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Abstract

In regards to sustainability and environmental reasons, biomass based biofuel has emerged as promising candidates
amongst other alternative vehicular fuel options. Feedstock selection contributes to diverse biofuel blend
components. Through computational product design, potential candidates can be generated and screened from a large
pool of fuel blends. Computational approaches minimize the search region and assist focused experimental work as
conventional experimental methods are exhaustive and time consuming. Fuel blend properties need to conform with
fuel regulation standards in order to be accepted as a vehicular fuel option. This paper compares computationally
generated tailor-made biofuel blend properties with experimental methods. Results show notable errors for prediction
of kinematic viscosity and distillation temperature of tailor-made biofuel blends associated with property models
implemented in model formulation. Nonetheless, predicted and experimentally tested tailor-made biofuel blend
properties complied with EN590 fuel regulation standard.
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1. Introduction

Alternative fuel options have pioneered the transportation sector for some time now owing to
increased awareness on environmental effects, need for fuel sustainability, and finite supply of fossil
fuels. Growing interest on biofuels as a vehicular fuel option is largely prompted by current researches
centered on tapping potential of biomass as the primary energy source. Biofuels produced from biomass
are categorized under second-generation biofuels which evade fuel versus food controversies.
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Malaysia is the world's second largest producers of palm oil generating surplus palm biomass waste
that can be efficiently utilized for energy generation [1-3]. Biomass is composed of lipids and cellulosic
materials. Depending on the type of feedstock, different conversion routes can be used to process
biofuels using these components as starting materials [4-5]. Bioalcohols, biodiesel, bio-oils, bio-ethers,
bio-esters, and synthetic hydrocarbons are basic building blocks for liquid biofuels. Among these,
biodiesel and bioalcohols are widely commercialized with bio-esters emerging as an attractive fuel blend
option. A mandate of five percent palm methyl ester (PME) blended in diesel, commonly known as B5
diesel, was introduced for commercial use in Malaysia in 2011. Studies are constantly conducted to
improve and upgrade B5 diesel.

Fuel blend compositions gravely influence fuel properties [6-9]. Implementation of an alternative
vehicular fuel option requires the fuel to meet specified properties that are parallel to conventional diesel.
This facilitates existing engines to operate on the new fuels with little or no modification. Therefore, it is
important to analyze physiochemical properties of fuel blends. The problem lies in identifying suitable
blend compositions as the possibilities are endless. Experimental based, trial-and-error method is draining
and consumes extensive resources to investigate properties for the wide range of fuel blend options.
Computational approaches enable generation of potential fuel blend candidates in a fast and orderly
manner while satisfying desired properties.

In this study, fuel blend candidates that satisfy a set of constraints for desired fuel properties were
generated through computational approach. Termed as tailor-made biofuel blends, fuel blend components
include BS5 diesel, butanol, ethanol, and butyl levulinate. Physiochemical properties for the tailor-made
biofuel blends were validated with experimental tests to ensure compliance with standard fuel regulations.

2. Computational Approach
2.1. Defining target properties

Essential attributes for selection of tailor-made biofuel blend candidates include environmental impact,
product performance, safety factor, and economic value. These attributes are translated into target
properties and target values. Physiochemical properties such as density, kinematic viscosity, cetane
number, calorific value, and distillation temperature directly influence composition of fuel blends [7, 10-
15]. Density and kinematic viscosity affects fuel atomization and spray pattern that controls combustion
process in a diesel engine [7,10,14-15]. Fuel blends with higher cetane number is preferable as it
enhances efficient fuel combustion [7]. Engine performances and exhaust emissions gravely depend on
fuel combustion activities. Calorific value of a fuel is associated with the amount of power produced by
fuel during combustion [13,15]. Denoga and Quiros reported weak correlations between distillation
temperature and engine performances [16]. Nonetheless, distillation temperature is markedly an
important safety measure as it signifies volatility of fuel.

2.2. Defining constraints

Tailor-made biofuel blends need to adhere with consistent fuel properties that are suitable for engine
testing and applications. In absence of a standard for biofuel blends, the EN590 fuel regulation standard
for conventional fuels was used as a baseline for comparison. Table 1 shows limit of desired target
properties as in the fuel regulation standard. Limits for calorific value was estimated from calorific value
of BS diesel in Malaysia.
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Table 1. Limits for target properties as in EN590 fuel regulation standard.

