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The purpose of the current study is to propose a procedure to predict the effect of pressure on biodiesel density based on fatty acid alkyl ester profiles and density values at atmospheric pressure. Based on a Murnaghan equation of state to describe the effects of pressure on density and a group-contribution method to factor in the diversity of fatty acid alkyl ester components in biodiesels, the method is applicable up to 200 MPa in a wide temperature range from 280 to 400 K. Comparison of results with experimental data show that the method provides reliable high pressure predictions for biodiesels and biodiesel blends. Typical deviations calculated between the proposed method and experimental data are 0.05% for Fatty Acid Methyl Esters and 0.04% for Fatty Acid Ethyl Esters in terms of Average Absolute Deviation, with maximum deviations of the same order of magnitude as those of experimental uncertainties.

Introduction

Biodiesel is a renewable, biodegradable and non-toxic diesel engine fuel, designated B100 and simply defined by standard specifications (American Society for Testing and Materials D6751 [START_REF]ASTM D6751-09. Standard Specification for Biodiesel Fuel Blend Stock (B100) for Middle Distillate Fuels[END_REF]). Derived from an increasing variety of raw resources such as vegetable oils, animal fats and waste cooking oils and fats, biodiesel fuels are mixtures of mono-alkyl esters of long chain fatty acids. The distribution of carbon chain lengths and the degree of unsaturation of Fatty Acid Alkyl Esters strongly depends on the feedstock sources. The esters can be produced from transesterification of fatty acids with any kind of alcohol so long as it meets the requirements of the standard specifications. Consequently, the nature of the alkyl ester (methyl ester, ethyl ester, etc.) and the fatty acid alkyl ester profile significantly differ from one biodiesel to another. This difference in biodiesel composition has a direct impact on the thermophysical properties of the fuel [START_REF] Ramos | Influence of fatty acid composition of raw materials on biodiesel properties[END_REF] and consequently influences engine efficiency and the content of substances potentially harmful to the environment or human health in the exhaust gases. Among fuel characteristics, volumetric property and its derivative with respect to pressure appear to play a significant part in engine performance and fuel consumption.

Density acts on the conversion of volume flow-rate to mass flow-rate, and therefore affects engine power [START_REF] Boudy | Impact of physical properties of biodiesel on the injection process in a common-rail direct injection system[END_REF]. It also has an impact on the size of the atomized fuel drops during the fuel injection process. In addition, isothermal compressibility has a strong influence on fuel injection timing [START_REF] Boehman | The Impact of the Bulk Modulus of Diesel Fuels on Fuel Injection Timing[END_REF][START_REF] Galle | Experimental investigation concerning the influence of fuel type and properties on the injection and atomization of liquid biofuels in an optical combustion chamber[END_REF]. Consequently, in order to optimize injection processes or design new injection systems, it is essential to know biodiesel density and how it is affected by pressure across the entire operating pressure range of the engine. Diesel engines, fuel injection systems in particular, continue to evolve to improve overall engine performance. For better combustion efficiency, fuels are now being exposed to very high pressures in common rail direct injection systems, where the fuel is directly injected into the combustion chamber at pressures of up to 200 MPa [START_REF] Wang | Effects of ultra-high injection pressure and micro-hole nozzle on flame structure and soot formation of impinging diesel spray[END_REF][START_REF] Celıkten | An experimental investigation of the effect of the injection pressure on engine performance and exhaust emission in indirect injection diesel engines[END_REF]. Although many studies [START_REF] Alptekin | Determination of the density and the viscosities of biodieseldiesel fuel blends[END_REF][START_REF] Pratas | Biodiesel Density: Experimental Measurements and Prediction Models[END_REF][START_REF] Verduzco | Density and viscosity of biodiesel as a function of temperature:empirical models[END_REF][START_REF] Phankosol | Estimation of density of biodiesel[END_REF][START_REF] Jiang | Predicting the Density and Viscosity of Biodiesels and Biodiesel Blends by the Regular-Solution Theory[END_REF] have been undertaken to predict the density of biodiesels as a function of temperature at atmospheric pressure or even at moderate pressures (up to 50 MPa) [START_REF] Pratas | High-Pressure Biodiesel Density: Experimental Measurements, Correlation, and Cubic-Plus-Association Equation of State (CPA EoS) Modeling[END_REF]15], few studies have been carried out at higher pressures. Consequently, the aim of the present work is to establish a correlation to predict the influence of pressure on biodiesel density up to 200 MPa across a wide temperature range from 280 to 400 K based only on Fatty Acid Methyl Ester (FAME) or Fatty Acid Ethyl Ester (FAEE) distribution profiles.

