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A B S T R A C T
The present study aims to explore the role of characterized hydrocarbons in thermally cracked shell liquid in
determining its overall fuel properties and combustion characteristics in a CI engine. For this purpose, waste
shell liquid was extracted from waste cashew nut shell by means of cold extraction technique using a simple
electrically operated mechanical screw press, which reported maximum extractable oil content as 17.7%. In
addition, it was thermally cracked at 350-400oC using conventional heating for both lab-scale and pilot-scale
extraction. Based on its chemical composition, raw shell liquid contained anacardic acid and cardol, while
thermally cracked shell liquid had cresol and methyl oleate as their dominant hydrocarbon compounds. Their
composition was found to be 51.84%, 33.68%, 43.87%, and 28.49%, respectively. According to their
contribution, both cyclic and aromatic as well as linear-chained hydrocarbons exhibited significant effect on the
fuel properties of the cracked shell liquid, with carbon atoms contributing to its physical and thermal properties,
whereas cyclic and aromatic hydrocarbons enhance its flow characteristics. Next, neat and blend samples of this
cracked shell liquid with petro diesel reported higher peak in-cylinder pressure by 5.6% (on average) due to the
presence of fatty acid esters, which induced early ignition and provided sufficient time for combustion.
Meanwhile, higher emission levels were attributed by both cyclic and aromatic and linear-chained hydrocarbons,
citing aromaticity and unsaturation in their molecules, which also resulted in reduced thermal efficiencies by
12.5% (on average), upon accounting for their inferior calorific content. In conclusion, it is evident that
hydrocarbons in these treated shell liquids play a significant role in their fuel properties and engine
characteristics.
htttp:// dx.doi.org. 10.30501/JREE.2022.335041.1349

1. INTRODUCTION1
Rise in environmental concerns and energy demand has
increased the necessity to rely on renewable energy resources
even for large-scale and industrial applications. These
industrial applications include even food and food processing,
which uses a large volume of biomass and helps reduce serious
pollution threats and climate change issues [1]. One such
biofuel is Cashew Nut Shell Liquid (CNSL) that enjoys a good
potential in serving as an effective alternative fuel for supplying
necessary energy [2].
To begin with, CNSL is a pericarp fluid of cashew nut, present
inside the soft honey comb structure of its shell. Usually, it
appears as a reddish brown liquid with high viscosity and is
regarded as a cheap, yet effective, source for unsaturated
phenols [3]. Although the thickness of these honey comb
structures
is
about
1/8th
of
an
inch,
the
availability/concentration of this CNSL-based oil content
ranges between 30-35 wt.% and varies from the nature of plant
growth, cultivation technique, and geography [4]. Besides, this
CNSL comprises 4 most dominant chemical compounds,
namely anacardic acid, cardanol, cardol, and 2-methyl cardol
and their distribution in the CNSL is entirely based on the
extraction technique used for extracting this liquid from the
shell [5]. By acknowledging this, variation of the distribution
of these chemical compounds in the raw CNSL extracted by
*Corresponding Author’s Email: gokusrinivasan@gmail.com (Gokul
Raghavendra Srinivasan)

different rendering techniques is summarized in Table 1 and for
different operating parameters in Table 2 [3,6,7]. In fact,
numerous researchers reported the chemical composition and
physicochemical properties of these CNSLs in addition to their
extraction techniques in the past studies and considered them
as the most predominantly found chemical compounds.
Drawing on the above findings, Kyei and Onyewuchi Akaranta
(2019) studied the extraction technique and physicochemical
properties of CNSL extracted from CNS upon synthesizing
resin from these CNS-based liquids. Here, accelerated solvent
extraction was identified as the most efficient technique and an
average yield of 31% of CNSL was reported. In terms of fuel
properties, CNSL exhibited very high density (>950 kg/m3) and
acidity with slightly increased FFA content and very high
saponification value (255.26 mg KOH/g). Moreover, spectral
analysis of extracted CNSL revealed its chemical nature as
polymeric with a higher concentration of phenolic compounds
[8].
Looking into the extraction techniques, Rodrigues et al. (2011)
studied the effectiveness of different extraction methods in
extracting CNSL and investigated their significance. Next,
CNSLs extracted by roasting the waste cashew nut shells at
slightly higher temperatures (180 and 200 oC) were considered
as technical CNSL (T-CNSL) and were compared with the
CNSL extracted at room temperature using screw press (CNSL-
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NP) and hexane-based solvent extraction (CNSL-NS). Based
on the characterization of
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Table 1. Chemical composition (in %) of raw CNSLs extracted by various rendering techniques [3,6]
Soxhlet’s extraction
Constituents

Pyrolysis

Decarboxylation

Cardanol
Saturated Cardanol

SC-CO2
extraction

Two-step extraction
MethanolHexane-SCW
SCW

Hexane

Methanol

SCW
extraction

1.22

1.45

2.4

1.52

1.04

1.84

Monounsaturated Cardanol

54

65

26.64

27.19

68.93

1.09

48.84

49.22

Anacardic Acid
Monounsaturated Anacardic Acid

5

2

27.9

19.06

9.47

52.24

18.64

11.4

Saturated Cardol

27

31

20.31

34.88

1.85

29.58

9.76

12.64

Monounsaturated Cardol

–

–

1.05

–

–

–

0.57

–

Di-unsaturated Cardol

–

–

7.62

10.39

–

6.72

4.13

6.07

Octacosene

–

–

–

–

4.91

–

2.25

2.04

Stigmasterol

–

–

–

–

3.44

–

1.57

1.43

Triacontene

–

–

3.33

3.41

–

4.31

1.85

5.45

β-Sitosterol

–

–

1.38

1.86

1.63

1.63

0.75

1.76

Hydrocarbon 1

–

–

5.7

–

–

–

–

3.33

Hydrocarbon 2

–

–

–

–

3.42

–

1.57

1.42

Hydrocarbon 3

–

–

–

–

3.29

–

1.51

1.37

Others

14

2

4.85

1.76

0.66

2.91

7.52

2.03

Cardol

Known Hydrocarbons

Unknown Hydrocarbons

*SC- Supercritical; SCW- Supercritical Water; SC CO2-Supercritical Carbondioxide

Table 2. Variation in chemical composition of CNSL with varying rendering techniques and operating parameters [3,7]
Operating Parameter
(P bar/ T°C)

