less hazardous in all the SHE aspects, but no proper 
definition was provided. In the early 1990s the European Union 
started the INSIDE Project to promote inherent safety, health, 
and environmental protection within the European industries. A 
toolkit was developed to enhance to enhance the use of inherent 
SHE approaches to process plant development and design [30]; 
however no definition of inherent SHE was given.

The definition of the terminology was finally found in 
a pharmaceutical book [16]. Inherent SHE is defined as the 
elimination of hazards by suitable process design so that processes 
are, by their very nature, safe, healthy, environmentally friendly, 

unaffected by change and stable [36]. Upon our knowledge, this 
is the only inherent SHE definition formally published up till 
now.

4.0	 INHERENT ENVIRONMENTAL 
	FR IENDLINESS 
Despite the advantages of integrating all the SHE aspects, 
aggregating disparate indexes into one meaningful integrated 
index is difficult and fraught with the danger of being 
unrepresentative, subjective, and user-dependent [25; 37]. Some 
of these drawbacks can be overcome by considering the SHE 
aspects separately. A survey [26] conducted to cross-section 
of chemical engineering professionals from 11 countries found 
that some of the respondents suggested different indices for 
each of the safety, health and environment elements rather 
than a composite one to help in decision-making. Most of the 
methods that assess all the SHE criteria do not fairly addressing 
the aspects in balance. Usually they focus more on the inherent 
safety, waste minimization, and green chemistry concepts; with 
health aspect is often assessed very minimum. Some examples of 
such methods are given in Section 5.2.

Various studies have been conducted on environmentally 
conscious chemical process design, which include the assessment 
of environmental hazards of a design concept and substances [e.g. 
27; 38-44]. An environmental hazard is a potential to cause harm 
to the environment [45]. However, none used the term inherent 
environmental friendliness or related terms in their publications, 
moreover defined it. A group in Loughborough University was the 
first to introduce the terminology formally and also defined it [45-
47]. They suggested that an inherently environmentally friendly 
chemical plant would have small levels of actual and potential 
environmental impacts - the impacts encompass those due to 
a catastrophic failure, its emissions due to normal operational 
activities and also the small-scale accidental emissions during 
the life of the plant.

5.0	 INHERENT OCCUPATIONAL HEALTH 
Before inherent occupational health is defined, the associated 
terms are first discussed. Health in general is defined as a state of 
physical and mental well-being (as an opposite to illness) [48]. 
Occupational health is the protection of the bodies and minds 
of people from illness resulting from materials, processes, or 
procedures used in the workplace [9] and its aim is the promotion 
and maintenance of the highest degree of physical, mental, and 
social well-being of workers in all occupations by preventing 
departures from health, controlling risks, and the adaptation of 
work to people and people to their jobs [49]. OSHA [50] defines 
an occupational disease or illness as any abnormal condition or 
disorder, other than one resulting from an occupational injury, 
caused by exposure to factors associated with employment. 
Occupational diseases concern with a disease contracted as 
a result of an exposure over a period of time to risk factors 
arising from work activity. Figure 2 summarizes the concept of  
health.
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Based on the earlier discussions on occupational safety 
(Section 2.1) and health (in this section), occupational safety and 
health is the discipline dealing with the prevention of injuries 
and diseases of workers resulting from the materials, processes, 
or procedures used in the workplace [9; 51]. The two words are 
normally used together and the borderline between health and 
safety is ill defined [20]. This is further discussed in the next 
section.

5.1	Related Research Efforts
Occupational health differs from occupational safety and 

process safety in terms of several criteria; the exposure pattern, 
duration of event, exposure scenario, and process state. The 
details about the differences are summarised in Table 1.

From Table 1, occupational health is related to normal 
everyday work activities and long-term exposure to chemicals. 
Occupational safety also is concerned with normal activity, but 
short-term accident due to physical hazards. Meanwhile process 
safety refers to major accidents, loss prevention, and acute 
short-term exposure in abnormal situations. The occupational 
health and safety hazards directly affect human’s life only 
compared to process safety hazards, which also have interest 
on the plant, property, and cost. The nature of risk is also 
different; since airborne toxic substances are harmful at much 
lower concentrations than merely corrosive and flammable ones, 
their effects extend to much greater distances. These imply that 
although the occurrence of occupational health effect is long-
term and less dramatic, the impact could be more serious in 
the long run than the occurrence of safety-related events. The 
insidious nature of occupational disease is the reason for it rarely 
reaches the news and is not well publicised as the industrial 
accident cases.