As biodiesel fuels are composed mainly of fatty acid alkyl esters ranging from methyl caprate (MC10:0) to methyl lignocerate (MC24:0) [START_REF] Scrimgeour | Chemistry of Fatty Acids, Bailey's industrial oil and fat products, Sixth Edition, Six Volume Set[END_REF], i.e. components belonging to the same chemical family, excess volume is limited and biodiesel density and compressibility can be predicted from the volumetric properties of its components, assuming an ideal solution.

Consequently, predicting the effect of pressure on biodiesel density amounts to correlating the density of each FAME and FAEE as a function of pressure. With this aim in mind, a Murnaghan equation [START_REF] Murnaghan | The compressibility of media under extreme pressures[END_REF] was considered here to represent the effect of pressure on the volumetric properties of fatty acid alkyl esters up to 200 MPa; this equation involves only two parameters, and appears as one of the most suitable for deriving compressibility from highpressure density data [START_REF] Daridon | Computation of Liquid Isothermal Compressibility from Density Measurements: An Application to Toluene[END_REF]. For the predominant saturated and unsaturated components of biodiesels (i.e. laurate, myristate, palmitate, oleate and linoleate) these parameters can be determined by fitting density data, abundant at pressures of up to 50 MPa, 100 MPa and even up to 200 MPa. However, besides these predominant fatty acid alkyl esters, many biodiesels contain non-negligible quantities of other saturated and unsaturated components that might have an influence on density depending on the biomass feedstock used. The densities at atmospheric pressure of some of these minority components have been measured and compiled by Pratas et al. [START_REF] Pratas | Densities and Viscosities of Minority Fatty Acid Methyl and Ethyl Esters Present in Biodiesel[END_REF], but the effect of pressure on volumetric properties has received little attention and no high pressure data are available. To make up for this absence of data, the choice was made to set up a database from a group contribution method that would serve to determine Murnaghan equation parameters for all the fatty acid alkyl ester components commonly encountered in biodiesels, and therefore calculate the density of biodiesel as a function of pressure based on its fatty acid alkyl ester profile. The predictive capacity of the proposed method concerning the effect of pressure on biodiesel densities was tested against the experimental high pressure density data available in the literature for biodiesels coming from various feedstocks.

Estimation of pure fatty acid alkyl esters densities

High pressure density data for pure fatty acid alkyl esters

Predicting the influence of pressure on biodiesel density based on fatty acid alkyl ester profiles requires knowing the liquid density of pure components over a wide pressure and temperature range. With this aim in mind, high pressure density data available in litterature as well as their temperature and pressure ranges we listed in Table 1. It can be noted in this table that the data span the temperature range from 270 to 470 K and the pressure range from 0.1 to 200 MPa but most of the data were obtained from an oscillating U-tube density meter at pressures up to 70 MPa or up to 140 MPa. Some data were determined at higher pressures by integrating speed of sound measurements. Finally, two datasets were obtained using a flowmeter and a piezometer respectively. As can be observed in this table, there are very few high pressure density data available despite the important role they play in designing high pressure fuel injection systems. A total of 4350 experimental density values were found for just 11 components, 7 of which belong to the FAME family and 4 to the FAEE family. As can be seen, the data available mainly concern the saturated fatty acid alkyl esters ranging from C10:0 to C18:0 and two unsaturated fatty alkyl esters, C18:1 and C18:2. Even then, the values are not equally distributed across the p,T domain. Most data concern the pressure range below 100 MPa. Only few data are available up to 200 MPa. In addition to these components, most biodiesels contain non-negligible quantities of other saturated and unsaturated fatty acid alkyl esters. The densities at atmospheric pressure of some of these components were measured.