200/60

225/60

250/60

300/60

SC-CNSL from CNS
Compound
%. Comp
Cardanol-C15
84.2
Methyl Cardanol
2.83
Hexadecanoic acid
0.71
Cardanol-C13
0.69
Oleic acid
0.62

Cardanol-C15
Methyl Cardanol
Oleic acid
Cardanol-C13
Hexadecanoic acid

86.26
3.11
0.684
0.65
0.56

Cardanol-C15
Diethyl Phthalate
Cardanol-C13
Methyl Cardanol
Hexadecanoic acid

64.89
12.34
7.42
3.03
0.58

Cardanol-C15
Diethyl Phthalate
Cardanol-C13
Cardanol c17
Hexadecanoic acid
Oleic acid

61.34
13.35
2.32
2.06
0.8
0.67

SC-CNSL from CNS Obtained through Heat Exchanger Unit
Compound
%. Comp
Cardanol
62.31
Cardanol diene
31.24
Heptadecane
0.77
8 methyl heptadecane
0.7
Hexadecane
0.67
Penthadecane
0.67
2,6,10,14 tetra methyl pentadecane
0.65
Hexadecanoic acid
0.61
Elicosane
0.47

-

-

Cardanol
2 methyl Cardanol diene
tetradecanal
cardanol 13
Hexadecanoic acid
Heptadecane
Penthadecane
Cardanol diene
2 methyl Cardanol diene
Hexadecanoic acid
Oleic acid

81.54
2.97
1.99
1.62
1.27
0.08
0.04
81.94
2.97
1.01
0.98

SC-CNSL from Pyrolysis CNSL
Compound
%. Comp
Cardanol diene
48.61
2-methyl benzaldehyde
20.51
3-ethyl phenol
7.64
3-butyl phenol
1.39

Cardanol diene
Ethyloxybenzene
Acenaphthylene
3-ethyl phenol
3-butyl phenol
Azulene
Cardanol
Propyl benzene
4-ethyl phenol
3-pentyl phenol
Acenaphthylene
3-butyl phenol

66.82
11.21
7.12
3.31
2.28
1.89
64.91
11.96
5.01
3.18
2.83
1.35

Cardanol
2-methyl benzaldehyde
2-ethyl phenol

80.5
8.73
4.89
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chemical compounds, both CSNL-NP and -NS were reported
to have a higher concentration of Anacardic acid and cardol and
a lower concentration of cardanol than T-CNSL; however,
natural extraction techniques were discriminated in terms of
cardanol concentration variation. Besides, these naturally
extracted liquids exhibited poor performance as a result of
increased viscosity and impurity content and lower thermooxidative stabilities and ebullition temperature. Yet, CNSL
extracted using cold solvent extraction retained their actual fuel
properties as compared to other methods [9].
On account of their industrial significance, these CNSLs are
used as raw materials for manufacturing paints and varnishes,
polyurethane-based polymers, friction linings, foundry
chemicals, surfactants, epoxy resins, laminating, and rubber
compounding resins; and they even include intermediates for
chemical industry [10,11]. Although CNSL has its significance
across the diversified industrial domain, it cannot be used
directly for manufacturing or production process as each end
product uses this CNSL in their respective processed manner.
For this purpose, these CNSL are treated using numerous
chemical treatment techniques; and the most commonly
preferred technique uses chemical reactions such as transfer
hydrogenation reactions, isomerization reactions, metathesis
reactions, carbonylation reactions, polymerization reactions,
isomerizing metathesis reaction, and isomerizing carbonylation
reactions [12].
Although these techniques make CNSL as a highly efficient
raw material or even more a suitable candidate for industrial
applications, it fails to to be processed into an ideal fuel
compatible with combustion-based applications. Hence, any
CNSL must be cracked or degraded into its smallest stable
molecular form, and this must be achieved easily with minimal
resource utilization. As a result, thermal and chemical cracking
techniques can be identified as effective measures for cracking
the macro molecules into simple aromatic and linear
hydrocarbons. Specifically, thermal cracking is widely
preferred for processing these CNSLs on industrial and large
scales. Supporting this, Velmurugan et al. (2014) cracked the
raw CNSL by heating it at slightly higher temperatures (200400oC) [13].
Furthermore, Vedharaj et al. (2016) reported the catalystassisted thermal cracking of CNSL before being subjected to
evaluation in a Compression Ignition (CI) engine. Accordingly,
the raw CNSL was preheated at 200oC using an electric heater,
followed by heating at 400oC inside the main reactor. The vapor
of CNSL was condensed using a water cooled condenser before
passing the condensed cracked CNSL into the storage tank.
Finally, the utilization of zeolite catalyst enhanced the rate of
cracking of CNSL and overall yield [14].
These processed CNSLs serve as effective supplements or
alternatives for existing biodiesel and neat diesel and can be
used for wide varieties of combustion-based applications.
However, in order to understand its effectiveness as fuel, it
must be evaluated for its combustion and emission
characteristics. Accordingly, Velmurugan et al. (2014) studied
the performance of Thermally Cracked CNSL (TC-CNSL) in
CI using a single-cylinder, water-cooled, diesel Direct Injection
(DI), Kirloskar AV-1 diesel engine and reported that its
characteristics was slightly identical to neat diesel.
Accordingly, TC-CNSL reported reduced CO and HC mission
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and increased NOX and CO2 emission on account of its fuel
bound oxygen content. On the other hand, TC-CNSL exhibited
increased rate of fuel consumption, which resulted in lower
thermal efficiency. Interestingly, TC-CNSL exhibited a
prolonged ignition delay followed by a longer combustion
duration due to its aromatic compounds [13].
Next, Loganathan et al. (2020) tested the TC-CNSL in a CI
engine by blending it with neat diesel and enriched the
combustion products with hydrogen, which was administered
into the engine in order to reduce the HC and CO emissions. In
order to achieve a stable emission level, Exhaust Gas
Recirculation (EGR) technique was employed on the engine
with the circulation administered at 10% of exhaust gas, while
the flow rate of hydrogen was maintained at 6 LPM. The test
results reported a simultaneous rise in the thermal efficiency up
to 36.5% and a reduction in HC and CO emission
concentrations by 20% and 10%, respectively, while running at
full load. On the contrary, these supplementary enrichments
increased the NOX emission by 40%; however, reduced it upon
introducing 30% of EGR. In short, this study recommended
using supplementary enrichment techniques for improving the
engine properties of both ordinary and thermally cracked
CNSLs [15].
Although numerous pieces of relevant literature report the
availability, chemical composition, fuel properties, and engine
characteristics of these CNSLs, the results obtained from these
studies vary accordingly with rendering and processing
techniques used. Hence, it is highly recommended that the
molecular effect of various chemical compounds available in
these raw and processed shell liquids be investigated so as to
determine the parameters mentioned earlier. However, no
previous studies have been focused or reported in relevance to
the molecular impact on fuel properties and engine
characteristics of CNSLs, though being reported for biodiesel
fuels [16]. Considering this as an abridged research gap and an
attempt to understand the molecular contribution, this present
study exclusively focused on the role of characterized
hydrocarbons in thermally cracked CNSLs in determining its
fuel properties and engine characteristics. To be specific, this
study used thermally cracked CNSLs extracted from waste
CNS using mechanical screw press at lower temperatures,
characterized them using GC and FT-IR spectroscopy,
evaluated them for their fuel properties based on IS standards,
and assessed them for the engine properties in single-cylinder
CI engine.
2. MATERIALS AND METHODOLOGY
2.1. Proximate Composition of Cashew Nut Shell
Waste Cashew Nut shells (CNSs) used in the study were
procured from local cashew processing units and were stored in
air-tight containers to avoid any contamination. To begin with,
proximate analysis of waste cashew nut shells to estimate their
fraction mass of moisture and fixed carbon content, volatile
matter, and ash residues was carried out by following the
standard analytical methods, ASTM D 3173-3175. The fraction
of moisture content in these shells was determined using ASTM
D 3173 method in a drying oven. Then, the fraction of volatile
matter was estimated as per ASTM D 3175 method, while the
quantity of residual ash content was determined according to