Health effects can be divided into acute and chronic 
effects due to short-term and prolonged exposures, respectively. 
Occupational health mainly deals with chronic exposure as a 
result of regular operations and day-to-day (routine) working 
activities. In large-scale process industry, chronic exposure is 
mainly contributed by fugitive emissions. Acute exposure may 
also occur in large-scale process industry primarily due to periodic 
emissions, which are mainly from occasional but acceptable 
working practices e.g. manual operations. Occupational health 
assessment should cover both chronic and acute occupational 
exposures as presented in Figure 3. 

Figure 2: Health concept

Criteria Occupational health Occupational safety Process safety

Exposure pattern Chronic (repeated) Acute (single) Acute (single)

Event duration Long-term Short-term Short-term

Exposure scenario Routine activity Accident, routine activity Accident,loss of containment

Process state Normal Normal Abnormal

Table 1: Occupational health vs. occupational/process safety criteria

5.2	Occupational Health Studies in Chemical 	 	
	 Process Industries

Unlike safety and environment, studies on occupational 
health aspect in CPI are very limited, but often being evaluated 
alongside the other two aspects, with health always being the least 
analyzed criteria. There are several methods available for health 
hazard assessment in chemical process. The methods however, 
are more diversified due to the complicated underlying principle 
of the aspect itself. Even though they have been developed for 
the purpose of health assessment; the scope, approach, and 
considered aspects vary. The review of 51 chemical ranking 

and scoring systems demonstrates that there was no consensus 
regarding an appropriate framework for evaluating adverse 
impacts to human health from exposure to chemicals [52].

The two basic types of health studies are the substance and 
process-type indices. Majority of the methods developed earlier 
are chemical substance-based and they are widely known as 
hazard indices. Hazard indices aim to rank substances in a process 
by their hazard potential. They take into account the volatility 
and the toxicity of a substance. As for process-based assessment, 
the methods are more disparate. Basically, the methods can be 
classified into those which: 
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Category 1 – health aspect is addressed only as minor part of the 
safety and/or environmental assessments [e.g. 28; 
31-32; 35; 53].

Category 2 – health is not being evaluated from the occupational 
context. For example, some of them focus only 
on the acute hazards due to accidental chemical 
release, some concern with the effects on public 
community, and some address the environmental 
health impacts [e.g. 54-55].

Category 3 – occupational health assessment is not suitable for 
process screening during the early design stage, but 
is intended for process operation [e.g. 56]. Inherent 
occupational health studies have the largest benefits 
on process design stage.

Category 4 – health impacts are adapted in an existing Life-Cycle 
Assessment (LCA) method [e.g. 55].

Category 5 – inherent occupational health assessment is feasible 
during the design stage of chemical processes [e.g. 
57-64].

The methods in Category 1 intend to cover all the SHE 
aspects, however health is often not as well assessed as the other 
two. In the INSET Toolkit [53], health hazards are assessed 
simply based on R-phrases and brief scoring system called Leak 
Factor to estimate the fugitive release rate in the process. In the 
EHS [32] and Inherent Benign-ness Indicator (IBI) [35] methods, 

only chemical health effects are assessed (based on e.g. exposure 
limit values and National Fire Protection Association (NFPA) 
ranking) without considering the chemical exposure aspect. 
However a proper risk assessment requires both the chemical 
exposure and the effect to be evaluated [65].

5.3	Concept and Definition
Health hazard refers to damaging potential of substance, 

activity, or process, which is described by the inherent health 
properties [20]. Hazards that might affect workers’ health can 
be divided into five major categories of physical, chemical, 
biological, ergonomic/mechanical, and psychosocial [66-67]. 
During chemical process design, the major focus is the chemical 
and some physical hazards. The other categories cannot be 
evaluated due to the limited data available in the early stages 
of design. At the early design stage e.g. R&D, chemical health 
hazards can be evaluated from toxicity properties of materials 
whereas physical health hazards are based on process conditions 
e.g. operating temperature that may cause burn.