Table 2 lists the components present in most biodiesels and the researchers who measured the densities of these components under atmospheric conditions. This table shows that the effect of temperature on the volumetric properties of long-chain saturated and polyunsaturated methyl esters have been extensively measured by Pratas et al. [START_REF] Pratas | Densities and Viscosities of Minority Fatty Acid Methyl and Ethyl Esters Present in Biodiesel[END_REF]. Consequently, density data obtained at atmospheric pressure across a wide temperature range are available for all components belonging to the fatty acid methyl ester family. Long-chain ethyl esters have received less attention and there is a total absence of data for some of them, such as ethyl gadoleate, behenate, erucate and lignocerate.

Representing the effect of pressure on volumetric properties

Many studies have been carried out with the aim of creating a model able to predict the volumetric behavior of liquid based on theoretical considerations, but none of them have produced a universal equation of state. Consequently, an empirical equation of state must be considered for describing the effect of pressure on liquid density. For that purpose, the following form of the Murnaghan equation [START_REF] Murnaghan | The compressibility of media under extreme pressures[END_REF] was used in this work:
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where B and C are empirical fitting parameters dependent of temperature and where corresponds to the relative pressure: -. The temperature dependences of B and C are described by the polynomial forms:
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This equation was chosen as it adequately represents density within the limits of the pressure range investigated here. Moreover, it leads to a simple linear form of the tangent bulk modulus:
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and consequently gives a reliable prediction of compressibility from density data:
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The fitting parameters ' and ' must be obtained for each pure component by fitting the Murnaghan equation to experimental data within the expected pressure and temperature ranges of application of the proposed method: 0-200 MPa; 280-400 K. However, as mentioned in the previous paragraph, the data are not equally distributed. The data of some components such as myristate and palmitate (either methyl or ethyl) do not span the full p,T range investigated due to the appearance of liquid-solid phase transitions at high pressures and low temperatures. For other components, such as long-chain methyl esters, only data at atmospheric pressure are available. Finally, for some components such as long-chain ethyl esters there are simply no data at all. Consequently, the database needs to be completed by predicting values for the missing data points. Fortunately, the simple molecular structures of fatty acid methyl and ethyl esters have a limited number of functional groups, and the carbon chain lengths of ester species included in the composition of biodiesel vary very little whatever the feedstock source (C:10 to C:24). The group-contribution concept can therefore be straightforwardly applied to estimate the missing density data. Indeed, results from previous studies [START_REF] Pratas | Densities and viscosities of fatty acid methyl and ethyl esters[END_REF] concerning the densities of pure fatty acid alkyl esters under ambient conditions show that group-contribution methods applied to volume, such as the GCVOL model [START_REF] Elbro | Group contribution method for the prediction of liquid densities as a function of temperature for solvents, oligomers, and polymers[END_REF][START_REF] Ihmels | Extension and revision of the group contribution method GCVOL for the prediction of pure compound liquid densities[END_REF], are able to estimate atmospheric pressure densities with deviations of the order of 1.5% for FAEEs and of less than 1% in the case of FAME components.

The method consists in calculating the molar volume of a pure component under atmospheric pressure by a simple summation of group volume increments:

( * = ∑ + , , ( , (6) 
where + , is the number of j groups occurring in the pure component and ( , its volume contribution. The method can be extended to predict the influence of pressure on density by considering the same summation of volumes and using the Murnaghan equation to take into account the effect of pressure on volume contributions:
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where , and , are function of temperature according to eqs. 2,3 and / , is a function of temperature of the following form:
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This equation involves 8 parameters for each functional group, i.e. 3 ,, , 3 ,, , 3 ,, , ,, , ,, , ,, , ,, , ,, that were determined from fitting density data of pure components reported in Tables 1 and2.