Fuel property Units Limits

Minimum Maximum
Density at 15°C kg/m® 820.0 845.0
Kinematic viscosity at 40°C cSt 2.0 4.5
Cetane number - 46.0 -
Calorific value MJ/kg 40.0° -
Distillation temperature °C - 360.0

*Estimated value (10% from calorific value of B5 diesel)
2.3. Selection of fuel blend components

Alcohols are among the widely investigated alternative fuel blend option. Incorporating alcohols in
biofuel blending reduces viscosity and density of the blends [6,8]. In this study, ethanol and butanol were
selected as fuel blend components under the alcohols category. Butanol has relatively higher energy
content and cetane number in comparison to ethanol [17-18]. However, ethanol is easily attainable and
contributes to emission reductions. Butyl levulinate is a promising oxygenated fuel candidate that has
gained abundant of attention lately [19-21]. Its high oxygen content promotes reduced emissions. Table
2 presents physiochemical properties for each blend component obtained through various literary sources
[21-25].

Table 2. Physiochemical properties of tailor-made biofuel blend components.

Fuel property BS Diesel Butanol Ethanol Butyl
Levulinate

Density at 15°C (kg/m®) 854.70 810.00 789.00 974.00
Kinematic viscosity at 40°C (cSt) 4.57 2.50 1.20 1.99
Cetane number 56.10 25.00 8.00 14.00
Calorific value (MJ/kg) 45.14 33.00 26.80 27.44
Distillation temperature (°C) 364.70 118.00 78.00 232.00
Cost (RM/L) 2.76 42.00 44.00 400.00

2.4. Model Formulation and Fuel Blend Generation

Ultimate goal of this study is to generate various tailor-made biofuel blend candidates that satisfy
specified constraints on fuel properties. The tailor-made biofuel blends were generated through a model-
based approach using GAMS version 24.2 and modelled as the following Non-Linear Programming
(NLP):

min f(x) (objective function) (1)

gix) =0 (equality constraints) 2)

h(x) <0 (inequality constraints) 3)
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xeX (continuous variables) 4)

The model was optimized for minimum fuel blend cost by changing amount of butyl levulinate while
satisfying equality and inequality constraints. Fuel regulation standard was used as constraints for the
model. Inequality constraints consist of maximum and minimum allowable limit for fuel properties while
volume balance was defined as equality constraint. Continuous variables, x, are real numbers that
represent fuel blend components. Detailed formulation will be discussed in full paper.

Linear mixing rules such as Kay's mixing rule and Arrhenius equation were employed as blend
property models to estimate fuel blend properties through additive functions of composition and pure
component values [7,15,26-27]. Table 3 shows composition of tailor-made biofuel blends generated
through GAMS solver.

Table 3. Generated tailor-made biofuel blend.

Tailor-made Biofuel Blend Blend 1 Blend 2 Blend 3 Blend 4 Blend 5

Composition (volume %)

BS diesel 0.746 0.783 0.757 0.793 0.830
Butanol 0.244 0.217 0.123 0.097 0.070
Ethanol - - 0.100 0.100 0.100
Butyl levulinate 0.010 - 0.020 0.010 -
Total fuel blend cost (RM/L) 16.30 11.28 19.67 14.65 9.63

3. Experimental Testing

The tailor-made biofuel blend properties were tested according to the corresponding ASTM test
method.

4. Results and Discussion

Fuel properties for tailor-made biofuel blends predicted through GAMS were validated with
experimental testing. Fig. 1(a) shows density of tailor-made biofuel blends. Differences between the
results were less than one percent and complied to EN590 fuel regulation standard limits for density. Fig.
1(b) illustrates results for kinematic viscosity. Significant discrepancy occurred with errors ranging from
25% to 39%. Arrhenius equation is incompatible to be used for prediction of kinematic viscosity of fuel
blends in this study. Nonetheless, values obtained were between specified fuel standard.

Fig 2.(a) depicts cetane number of tailor-made biofuel blends. Except blend 2, values between
predicted and actual cetane number for the blends vary considerably. Absolute error percentage was
recorded at 6.78%. According to Christensen et al., presence of butyl levulinate in fuel blend reduce
cetane number of the blend [21]. However, this claim is contradicting to the finding from this study as
both predicted and tested fuel blend cetane number were higher than the EN590 minimum limit.
Comparison between predicted and actual calorific value of the fuel blends are as presented in Fig. 2(b).
Errors were recorded at less than ten percent.