ASTM D 3174 method. Furthermore, the fixed carbon content
in these shells was calculated by difference, accounting for the
other calculated proximate compositions. Finally, the higher
heating value of the waste shells was determined using a bomb
calorimeter following the ASTM E 711 method, wherein the
combustion was carried out in an environment with high
pressure of oxygen (to ensure complete combustion) saturated
with steam of water (to ensure that the whole water was
converted into its liquid form).
2.2. Extraction of CNSL using Mechanical Extraction
Both lab-scale and Pilot-scale extraction of CNSL from CNS
was executed by means of mechanical extraction method using
a customized mechanical screw press. Here, the screw press
was comprised of tapered compression screws mounted inside
a cylindrical casing and was operated using an electric motor.
The CNSs were fed into cylindrical casing using a feeding
hopper attached transversely, and they were fed in the batch
process. Furthermore, the compression screw was operated at a
spindle speed of 7-13 rpm, while the maximum feeding and
extraction rate were found to be 54-95 kg/hr and 11.93-14.90
kg/hr, respectively [17,18]. It may be noted that the waste CNS
residues were re-fed into the screw press to extract the leftover
CNSL from it.
2.3. Thermal Cracking of CNSL
The extracted CNSL was thermally cracked using the hightemperature distillation technique on both lab and pilot scales.
Accordingly, a simple distillation setup was used for cracking
CNSL on a lab scale and it comprised a 500 mL flat bottomed
flask mounted on a tripod stand and was fitted with a water
jacketed condenser to cool the vapor collected post cracking.
Here, a simple LPG fuelled gas burner was used for the purpose
of heating and the temperature was maintained at 350-400oC.
In case of pilot-scale extraction, a stainless steel container was
mounted on a customized LPG fuelled gas stove, which was
used as the prime source for heating the CNSL inside it and was
fitted to a water cooling jacket. The gas stove was capable of
producing heat up to 550oC, while the temperature was
maintained at 410oC throughout the cracking process. In the
case of both of these setups, the condensates (TC-CNSL) were
collected in the storage tanks and used for further analytical
purposes.
2.4. Characterization of Raw Oil and TC CNSL
Both raw oil and TC CNSL were characterized for their
chemical compounds using GC-MS and evaluation of function
group using FT-IR spectroscopy, respectively. Tables 3 and 4
summarize the technical specifications of GC-MS and FT-IR
spectroscopy [19,20]. All the samples were prepared as per the
standard sample preparation technique and obtained results
were compared with those in standard library search databases
to identify the suitable component and their activities.
2.5. Fuel Properties Evaluation for Raw Oil and TC CNSL
The necessary fuel properties and other physicochemical
parameters were evaluated for both raw oil and TC CNSL as
per Indian standards (IS: 1448). Accordingly, properties like
density and kinematic viscosity were evaluated as per IS

standards using relative density balance method (IS:1448(P-32)
1992) and viscometer (IS:1448(P-25) 1976), respectively.
Then, properties like flash and fire, ignition point, pour point,
and calorific value were evaluated as per IS:1448(P-69) 2013
(Cleveland Open Cup Method), IS:1448(P-10/Sec-2) 2013, and
IS:1448(P-6) 1984 (Bomb Calorimeter Method) testing
methods, respectively. Next, IS:1448(P-15) 2004 was followed
to study the corrosiveness induced by the test samples on a
copper strip, while the carbon residue content in these samples
was evaluated using Conradson method as per IS:1448(P-122)
2013 testing standard.
2.6. Assessment of engine characteristics of TC-CNSL:
Effects of identified hydrocarbons on combustion and
emission characteristics of TC-CNSL were studied from their
engine data and reported based on their testing in a singlecylinder CI engine, whose technical specifications are tabulated
in Table 5 [16,19]. For this purpose, three different samples of
TC-CNSL, namely (i) TC-CNSL 20 blend, (ii) TC-CNSL 50
blend, and (iii) neat TC-CNSL or TC-CNSL 100 blend were
prepared by blending with neat diesel in varying proportions,
in addition to comparing it as the reference sample. Here, TCCNSL 20 sample represented the cracked biofuel at their
minimal blending ratios and was considered as the globally
accepted high-performance blend for any biofuel with neat
diesel on global and commercial scales, whereas the TC-CNSL
50 sample signified the equivalent contribution of both cracked
CNSLs and neat diesel. Moreover, the parameters studied from
the engine characteristics include the peak pressure recorded,
total delay period taken by fuel to initiate its combustion, rate
of fuel consumed for unit power and their convertible
efficiency, harmful emission gases like carbon monoxide (CO)
and unburnt hydrocarbon (HC), and completely combusted
carbon dioxide (CO2) and nitrogen oxide (NOX) emission.
2.7. Error Analysis
To ensure increased accuracy of the results, all the expriments
were carried out in triplicates and results were reported in the
form of mean ± standard deviation. This deviation was taken
into account as the variation results from the mean value and
can be originated from different means, including human error
and instrumental error. Equation 1 was used to calculate the
standard deviation of each measured entity, where 𝜎 is the
deviation from the mean value, xi is the reported result, μ is
the average mean of the reported results, and N is the number
of times experiments were repeated (N=3, in this case) [20].
∑(xi − μ)2
𝜎=√
N

(1)

3. RESULTS AND DISCUSSIONS
3.1. Proximate Analysis of CNS
From the results of proximate analysis on cashew nut shell, it
was clearly evident that the collected wastes were highly

?. ???????? et al. / JREE: Vol. ?, No. ?, (???????? 2020) 1-??