A decomposition involving five functional groups was chosen here to represent FAME and FAEE. Two were used to characterize the long alkyl chain (CH3 and CH2). The third group (CH=CH) focused on the degree of unsaturation. And the last two groups were added to take into account the ester contributions in FAME (CH3COO) and FAEE (C2H5COO) respectively.

As can be seen in Table 1, the available data is distributed across the relevant p,T range for each functional group. The 3 ' coefficients of each group were first determined from experimental data taken from Table 2, except those of alkyl groups (CH3 and CH2) which were taken from the GCVOL model [START_REF] Elbro | Group contribution method for the prediction of liquid densities as a function of temperature for solvents, oligomers, and polymers[END_REF] revised by Ihmels and Gmehling [START_REF] Ihmels | Extension and revision of the group contribution method GCVOL for the prediction of pure compound liquid densities[END_REF] as the present fit give nearly the same 3 ' values for these groups. Parameters ' and ' were then determined by regression analysis of high pressure data reported in Table 1. The results of the regression are listed in Table 3.

The proposed group-contribution method helped fill in missing data and construct a comprehensive database with + 45! experimental data ranging from 0.1 to 200 MPa and from 280 to 400 K. From this comprehensive database, coefficients 3 ' , ' and ' were estimated for each FAME and FAEE considered in Table 1. Parameters ' and ' were regressed from high pressure data by minimizing the following objective function:
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whereas 3 ' coefficients were independently fitted by minimizing the following objective function:
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The values resulting from the fit are given in Table 4. To study the capacity of eq. 1 to

represent the effect of pressure on density with the fitted parameter values, the average deviations AD%, the absolute average deviations AAD% and the maximum deviations MD% between calculated and experimental values of the density ratio / were evaluated for each experimental dataset. The deviations observed for each component are given in Table 5.

These deviations were chosen as they are completely independent from data at atmospheric pressure, and therefore it corresponds to the use of the model for the purpose of extrapolating known data at atmospheric pressure to high pressure according to:
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leading to a relative uncertainty in terms of density corresponding to a quadratic summation of relative uncertainties:
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Predicting the effect of pressure on the volumetric properties of biodiesels

Most biodiesels are simple systems with few components that belong to the same family and whose carbon chain length generally ranges from 10 to 20. Consequently, excess volumes in biodiesels are very small and are often neglected when predicting density. In fact, the main drawbacks when predicting densities from ester profiles are uncertainty in chemical analysis and impurities. Indeed, end biodiesel products are obtained by conversion processes of feedstock oils that leave several types of impurities. After transesterification of the fatty acids with alcohol, the reaction product must be washed and purified to remove the glycerol and unconverted fatty acids from the biodiesel phase. Given that the purification processes are not 100% efficient, some impurities remain in variable proportions in biodiesels depending on their quality. Consequently, the molar volume of a biodiesel can be expressed as the sum of three contributions:
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where and ( G DJ4 is of second order on ( $ -, the volume of a biodiesel at a given pressure can be expressed as follows:
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This equation was rewritten in terms of density in order to predict the high pressure density of biodiesel based on experimental densities at atmospheric pressure $ and on ester profiles according to:
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where P ' is the molar fraction of ester i in the biodiesel system investigated, / ' , ' and ' are ester parameters calculated from eqs. 8, 2 and 3 respectively using the coefficients of pure components listed in Table 4.

Results and discussion

Various biodiesels from different feedstocks were considered to test the predictive capacities of the proposed method. They included vegetable oils such as canola (C), cottonseed, (Ct), linseed (Ls), palm (P), rapeseed (R) and soybean (S), alga such as spirulina platensis (Asp), animal fats such as lard (L) and tallow (T) and also waste cooking oils (W) for which high pressure data are available in the literature. In addition, density data of a Purified Biodiesel (PB) and biofuel blends corresponding to palm + rapeseed (PR), soybean + rapeseed (SR), soybean + palm (SP), and soybean + rapeseed + palm (SRP) mixtures were considered in the comparative tests. Both methyl and ethyl biodiesels were included in the database. However, because there are a greater number of experimental studies on methyl esters than on ethyl esters, a more in-depth analysis was conducted on FAMEs than on FAEEs. The fatty acid alkyl ester profiles of each biodiesel after normalization to 100 are summarized in Table 6.