Health risk can be defined as the probability that an 
individual exposed to a chemical substance may experience 
an adverse health effect subsequent to the exposure [68]. The 
effect can be either acute or chronic depending on the duration 
of exposure; short-term or long-term, respectively. The level of 
health risk in chemical plant is determined by: a) the potential for 
harm and b) the potential for exposure. The potential for harm is 
a function of the toxicity characteristics of chemicals present in 

Figure 3: Occupational health vs. occupational/process safety [20]
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the workplace. In principle chemicals will only be a risk to health 
once human are exposed to them. The exposure is determined 
by materials’ physical properties (e.g. volatility), operating and 
workplace conditions, leaking tendency of equipment, working 
activities (duration and frequency), and human behavior.

In order to design the definition of inherent occupational 
health, it is vital to first understand the levels of inherent health 
studies in chemical process design. The study of inherent health 
can be made in three levels (see Figure 4):

i) Inherent health hazard potential

Inherent health hazard potential includes hazards of materials 
in a process that are potentially harmful to health. However, leak 
or exposure aspect is not yet considered. Therefore the focus of 
the very early assessment is typically on material’s toxicity.

ii) Inherent leak hazard potential

In petrochemical plants, process materials may escape from 
the system through flanges, valves etc. through fugitive emissions. 
In this case the materials (hazard) are no longer contained but 
they are released into air. The inherent release rate depends on 
the complexity of process, the types of equipment involved, and 
physical properties of fluids. No specific protection layers are 
considered; therefore the evaluation of material release sources 
(leak potential) is still a hazard and not a risk-level study.

iii) Inherent exposure potential and risk

Chemical exposure assessment requires information on 
chemical concentration (a function of leak rate and dilution), 
exposure (a function of frequency and duration of exposure), 

protective equipment, and type of work procedure (e.g. manual 
operation close to the emission source). From inherent stand 
point, protective equipment should not be considered in order to 
give the worst-case scenario. Only at this level, some protective 
layers and human aspect start to get involved, thus allowing 
health risk to be quantified.

Inherent occupational health is a prevention of occupational 
health hazards (i.e. chemical or physical condition) that have 
the potential to cause health damage to workers by trying to 
eliminate the use of hazardous chemicals, process conditions, 
and operating procedures that may cause occupational hazards 
to the employees. Here inherent occupational health hazards 
can be defined as a condition, inherent to the operation or use of 
material in a particular occupation or environment, that can cause 
death, injury, acute or chronic illness, disability, or reduced job 
performance of personnel by an acute or chronic exposure.

There are twofold aims of inherent occupational health: 
Firstly to reduce the hazards from inherent properties of 
chemicals (such as toxicity and high vapor pressure) by using 
friendlier chemicals or the chemicals in safer physical condition 
(such as lower temperature) to eliminate the exposure. Secondly 
to reduce such process steps or procedures which involve 
inherent danger of exposure to the chemicals. Examples of such 
operations are some manual operations where the worker is in 
close contact with the material, such as the manual handling and 
dosing of chemical, emptying, and cleaning of the equipment 
etc. For reducing the occupational hazards, evaluation methods 
are of prime importance. With the establishment of the inherent 
occupational health definition, the associated assessment methods 
can be developed more easily and systematically.

Figure 4: Levels of inherent health study
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6.0 	CONCLUSION
Occupational health is an important part of sustainability together 
with process safety and environmental issues. Each year, more 
people die from work-related diseases than are killed in industrial 
accidents. Every year new chemicals and technologies are being 
introduced which present new and often unknown hazards to 
workers. Therefore occupational health issue has been gradually 
gaining attentions especially from chemical process industries 
(CPI).

This paper introduces a new concept of inherent occupational 
health. Inherent occupational health is a prevention of 
occupational health hazards that have the potential to cause health 
damage to workers by trying to eliminate the use of hazardous 
chemicals, process conditions, and operating procedures that 
may cause occupational hazards to the employees. The paper 
also discusses the existing methods for assessing occupational 

health of chemical processes. Majority of the methods are not 
appropriate because they either evaluate health minorly as part 
of safety and environmental assessments, they focus on acute 
toxicity (process safety related) or environmental health impacts 
but not occupational health, and they are intended for process 
operation which receives less benefits from inherent level-related 
studies.

The introduction of the inherent occupational health 
concept as well as the establishment of its definition will have 
a significant impact on the appreciation and understanding of 
this subject matter especially in the CPI. Based on the definition, 
the objective and scope of occupational health assessment 
in CPI especially in the design stage become more certain. It 
also gives initial ideas on how health hazards can be eliminated 
early and process can be designed towards becoming inherently  
healthier. 
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