Standard mixture property model for prediction of distillation temperature is absent in literature due to
influencing factors from blend component's vapor pressure, atmospheric pressure, and composition of
fuel [26]. Nonetheless, implementation of Kay's mixing rule was able to predict distillation temperatures
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for tailor-made biofuel blends with error range between 9% to 15%. The predicted and tested values also
conformed to the maximum limit of 360°C as imposed by fuel regulations. Fig. 3 compares predicted and

actual distillation temperature values for tailor-made biofuel blends.

‘ @ GAMS Prediction ¢ Experimental Test |
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Fig. 3. Distillation temperature of tailor-made biofuel blends.
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Fig. 2. (a) Cetane number of tailor-made biofuel blends; (b) Calorific value of tailor-made biofuel blends.
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‘ @ GAMS Prediction & Experimental Test | @ GAMS Prediction ¢ Experimental Test
3700 A 7 370.0 43.0 43.0
EN590 Maximum Limit

75 3600 == s = - 360.0 425 L L ] 425
< % + ¢ £}
£ 3500 + 4 350.0 E‘ 42.0 L » 420
g 3400 3400 ? 415 L ] 415
5 3300 3300/ |S410 ——— 49— 4 & 110
[ >
= o
£ 3200 @ 3200 = 405 40.5
z z
= 3100 ! ] ! ] 310.0 T 400 e ———— 400}
A 3000 L L) 3000 395 ENS590 Minimum Limit 395

290.0 290.0 39.0 39.0

Blend 1 Blend 2 Blend 3 Blend 4 Blend 5 Blend 1 Blend 2 Blend 3 Blend 4 Blend 5
Tatlor-made Biofuel Blends Tailor-madeBiofuel Blends




28

Menaka Narayanasamy et al. / Energy Procedia 75 (2015) 23 — 29

5. Conclusion and Recommendation

Computational approaches can be employed to assist in shrinking the search region for alternative fuel
blends. In this study, GAMS solver was employed to generate various tailor-made biofuel blend
candidates by changing amount of butyl levulinate and satisfying fuel property constraints. Linear mixing
rules were incorporated into the solver to predict fuel blend properties. Predicted fuel properties were
validated with experimental tests. Significant errors were observed for prediction of kinematic viscosity
and distillation temperature. However, all investigated fuel properties complied to EN590 fuel regulation
standard. Therefore, the set of fuel blends were deemed suitable for implementation as vehicular fuel
option after further testing on engine performances and emissions have been conducted.

6. Copyright

Authors keep full copyright over papers published in Energy Procedia.

Acknowledgements

The authors gratefully acknowledge funding supports for this project provided by Ministry of Education, Malaysia and Universiti
Teknologi Malaysia (UTM) under Grant of Vote number Q.J130000.2544.00G53, Q.J130000.2544.03H66, R.J130000.7301.4B145,
and Japan International Cooperation Agency (JICA) under the scheme of SATREPS Program (Science and Technology Research
Partnership for Sustainable Development) for the project Development of Low Carbon Scenario for Asian Region.

References

[1] Naik SN, Goud VV, Rout PK, Dalai AK. Production of first and second generation biofuels: A comprehensive review.
Renewable and Sustainable Energy Reviews. 2010; 14: 578-97.

[2] Ng WPQ, Lam HL, Ng FY, Kamal M, Lim JHE. Waste-to-wealth: Green potential for palm biomass in Malaysia. Journal of
Cleaner Production. 2012; 34: 57-65.

[3] Mekhilef S, Saidur R, Safari A, Mustaffa WESB. Biomass energy in Malaysia: Current state and prospects. Renewable and
Sustainable Energy Reviews. 2011; 15: 3360-70.

[4] Panwar NL, Kothari R, Tyagi VV. Thermo chemical conversion of biomass-eco friendly energy routes. Renewable and
Sustainable Energy Reviews.2012; 16: 1801-16.

[5] Agbontalor EA. Overview of various biomass energy conversion routes. American-Eurasian Journal of
Agricultural&Environmental Sciences. 2007; 2(6): 662-71.

[6] Hussan MJ, Hassan MH, Kalam MA, Memon LA. Tailoring key fuel properties of diesel-biodiesel-ethanol blends for diesel
engine. Journal of Cleaner Production. 2013; 51: 118-25.

[7] Benjumea P, Agudelo J, Agudelo A. Basic properties of palm oil biodiesel-diesel blends. Fuel. 2008; 87: 2069-75.

[8] Yasin MHM, Mamat R, Yusop AF, Rahim R, Aziz A, Shah LA. Fuel physical characteristics of biodiesel blend fuels with
alcohol as additives. Procedia Engineering. 2013; 53: 701-6.