Eq. 15 was used to predict the densities of these biodiesels under high pressure based on their fatty acid alkyl ester profiles and densities at atmospheric pressure. The statistical comparison of these predictions with the data taken from the literature is summarized in Table 7 where the average deviations, average absolute deviation and the maximum deviation are reported for each dataset. As can be observed in Table 7, 2900 data points of 30 biodiesels were used as database for model comparison. The majority of the datasets concern FAME biodiesels and only four of them pertain to FAEE biodiesels. The database span a broad temperature range from 278 to 413 K, and pressures of up to 200 MPa. However, most of the data are within the 0.1 to 60 MPa bracket. Eight datasets span pressures of more than 60 MPa, and in this ensemble only three datasets reach the pressure limit imposed by the density correlation ( 200MPa). Most of the experimental density values were obtained by direct volume change or from measurements acquired using an oscillating U-tube density meter, with an additional three datasets obtained using the speed of sound integration method. The expanded relative uncertainty Ur(ρ) reported by the authors with a level of confidence = 0.95 (kp = 2) usually stood at around 0.2% in the case of direct volume change measurements and at 0.1% in the case of measurements obtained with the oscillating U-tube density meter. Only Pratas et al. [START_REF] Pratas | High-Pressure Biodiesel Density: Experimental Measurements, Correlation, and Cubic-Plus-Association Equation of State (CPA EoS) Modeling[END_REF] reported data that are subject to uncertainties of less than 0.1%, with a claimed uncertainty of 0.1 kg.m 3 for the entire pressure and temperature range studied in their work.

Finally, the combined expanded uncertainties of density values obtained at higher pressures of investigation using the speed of sound integration method were reported to be 0.2% up to 100 MPa and 0.3% between 100 and 200 MPa.

The comparison results in Table 7 indicate that most of the deviations are within the uncertainty values of the experimental method for the FAME biodiesels, with the exception of the biodiesel produced from rapeseed oil and studied by Kiełczynski et al. [START_REF] Kiełczynski | Thermophysical properties of rapeseed oil methyl esters (RME) at high pressures and various temperatures evaluated by ultrasonic methods[END_REF]. In this case, the deviation between the predictions of the correlation and the experimental data reaches 8% at 200 MPa. However, for this system, the experimental change in density caused by pressure change is much lower than the values of the pure C18:1 and C18:2, the main components of rapeseed oil biodiesels. Similarly, calculations deviate systematically by 0.5% on average with the measurements of NguyenThi et al. [START_REF] Nguyenthi | Density Measurements ofWaste Cooking Oil Biodiesel and Diesel Blends Over Extended Pressure and Temperature Ranges[END_REF] performed on biodiesel produced from waste cooking oils. This systematic bias stems from the fact that the experimental density data reported in this reference are higher than the values of the main pure components (C16:0, C18:0 and C18:1) of this biodiesel in the same conditions. The differences, which are systematic, are probably attributable to impurities that do not belong to the FAME family.

The mean absolute difference between measurements reported by the other authors for FAME biodiesels and the present correlation is 0.050%, which is within the experimental uncertainty of 0.1-0.3% claimed by the authors. Interestingly enough, this value is of the same order of magnitude as those of pure FAME (AAD=0.035%). This confirms that excess volume and impurities have a second order effect on the change in density with respect to pressure and therefore they can be taken into account only through density data at atmospheric pressure.

Moreover, the overall bias being 0.02%, the model gives no under or over estimate of the pressure effect on biodiesel density.

Comparisons of experimental and predicted densities are shown in Fig. 1 for soy biodiesel, for which several experimental measurements were carried out under high pressure conditions.