1

Table 3. Technical specifications of Gas chromatograph – Mass spectrometer [19, 20]

Equipment

Gas Chromatograph
Agilent 6890 chromatograph
direct/2 mm

Injector Liner

Equipment
Type

Mass Spectrometer
JOEL GC mate II bench top
Double focusing magnetic
sector MS

Operation Mode

Electron Ionization (EI) mode

Split Ratio
Oven Temperature

15 m all tech ec-5
(25 μm ID, 0.25 μm
thickness)
10:01
35oC/2 min

Software
Resolving Power

Ramp

20oC/min @ 300oC for 5 min

Scanning Feature

TSS-2001
1000 (20% height definition)
25 m/z to 700 m/z
@ 0.3 s/scan

Helium Carrier Gas

2 ml/min
(constant flow mode)

Inter Scan Delay

Column

0.2 s

Table 4. Technical specifications of FT-IR spectrometer
JASCO
Standard wavenumber measurement range
Wavenumber Range
Detector
Crystals
Optical System

FTIR-4700
7800 to 350cm-1
15,000 to 0 cm-1
deuterated L-alanine doped triglycene sulphateattenuated total reflectance (DLaTGS.ATR)
Zinc selenide (ZnSe)
Single Beam

Table 5. Technical specifications of Kirloskar TV1 Engine and AVL DI GAS 444 N Flue Gas Analyzer [19]
Kirloskar Engine TV 1 Specifications
Type: Four-Stroke, Single-Cylinder Water Cooled
Rated Power
5.2 KW
Rated Speed
1500 rpm
Bore diameter (D)
87.5 mm
Stroke (L)

110 mm

Compression Ratio

17.5:1

suitable for gasification. Table 6 summarizes the proximate
composition of waste CNS estimated as per ASTM standards.
It was observed that the average moisture content of cashew nut
shell waste was 5.9% and was well within the acceptable limit
(below 15%), as prescribed for any fuel [21], and this ensured
its free flow and ability to produce good quality gas. Next, the
average volatile matter content in cashew nut shell was
estimated to be 74.83%, and the higher amount of volatile
matter was encouraged for its gasification. Then, the analysis
of the suggested their average ash content at 0.9% points to its
suitability for gasification with minimum blocking of flow of
air and fuel and formation of clinkers. Moreover, as the most
desirable component for stating the volume of non-voltile
carbon in the biomass, the average fixed carbon content in these
waste shellst was calculated as 18.4%. Again, heating value of
the biomass also decides its suitability for their gasification and
the results present the average higher heating value of these
cashew nut shells as 5036.8 Kcal/ m3 (21.09 MJ/kg).

AVL DI GAS 444 N (five gas analyzer)
Measurement
Resolution
CO [0-15% Vol]
0.0001% Vol
HC [0-20000 ppm Vol]
1ppm/10ppm
0.1% Vol
CO2 [0-20% Vol]
0.01% Vol
O2 [0-25% Vol]
NOX [0-6000 ppm Vol]

1 ppm Vol

3.2. Extraction of Raw CNSL
CNS, in this present study, had a maximum pericarp liquid
(lipid) content of 23.8% and this liquid played a significant role
in protecting the seed kernel from harmful pests and moisture
content entering into it [22,23]. In general, maximum
renderable oil content was found to be between 21.5% and
22.9%; however, extraction of CNSL using mechanical screw
press yielded only up to 17.7%. The reduction of oil content
resulted from the lack of chemical interaction, wastage, and
evaporation of highly volatile chemical compounds due to high
compression force exerted by the mechanical components in
the screw press. Eventually, slightly increased rendering yield
was explained by the re-feeding of CNS residues into the press,
which helped extract the leftover CNSL (upto 5.7%) from the
waste residues. Moreover, CNSL obtained by this method was
highly viscous with increased concentration of impurities
(CNSL purity: 83.2 wt.%), in addition to lower boiling
temperature and poor thermal oxidation stability [9].

Table 6. Proximate composition of waste CNS
Proximate Composition

CNS

Standard

Moisture (%)

5.9

ASTM D 3173

Volatile matter (%)

74.83

ASTM D 3175

Ash content (%)

0.9

ASTM D 3174

Fixed carbon (%)

18.4

By difference

Higher heating value (MJ/kg)

21.09

ASTM E 711

reported at the conjugated cis-trans double bond and the
terminal vinyl group. Moreover, the peak at 687 cm-1
corresponded to the C=C bending of the vinyl group which is
formed as the polyaromatic structure. Summing up, it was
clearly evident that CNSL existed in polymeric form, with
carboxylic and hydroxyl groups bonding to aromatic (phenolic)
compounds. The same finding was achieved in the existing
literature [24-26].

3.3. GC and FT-IR characterization of raw CNSL
3.3.1. GC Characterization
Based on the previous pieces of the literature, raw CNSL
reportedly had 7-42% cardol, 47-63% anacardic acid, and 325% Cardanol [5,9]. From the present study, the chemical
composition of raw CNSL was found to be anacardic acid
(51.84 ± 1.14% ), cardol (33.68 ± 0.86%), cardanol (8.11 ±
1.07%), methyl cardol (0.35 ± 0.074%), and others (6.02 ±
0.87%), and it was in closer agreement with the chemical
composition reported by the literature works mentioned earlier,
in which CNSL was extracted though mechanical extraction. In
fact, the reported chemical composition was widely different
and irregular with respect to the chemical composition of the
raw CNSL extracted using other techniques. A significant
change in GC composition was reported exclusively between
anacardic acid and cardanol; the mentioned variation was
dependent on the extraction technique. In this study, the higher
composition of anacardic acid was reported as a result of cold
extraction of CNSL. Table 7 consolidates the chemical
compounds characterized in the raw CNSL using GC, and
Figure 1 depicts the GC spectra of raw CNSL. In addition,
Figures 2-4 illustrate the optimized 3D molecular structure of
anacardic acid, cardol, and cardanol designed using Avogadro
tool.