[9] Shahir SA, Masjuki HH, Kalam MA, Imran A, Fattah IMR, Sanjid A. Feasibility of diesel-biodiesel-ethanol/bioethanol blend
as existing CI engine fuel: An assessment of properties, material compatibility, safety and combustion. Renewable and
Sustainability Energy Reviews. 2014; 32: 379-95.

[10] Jayed MH, Masjuki HH, Kalam MA, Mahlia TMI, Husnawan M, Liaquat AM. Properties of dedicated biodiesel engine
vehicles in Malaysia and Indonesia. Renewable and Sustainable Energy Reviews. 2011; 15: 220-35.



Menaka Narayanasamy et al. / Energy Procedia 75 (2015) 23 — 29

[11] Varatharajan K, Cheralathan M. Influence of fuel properties and composition on NOy emissions from biodiesel powered
diesel engines: A review. Renewable and Sustainable Energy Reviews. 2012; 16: 3702-10.

[12] Pandey RK, Rehman A, Sarviya RM. Impact of alternative fuel properties on fuel spray behavior and atomization.
Renewable and Sustainable Energy Reviews. 2012; 16: 1762-78.

[13] Demirbas A. Relationships derived from physical properties of vegetable oil and biodiesel fuels. Fuel. 2008; 87: 1743-8.

[14] Silitonga AS, Masjuki HH, Mahlia TMI, Ong HC, Chong WT, Boosroh MH. Overview properties of biodiesel diesel blends
from edible and non-edible feedstock. Renewable and Sustainable Energy Reviews. 2013; 22: 346-60.

[15] Al-Hamamre Z, Al-Salaymeh A. Physical properties of (jojoba oil+biodiesel), (jojoba oil+diesel) and (biodiesel+diesel)
blends. Fuel. 2014; 123: 175-88.

[16] Denoga GJC, Quiros EN. Comparing diesel fuels at various Ty, distillation temperatures: Engine performance, vibration
and emissons. Philippine Engineering Journal. 2004; 25(2): 23-34.

[17] Atmanli A, Ileri E, Yuksel B. Experimental investigation of engine performance and exhaust emissions of a diesel engine
fueled with diesel-n-butanol-vegetable oil blends. Energy Conversion and Management. 2014; 81: 312-21.

[18] Dogan O. The influence of n-butanol/diesel fuel blends utilization on a small diesel engine performance and emissions.
Fuel. 2011; 90: 2467-72.

[19] Janssen A, Pischinger S, Muether M. Potential of cellulose-derived biofuels for soot free diesel combustion. SAE
International Journal of Fuels and Lubricants. 2010; 3(1): 70-84.

[20] Harwardt A, Kraemer K, Rungeler B, Marquardt W. Conceptual design of a butyl-levulinate reactive distillation process by
incremental refinement. Chinese Journal of Chemical Engineering. 2011; 19(3): 371-9.

[21] Christensen E, Williams A, Paul S, Burton S, McCormick RL. Properties and performance of levulinate esters as diesel
blend components. Energy and Fuels. 2011; 25: 5422-8.

[22] Giakoumis EG, Rakopoulos CD, Dimaratos AM, Rakopoulos DC. Exhaust emissions with ethanol or n-butanol diesel fuel
blends during transient operation: A review. Renewable and Sustainable Energy Reviews. 2013; 17: 170-90.

[23] Enffue: Carotino. Fuel properties of BS blends (palm biodiesel in petroleum diesel). 2007.[Brochure]

[24] Sigma-Aldrich (M) Sdn. Bhd. Price quotation. Chemical Purchase Quotation. 2013.

[25] I-Chem Solution Sdn. Bhd. Price quotation. Chemical Purchase Quotation. 2013.

[26] Garcia M, Gonzalo A, Sanchez JL, Arauzo J, Pena JA. Prediction of normalized biodiesel properties by simulation of
multiple feedstock blends. Bioresource Technology. 2010; 101: 4431-9.

[27] Hansen AC, Zhang Q, Lyne PWL. Ethanol-diesel fuel blends-A review. Bioresource Technology. 2005; 96: 277-85.

Biography

Haslenda Hashim is an Associate Professor in the Department of Chemical Engineering,
e Universiti Teknologi Malaysia. Her current research interests include modeling and
optimization of green processes and product design, low carbon societies and process

=== gystems engineering.

Biography

Menaka Narayanasamy is a Masters student in the Faculty of Chemical Engineering,
. Universiti Teknologi Malaysia.  Her current research interests include sustainable
development with emphasis on design and modeling of alternative fuels.

29