By examining this figure corresponding to T = 313 K, a temperature investigated in the different experimental studies, it can be seen that the proposed correlation is in very good agreement with the different measurements whatever the pressure, from 0.1 to 200 MPa. In particular, it can be noted that the deviations are either positive or negative, which means that that there is no systematic bias in the prediction method.

Good agreement has also been found with the results reported by Tat and Van Gerpen [START_REF] Tat | Speed of sound and isentropic bulk modulus of alkyl monoesters at elevated temperatures and pressures[END_REF] and Ivaniš et al. [START_REF] Ivaniš | Biodiesel density and derived thermodynamic properties at high pressures and moderate temperatures[END_REF] for FAEE biodiesels (overall AD = -0.014%; overall AAD = -0.036%).

However, for these biodiesels the pressure range of the experimental data is much less broad than for FAME biodiesels, with a maximum experimental pressure of 35 MPa for Tat and Van Gerpen's data [START_REF] Tat | Speed of sound and isentropic bulk modulus of alkyl monoesters at elevated temperatures and pressures[END_REF] and 60 MPa for the data reported by Ivaniš et al [START_REF] Ivaniš | Biodiesel density and derived thermodynamic properties at high pressures and moderate temperatures[END_REF]. The values reported by Ivaniš et al. with a standard uncertainty of ±0.1%, deviate from eq. 15 by less than 0.15% with an average deviation equal to 0.008% and absolute deviation of 0.02%; the majority of their results deviates from the correlation by less than 0.1 % and only two points have deviations of approximately 0.14%. Fig. 2 featuring the data of Ivaniš et al. shows the variation of the deviations against pressure at different temperatures. Here again, no systematic bias can be observed whatever the temperature. Deviations observed between the proposed method and the reported density data are within the reported experimental uncertainties.

Besides the correlation scheme proposed to predict the effect of pressure on the densities of FAME and FAEE biodiesels based on ester profiles and density data at atmospheric pressure, the parameters of Table 4 could be used to predict biodiesel densities at either atmospheric or high pressure based only on the ester profile using the following ideal combination rule:
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with R ' the molecular weight of the fatty acid alkyl ester i. This simple approach could indeed be used to calculate the density of synthetic mixtures of FAME or FAEE components, as in these types of systems excess volumes are very small, but also, and above all, because compositions are well known and impurity concentrations are very low. The major drawback in extending the application of this simple mixing rule to biodiesels is that in real systems, impurity concentrations can be significant and have a substantial influence on density values.

To illustrate this point, we have plotted on the same graph (Fig. 3) the deviations of the experimental results from the predictions of either eq. 15 or eq. 16 for two different biodiesels for which data span pressures of up to 140 MPa. The first biodiesel is the soybean oil biodiesel investigated by Aitbelale et al. [START_REF] Aitbelale | High-Pressure Soybean Oil Biodiesel Density: Experimental Measurements, Correlation by Tait Equation, and Perturbed Chain SAFT (PC-SAFT) Modeling[END_REF] whose chemical composition was analyzed in detail by NMR and GC/MS analysis. It comprises 95.2% of FAME components, the main impurities being soybean oil residues. The second biodiesel is a purified biodiesel studied by Schedemann et al. [START_REF] Schedemann | Measurement and correlation of biodiesel densities at pressures up to 130 MPa[END_REF] whose impurities are not specified but whose FAME profile, reported by the authors, is normalized to 100%. Observation of Fig. 3 shows that the use of eq. 16 instead of eq. 15 leads to a shift in deviation of 0.4% for soybean oil biodiesel [START_REF] Aitbelale | High-Pressure Soybean Oil Biodiesel Density: Experimental Measurements, Correlation by Tait Equation, and Perturbed Chain SAFT (PC-SAFT) Modeling[END_REF] corresponding to the error in the prediction of density at atmospheric pressure. This shift in deviation, of only 0.03% in the case of purified biodiesel [START_REF] Schedemann | Measurement and correlation of biodiesel densities at pressures up to 130 MPa[END_REF], is mainly attributed to the significant amount of impurities present in soybean oil biodiesel. It can be observed that the proposed correlation scheme (eq. 14) makes it possible to ignore the real nature of the impurities and to predict the effect of pressure on biodiesel density despite the presence of transesterification residues in end biodiesel products.