Figure 1. GC Spectra of raw CNSL

3.3.2. FT-IR Characterization
Table 8 consolidates the dominant peaks in the FT-IR spectra
and chemical compounds contributing to these based on their
corresponding bond activities in raw CNSL. First off, a broad
peak at 3348.19 cm-1 reported the hydroxyl (-OH) stretching
noted in polymeric compounds and was contributed by –OH in
cardol and cardanol. Then, another notable peak at 3074 cm-1,
related to the stretching of carbon and hydrogen, was found
only in the aromatic compounds (anacardic acid, cardol, and
cardanol). Likewise, peaks corresponding to unsaturation in
hydrocarbon moieties of anacardic acid, cardol, and cardanol
were reported at 3016 cm-1. In addition, the asymmetric and
symmetric stretching of alkyl C-H bond was considered based
on the peaks reported at 2912 and 2859 cm-1, respectively. The
stretching of unsaturated carbon bonds (-C=C-) in the aromatic
rings of anacardic acid, cardol, and cardanol were noted at two
distinct peaks reported at 1637 cm-1. Peak at 1444 cm-1
represented the C-H bending between the phenolic ring and
hydrocarbon chain in the characterized compounds.
Meanwhile, the peak at 1373.4 cm-1 signified the –O-H bending
corresponding to the -OH bonded with aromatic rings of cardol
and cardanol. Next, the peaks at 988 and 907 cm-1 corresponded
to the C=C bending in the polycardanol structure, which were

Figure 2. Optimized 3D molecular structure of anacardic acid
developed using Avogadro tool
(molecular formula: C22H34O3; molecular weight:346.5 g/mol)
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Figure 3. Optimized 3D molecular structure of cardol developed
using Avogadro tool
(molecular formula:C21H36O2; molecular weight:320.5 g/mol)

1

Figure 4. Optimized 3D molecular structure of cardanol
developed using Avogadro tool
(molecular formula:C21H34O; molecular weight:302.5 g/mol)

Table 7. Chemical compounds characterized in the raw CNSL using GC
Oliveira et al.,
2011 (in %)

TC-CNSL
(present study) (in %)

Rodrigues et al., 2011
(in %)

Anacardic Acid

62.94

51.84

47

Cardol

6.99

33.68

42

Cardanol

24.52

8.11

3

2-Methylcardol

0.59

0.35

N.A.

Others

4.96

6.02

8

Chemical compound

Table 8. Peaks and chemical compounds contributing to various bond activities in raw CNSL
Peak (cm-1)

Bond Activity

Contributing chemical compound

3348.19

O-H stretching

Anacardic acid; cardol; cardanol

3074

aromatic C-H stretching

Anacardic acid; cardol; cardanol

3016

Vinylic =C-H stretching

Double bonds in hydrocarbons and aromatic rings

2912

Asymmetric C-H stretching

Alkyl groups in hydrocarbon chains

2859

Symmetric C-H stretching

Alkyl groups in hydrocarbon chains

1637

Aromatic C=C stretching

Anacardic acid; cardol; cardanol

1444

Methyl group C-H bending

Anacardic acid; cardol; cardanol

1373.4

O-H bending

Anacardic acid; cardol; cardanol

1291.7

Ester group C-O stretching

Anacardic acid

988 and 907

C=C bending (vinyl group)

Polyaromatic structure

687

C=C bending (vinyl group)

Polyaromatic structure

molecular integrity in view of these phenolic ring structures
provided the lowest pour point for
3.4. Properties of Raw CNSL Bio Oil
Based on the characterization data, CNSL is distributed at a
higher concentration of anacardic acid and cardol followed by
cardanol and it comprises aromatic hydrocarbons attached to
long aliphatic carbon chains ranging up to 18 carbon atoms
[27]. Owing to these aromatic rings and long carbon chains, raw
CNSL displayed higher density and kinematic viscosity, which
were 15.8% and 73.45 mm2/s higher than the permissible range
for neat diesel, respectively [28]. Furthermore, increased

CNSL (-21oC) and ensured its functioning even at very low
temperatures and in cold weather conditions. In addition, these
anacardic acid and cardol contributed to the higher flash point
for CNSL, which made it safe for handling and transportation,
besides increasing its auto ignition temperature slightly higher
than neat diesel. The higher acidic pH value (4.1) for CNSL
was accounted by the higher concentration of anacardic acid
(51.84%), which was the result of controlled low-temperature

extraction of CNSL. Upon investigating the proximate
elemental composition, raw CNSL exhibited high carbon

content of 81.02%, hydrogen content by 8.5%, and oxygen
content by 8.6%. Besides, raw CNSL reported mild

Table 9. Fuel properties of raw CNSL evaluated as per IS and ASTM standards
Parameters
Gross calorific value, kcal/kg
Kinematic viscosity @40oC, cSt
Density @ 15oC, g/ml
Ash content, % by mass
Flash point, oC
Pour point, oC
Carbon residue (CCR), % by mass
pH value
Copper strip corrosion at 100oC for 3hours
Ignition temperature, oC
Ultimate analysis
Carbon, % by mass
Hydrogen, % by mass
Nitrogen, % by mass
Sulphur, % by mass
Ash, % by mass
Moisture, % by mass
Oxygen, % by mass

Raw CNSL
9061 ± 17
77.05 ± 1.14
0.9611 ± 0.01
1.3 ± 0.2
206 ± 5
-21 ± 2
6.45 ± 0.45
4.1 ± 0.4
1 No.
230 ± 8

Standards
IS:1448(P-6) 1984
IS:1448(P-25) 1976
IS:1448(P-32) 1992
IS:1448(P-4) 1984
IS:1448(P-69) 2013
IS:1448(P-10/Sec-2) 2013
IS:1448(P-122) 2013
By pH meter
IS:1448(P-15) 2004
IS:1448(P-69) 2013

81.02 ± 0.84
8.50 ± 0.12
0.30 ± 0.015
0.09 ± 0.001
1.31 ± 0.1
0.16 ± 0.03
8.62 ± 0.67

By CH analyzer
By CH analyzer
ASTM D3228
IS:1448(P-33) 1991
IS:1448(P-4) 1984
ASTM D 6304
By difference

asymmetric and symmetric stretching of C-H bonds in the alkyl
chains of hydrocarbons. In the following, two significant
traces of nitrogen and sulphur content, which reduced its
overall caloric value compared to its counter petro products.
Table 9 summarizes the fuel properties of the raw CNSL
evaluated as per IS and ASTM standards.
3.5. Thermally Cracked CNSL (TC-CNSL)
3.5.1. GC Characterization of TC-CNSL
Based on GC characterization on TC-CNSL (Table 10), methyl
phenol (cresol), methyl oleate, methyl tetradecenoate,
isopropyl cyclohexanedione, and 1-butyl-2-ethyl cyclobutane
were identified as the dominant chemical compounds present in
the thermally cracked CNSL (TC-CNSL). Eventually, the
formation of linear chained and aromatic ring-shaped
hydrocarbons is altogether justified by the thermal cracking of
polymeric macro molecules available in raw CNSL [29], which
induced cracking of linear HC from the aromatic ring in their
carboxylic functional group. Further, TC-CNSL reported a
significant concentration of FAEs (upto 31.49%), which made
it suitable for combustion-based applications; in particular,
methyl oleate played a major role in exhibiting fuel properties
slightly similar to biodiesel. Interestingly, thermal cracking of
CNSL also resulted in the formation of octadecane, sulfurous
acid up to a concentration of 3.48% and was found to be a
source of sulphur in the resulting product. Figure 5 illustrates
the GC spectra of TC-CNSL, whereas Figures 6-8 illustrate the
optimized 3D molecular structure of cresol, methyl oleate, and
methyl tetradecenoate designed using Avogadro tool.
3.5.2. FT-IR Characterization of TC-CNSL
Based on the FT-IR spectral curve, a significant peak was
reported at 3274 cm-1, which signified the stretching of
hydroxyl functional group (-OH) of methyl phenol (Cresol).
Then, another peak between 2769 and 2934 cm-1 reported the

Figure 5. GC Spectra of TC-CNSL

peaks at 1197 and 1738 cm-1 signified the presence of esterbased compounds (methyl oleate and methyl 9tetradecenoate)[16] and played a significant role in improving
the fuel properties of the resulting TC-CNSL and cresol.

Moreover, another distinct peak at 1434 cm-1 signified the –OH
bending and was related with the bending activities noted,
exclusively, for any acidic compounds (cresol, octadecane, and
sulphurous acid in this case). Furthermore, another distinct

peak was reported at 1288 cm-1, which corresponded to the
stretching between carbon and oxygen molecule present in any
aromatic esters. In addition, it contributed to the cyclic

Table 10. Chemical compounds characterized in the TC-CNSL using GC
Composition
(in %)
43.87

C7H8O

Linearity/
aromaticity
Aromatic

8-Octadecenoic acid, methyl ester

28.49

C19H36O2

Linear

methyl 9-tetradecenoate

7.63

C15H28O2

Linear

Octadecane, sulfurous acid

3.48

C18H39SO3

linear

Ethanone, 1-cyclopentyl-cyclopentane

1.34

C9H14O2

Aromatic

4-Isopropyl-1,3-cyclohexanedione

7.12

C9H14O2

aromatic

Cyclobutane, 1-butyl-2-ethyl

6.89

C10H20

Aromatic

1-Dodecene, cyclododecane

1.18

C24H47

aromatic

Chemical compound
Phenol, 2-methyl

Chemical formula

Table 11. Peaks and chemical compounds contributing to various bond activities in TC-CNSL
Peak (in cm-1)
3274

Bond Activity

Contributing Chemical Compound

phenols -OH stretching

Methyl phenol (Cresol)

1738

ester C-O stretching

Methyl oleate, methyl 9-tetradecenoate

2769

alkane C-H stretching

Hydrocarbon compounds

1434

Carboxylic (-OH) bending

Methyl phenol; Octadecane, sulfurous acid

1288

aromatic ester C-O stretching

Ethanone, 1-cyclopentyl-cyclopentane

1197

ester C-O stretching

Methyl oleate, methyl 9-tetradecenoate

1056

sulfoxide S=O stretching

Octadecane, sulfurous acid

hydrocarbons available in it. Most importantly, the presence of
octadecane and sulfurous acid was confirmed based on the peak
reported at 1056 cm-1, which was dedicated exclusively to the
sulfoxide (S=O) stretching [30]. Table 11 consolidates the
dominant peaks in the FT-IR spectra and chemical compounds
contributing to these based on their corresponding bond
activities in raw CNSL.

Figure 6. Optimized 3D molecular structure of cresol developed
using Avogadro tool
(molecular formula: C7H8O; molecular weight: 108.14 g/mol)

Figure 7. Optimized 3D molecular structure of methyl oleate
developed using Avogadro tool
(molecular formula: C19H36O2; molecular weight:296.5 g/mol)

compounds like cresol, FAEs, and cyclic hydrocarbons. In
addition, the flash point of TC-CNSL was reduced by 46.6%
and was justified by the presence of FAEs in it, whereas its pour
point was reduced by 24oC due to its aromatic and cyclic
hydrocarbons, whose molecular structure resembled the

Figure 8. Optimized 3D molecular structure of methyl
tetradecenoate developed using Avogadro tool
(molecular formula: C15H28O2 ; molecular weight:240.4 g/mol)

3.6. Fuel Properties of TC-CNSL
According to the fuel properties of TC-CNSL, a drastic
reduction in density and kinematic viscosity was reported and
was estimated to be reduced by 8.75% and 96%, respectively,
as compared to raw CNSL. Yet, higher density and viscosity
than neat diesel (density: 830 kg/m3 and kinematic viscosity:
2.47 mm2/s) were reported by 5.7% and 21.5%, respectively.
Eventually, variation in density and kinematic viscosity was
accounted for the formation of thermally cracked chemical

molecular structure of neat diesel. Furthermore, the formation
of chemical compounds like cresol and Octadecane and
sulfurous acid simply increased the pH by 43.2% than
compared to raw CNSL. Besides, high gross calorific value of
TC-CNSL was explained by the presence of hydrocarbons,
including long carbon chained molecules and combustible
sulphur content; however, mild traces of nitrogen and sulphur
content produced a slightly lower calorific value than neat
diesel. The proximate elemental composition of TC-CNSL
reported high carbon content of 84.16%, hydrogen content of
11.45%, and oxygen content of 4.01%. Table 12 summarizes
the fuel properties of TC-CNSL evaluated as per IS and ASTM
standards.