Finally, according to eq.5 and eq.15, the isothermal compressibility of biodiesel can be obtained from the ester profile and the parameters of Table 4 by using the following combining rule:
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With S ' the calculated volume fraction defined as:
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As an example, deviations of compressibility determined by eqs. 17 and 18 using the coefficients of Table 4 from literature values are shown in Fig. 4 as a function of pressure for soybean oil biodiesel at T = 313 K. In these comparisons, the literature values were all obtained from fitting the so-called Tait equation [START_REF] Tammann | Ueber die Abhägigkeit der Volumina von Löungen vom Druck[END_REF] and from analytically deriving it. It can be observed in this figure that the deviations vary from -2% to +2% between 0.1 and 100 MPa and reach -4% at 200 MPa which is well within the overall uncertainty for this derivative property [START_REF] Daridon | Computation of Liquid Isothermal Compressibility from Density Measurements: An Application to Toluene[END_REF]. Consequently, with the proposed procedure the accurate prediction of density can be extended to the determination of its derivative with respect to pressure within the usual uncertainty bracket achieved for such a property.

Conclusion

This article presents a computational procedure to predict the effect of pressure on biodiesel density based on fatty acid alkyl ester profiles and density data at atmospheric pressure. A Murnaghan equation was first proposed to correlate the densities of pure Fatty Acid Methyl Ester and Fatty Acid Ethyl Ester as a function of pressure. Then, based on this equation of state, and using existing high-pressure density data concerning either FAME or FAEE compounds, a group-contribution method was proposed to estimate the densities of the fatty acid alkyl ester components of biodiesels for which no high-pressure experimental data were available. Finally, a calculation scheme based on ester profiles and density values at atmospheric pressure was proposed to obtain further knowledge on density at high pressure.

This method yields very accurate predictions of biodiesel densities up to 200 MPa across a wide range of temperatures from 280 to 400 K. The predictive character of the method was demonstrated for both FAME and FAEE biodiesels, for which predictions were compared to literature data. The overall mean average deviation obtained between the predictions and the experimental data for a wide variety of biodiesels including vegetable oil, animal fat and waste oil was less than 0.050% and the maximum deviations were of the same order of magnitude as the experimental uncertainties. Due to its predictive and accurate features, the method presented in this article can be considered very useful for predicting the effect of pressure on biodiesel density. It can be used to fill the experimental knowledge gap that exists for high pressure data. Besides extrapolating biodiesel density data to the high pressure range, the group-contribution method is of interest for predicting the densities of highly polyunsaturated fatty acid alkyl esters present in biodiesel fuels obtained from algal oils [START_REF] Knothe | Fuel Properties of Highly Polyunsaturated Fatty Acid Methyl Esters. Prediction of Fuel Properties of Algal Biodiesel[END_REF] such as methyl eicosadienoate (C20:2), methyl eicosatrienoate (C20:3), methyl eicosatetraenoate (C20:4), etc. for which no experimental data have yet been reported. Ethyl Esters used in eq. 15 where the units are K for the temperature T, MPa for pressure p and cm 3 .mol -1 for volume ( , . [START_REF] Ndiaye | Speed of sound, density, and derivative properties of fatty acid methyl and ethyl esters under high pressure: methyl caprate and ethyl caprate[END_REF] 0.02 0.04 0.17

3 3 V 10 X 3 V 10 Y V 10 X V 10 Y V 10 Z V 10 X V
Ndiaye 1 [START_REF] Ndiaye | Speed of sound, density, and derivative properties of fatty acid methyl and ethyl esters under high pressure: methyl caprate and ethyl caprate[END_REF] 0.01 0.05 0.14 C10:0 Ndiaye 2 [START_REF] Ndiaye | Speed of sound, density, and derivative properties of fatty acid methyl and ethyl esters under high pressure: methyl caprate and ethyl caprate[END_REF] 0.004 0.03 0.10