Table 12. Fuel properties of TC-CNSL evaluated as per IS and ASTM standards
Parameters
TC-CNSL
3.0 ± 0.62
Kinematic viscosity @ 40oC, cSt
10530 ± 23
Gross calorific value, kcal/kg
0.877 ± 0.01
Density @ 15oC, g/ml
110 ± 5
Flash point (Abel), oC
1a
Copper strip corrosion at 100oC for 3hours
-45 ± 2.5
Pour point, ⁰ C
5.9 ± 0.6
pH
Ultimate analysis, % by mass (IS:1448 (Pt-4) 1974, RA-2012)
0.001
Ash content
84.16 ± 0.75
Carbon content
11.45 ± 0.5
Hydrogen content
0.33 ± 0.025
Nitrogen content
0.05 ± 0.001
Sulphur content
4.01 ± 0.72
Oxygen content
Less than 0.05
Moisture (water) content, % by mass

Standards
IS:1448 (Pt-25) 2013, RA-2018
IS:1448(Pt-6)1984, RA-2018
IS:1448 (Pt-32) 2019
IS:1448 (Pt-20) 2019
IS:1448 (Pt-15) 2004, RA-2016
IS:1448 (Pt-10/Sec-2) 2013, RA-2018
By pH meter
IS:1448 (Pt-4) 1974, RA-2017
ASTM D 5373-14, Guidelines
ASTM D 5373-14, Guidelines
ASTM D 5373-14, Guidelines
ASTM D 4239-17, (method B), guidelines
By calculation
IS:1448 (Pt-40) 2015

NAIR =
3.7. Combustion Analysis
The stoichiometric air-to-fuel ratio required for combusting the
TC-CNSL was calculated from the quantity of air needed for
completely combusting its one mol. For this purpose, the
quantity of air (Nair) was calculated using Equation 2, with
numbers of carbon (NC), hydrogen (NH), and oxygen (NO)
molecules determined using the molecular formula of TCCNSL, which was found to be C12H21O [19]. As can be seen in
this formulated molecular formula, the volume of air required
for combusting one mol of TC-CNSL was calculated as 16.75
mols and the stoichiometric air-fuel ratio was 12.74:1.
However, an excess amount of air is always needed to
completely combust these TC-CNSLs; hence, the actual
stoichiometric air to fuel ratio was adjusted to 19.12:1; thus,
extra requirement for air was 1.5 times the calculated amount
[31].

4NC + NH − 2NO
4

(2)

3.8. Engine characteristics of TC-CNSL
As can be seen from their engine characteristics (from Table
13), both neat TC-CNSL (TC-CNSL 100) and TC-CNSL blend
samples reported superior combustion characteristics

and mixed emission characteristics, besides reporting slightly
poor performance characteristics. In fact, the increased
combustion behavior of the biofuel samples was justified by
their enhanced cetane number, which prolonged the duration of
their combustion, whilst fuel-bound oxygen content ensured
their complete oxidation [16, 32]. On the other hand, mixed
emission concentrations and poor fuel performance were
measured based on their increased density and viscosity, cyclic
structure, aromaticity, unsaturation, and inferior calorific value.

Here, this aromaticity and cyclic structure were predominantly
contributed by cresol and 4-Isopropyl-1,3-cyclohexanedione,
respectively, while unsaturation was affected by both long
linear carbon chained (8-Octadecenoic acid, methyl ester and
methyl 9-tetradecenoate) and aromatic hydrocarbons.

prolonged durations of their complete combustion, attributed
by their higher cetane number, and fuel bound oxygen content
[33]. Here, the higher concentration of oxygen molecules in
TC-CNSL samples, especially from cresol, methyl oleate,
methyl
9-tetradecenoate
and
4-isopropyl-1,
3cyclohexanedione, ensured their early ignition upon injection,
followed by administering a complete oxidation, which

To begin with, TC-CNSL had higher cylinder pressure than
neat diesel (Figure 9) and it increased along with the
concentration. This finding is justified by the early start and
Table 13. Engine characteristics of neat diesel and variation of engine data for TC-CNSL blends
Parameters
Peak In-Cylinder Pressure
Ignition Delay
Specific Fuel Consumption
Brake Thermal Efficiencies
Carbon Monoxide Emission
Carbon Dioxide Emission
Nitrogen Oxide Emission
Unburnt Hydrocarbon Emission
Exhaust Gas Temperature

Unit
Bar
oCA
Kg/kW-hr
%
%
%
PPM
PPM
oC

resulted in liberation of a large amount of heat and pressure
inside the cylinder. Accordingly, ignition delay was reduced at
100% for neat TC-CNSL sample, citing the increased
availability of fuel bound oxygen content from the injected fuel
mass, which also helped meet the energy demand. However, ID
of TC-CNSL samples remained higher than the neat diesel
throughout the experimental runs (Figure 10) and were caused
by physical and chemical delay raised due to the linear FAEs,
followed by cyclic and aromatic hydrocarbons [34]. As a result
of prolonged combustion duration and availability of surplus
oxygen content, these TC-CNSL samples underwent complete
combustion and generated significant heat, which resulted in
higher EGTS and NOX emission than neat diesel (Figures 11
and 12). In particular, the oxidation of long-chain hydrocarbons
like FAEs and cyclic hydrocarbons liberated a large amount of
heat, fairly enough for nitrogen in the intake air to react with
oxygen molecules to recombine into nitrogen oxides (NOX)
[35]. Here, both EGT and NOx emissions increased
propotionally with increase in concentration of TC-CNSL in
the blended samples.

Diesel
56.7
11.8
0.37
27.8
0.06
5.09
405.9
52.6
198.8

TC-CNSL 20
2.01% ↑
10.17% ↑
5.46% ↑
5.33% ↓
48.33% ↑
19.72% ↑
15.59% ↑
15.21% ↑
7.34% ↑

TC-CNSL 50
4.74% ↑
15.25% ↑
12.82% ↑
11.89% ↓
196.41% ↑
41.67% ↑
45.92% ↑
37.45% ↑
22.69% ↑

TC-CNSL 100
10.15% ↑
27.12% ↑
24.91% ↑
20.40% ↓
361.59%↑
97.96% ↑
89.35% ↑
74.90% ↑
50.50% ↑

Figure 9. Peak in-cylinder pressure of neat diesel and TC-CNSL
blends for varying engine loads

In view of their complete oxidation, these TC-CNSL samples
reportedly had a higher concentration of CO2 emission than neat
diesel (Figure 13) and remained higher for equivalent and neat
TC-CNSL blend. This was accounted by the fuel bound oxygen
content from the hydrocarbons, which helped oxidize a large
amount of hydrocarbon molecules in CO2 and water,

Figure 10. Ignition delay of neat diesel and TC-CNSL blends for
varying engine loads

Figure 12. Nitrogen oxide emission of neat diesel and TC-CNSL
blends for varying engine loads

Figure 11. Exhust gas temperature of neat diesel and TC-CNSL
blends for varying engine loads

Figure 13. Carbon dioxide emission of neat diesel and TC-CNSL
blends for varying engine loads

leaving behind a part of incomplete combustion and
uncombusted by-products [36]. In this regard, carbon
monoxide (CO) was produced as the incomplete by-product
during the combustion and increased significantly with TCCNSL concentration owing to their higher degree of
unsaturated double bonds [19] (Figure 14). Unfortunately,
these bonds failed to undergo complete combustion due to the
need for high bond disassociation energy, which increased
further at higher loads, citing the increased injection of fuel
mass. On the other hand, from Figure 15, TC-CNSL samples
reported a notable amount of unburnt hydrocarbon emission
due to the lower adiabatic flame temperature near the wall
surfaces and area surrounding large fuel droplets. Here,
increased density and viscosity from both linear and cyclic
hydrocarbons failed to atomize effectively, thus forming large
droplets of fuel during injection and quenching the flame
temperature inside the cylinder, thereby leaving behind a
significant amount of unburnt hydrocarbon. Besides,
unsaturation played a crucial role in contributing to this unburnt
HC emission, as these unsaturated hydrocarbons needed more
energy and heat for initiating combustion [31,37].

Based on their performance characteristics (Figures 16 and 17),
TC-CNSL samples reportedly had a higher rate of fuel
consumption and slightly reduced brake thermal efficiencies,
citing their lower calorific content and higher density and
viscosity than neat diesel. Here, the higher rates of density and
viscosity for TC-CNSL samples were predominantly
contributed by cresol, followed by FAEs and cyclic
hydrocarbons, thus causing certain setbacks like increased
quantity of injected fuel and poor atomization [16]. On the other
hand, the absence of oxidizable molecules like nitrogen and
small portion of sulphur content failed to report higher calorific
value for TC-CNSL samples, thus requiring a greater amount
of fuel for combustion to deliver equivalent energy as delivered
by neat diesel [33,38]. Moreover, their efficiency increased
with engine load to maintain the engine speed all the time;
however, it decreased with increasing TC-CNSL concentration,
citing reduced calorific value due to the reduction of neat diesel
concentration. Eventually, no knocking activities were reported
for any test samples throughout the experimental runs; hence,
this fuel is recommended given its compatibility with
commercial applications.

?. ???????? et al. / JREE: Vol. ?, No. ?, (???????? 2020) 1-??

Figure 14. Carbon monoxide emission of neat diesel and TCCNSL blends for varying engine loads

3

Figure 15. Unburnt hydrocarbon emission of neat diesel and TCCNSL blends for varying engine loads

4. CONCLUSIONS
Aimed at developing a suitable alternative to existing
petrodiesel, this study achieved a sustainable biofuel from
renewable biomass by thermally cracking the CNSL extracted
from waste cashew nut shell by means of cold extraction
technique. Effective utilization of this biofuel could be
achieved upon evaluating its fuel properties and performance in
CI engine, which in turn were determined by the chemical
compounds available in it. Hence, it is of proiority to
understand the contribution of these chemical compounds on

Figure 16. Specific fuel consumption of neat diesel and TCCNSL blends for varying engine loads

these entities. Thus, the impact of characterized hydrocarbons
on deciding the overall fuel properties and engine
characteristics of thermally cracked shell liquid was studied and
the following were the major conclusions drawn from this
study:
(i)

Both waste cashew nut shell and its liquid were
identified as potential biomass feedstocks, which
could be used as energy sources for both domestic and

Figure 17. Brake thermal efficiencies of neat diesel and TCCNSL blends for varying engine loads

(ii)

industrial purposes, accounting for their technical
aspects.
Waste CNS reported its maximum pericarp lipid
content as 23.84%; yet, the amount of CNSL rendered
depends on the type of rendering technique. Next, the
concentration of organic hydrocarbons in raw CNSL
varied with respect to rendering technique;
accordingly, the higher concentration of anacardic
acid was reported in raw CNSL extracted using cold
extraction technique.

(iii)

Thermal cracking of raw CNSL extracted using cold
rendering was effective in the temperature range of
300-400oC and it produced a higher concentration of
cresol, methyl oleate, and tetradecenoate as the most
dominant aromatic and linear chained hydrocarbons,
respectively. It was also evident that thermal cracking
of macro-molecules was seen as an alternative means
of synthesizing FAEs, besides transesterification.
Fuel properties of TC-CNSL were deeply affected by
the characterized hydrocarbons, with a large number
of carbon atoms and long carbon chained molecules
contributing to its physical and thermal properties,
especially its calorific content. To be specific, cyclic
and aromatic hydrocarbons facilitated enhancing their
flow characteristics, whereas the presence of oxygen
molecules in the cracked shell liquid improved its
cetane number.
Combustion of TC-CNSL in the CI engine presented
a higher combustion rate and emission levels owing to
the early start and prolonged duration of complete
combustion contributed by both cyclic and aromatic
and linear chained hydrocarbons including FAEs.
Besides, aromaticity and unsaturation in these

(iv)

(v)

molecules increased their density and viscosity and
reduced their calorific content, thereby resulting in
reduced thermal efficiencies.
To sum up, it can be strongly concluded that the entire
molecular composition of any CNSL is dependent on its
rendering technique and thermal cracking of these liquids
induces changes in their molecular structures, which has made
a significant contribution to deciding its fuel properties and
engine characteristics. Ultimately, understanding the impact of
these molecules will facilitate (a) using this biofuel more
effectively depending upon its end applications and (b) easily
predicting its behavior during its life cycle, thereby ensuring
sustainability and renewability throughtout.
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