Ndiaye 2 [20] 0.004 0.02 0.07 Zarska [START_REF] Zarska | High pressure physicochemical properties of biodiesel components derived from coconut oil or babassu oil[END_REF] -0.03 0.03 0.06 Dzida [START_REF] Dzida | High pressure physicochemical properties of ethyl caprylate and ethyl caprate[END_REF] -0.02 0.02 0.07

Su [START_REF] Su | Temperature and pressure dependence of densities and viscosities for binary mixtures of methyl decanoate plus n-heptane[END_REF] 0.10 0.12 0.56 Laurate Tat [START_REF] Tat | Speed of sound and isentropic bulk modulus of alkyl monoesters at elevated temperatures and pressures[END_REF] -0.01 0.02 0.06

Dzida [START_REF] Dzida | High pressure physicochemical properties of biodiesel components used for spray characteristics in diesel injection systems[END_REF] -0.03 0.03 0.08 C12:0 Pratas [START_REF] Pratas | High-Pressure Biodiesel Density: Experimental Measurements, Correlation, and Cubic-Plus-Association Equation of State (CPA EoS) Modeling[END_REF] 0.001 0.01 0.03

Wang [START_REF] Wang | High-pressure liquid densities and derived thermodynamic properties for methyl laurate and ethyl laurate[END_REF] 0.01 0.03 0.10

Zarska [START_REF] Zarska | High pressure physicochemical properties of biodiesel components derived from coconut oil or babassu oil[END_REF] -0.01 0.05 0.25

Aissa [START_REF] Aissa | Experimental Investigation and Modeling of Thermophysical Properties of Pure Methyl and Ethyl Esters at High Pressures[END_REF] 0.004 0.03 0.21

Wang [START_REF] Wang | High-pressure liquid densities and derived thermodynamic properties for methyl laurate and ethyl laurate[END_REF] -0.02 0.02 0.21

Habrioux [26] -0.03 0.05 0.23 Aissa [START_REF] Aissa | Experimental Investigation and Modeling of Thermophysical Properties of Pure Methyl and Ethyl Esters at High Pressures[END_REF] 0.00 0.02 0.16

Habrioux [START_REF] Habrioux | Measurement of speed of sound, density compressibility and viscosity in liquid methyl laurate and ethyl laurate up to 200 MPa by using acoustic wave sensors[END_REF] -0.04 0.06 0.30

He [START_REF] He | Measurement and correlation of viscosities and densities of methyl dodecanoate and ethyl dodecanoate at elevated pressures[END_REF] 0.02 0.02 0.08 Myristate Pratas [START_REF] Pratas | High-Pressure Biodiesel Density: Experimental Measurements, Correlation, and Cubic-Plus-Association Equation of State (CPA EoS) Modeling[END_REF] 0.02 0.02 0.05

Ndiaye [START_REF] Ndiaye | Speed of sound, density, and derivative properties of ethyl myristate, methyl myristate, and methyl palmitate under high pressure[END_REF] 0.00 0.03 0.12 C14:0 Ndiaye [START_REF] Ndiaye | Speed of sound, density, and derivative properties of ethyl myristate, methyl myristate, and methyl palmitate under high pressure[END_REF] -0.03 0.09 0.40

Dzida [START_REF] Dzida | High pressure physicochemical properties of biodiesel components used for spray characteristics in diesel injection systems[END_REF] -0.02 0.02 0.06

Zarska [START_REF] Zarska | High pressure physicochemical properties of biodiesel components derived from coconut oil or babassu oil[END_REF] -0.03 0.03 0.11

Aissa [START_REF] Aissa | Experimental Investigation and Modeling of Thermophysical Properties of Pure Methyl and Ethyl Esters at High Pressures[END_REF] 0.01 0.02 0.08 Palmitate Tat [START_REF] Tat | Speed of sound and isentropic bulk modulus of alkyl monoesters at elevated temperatures and pressures[END_REF] -0.08 0.08 0.16 C16:0 Ndiaye [START_REF] Ndiaye | Speed of sound, density, and derivative properties of ethyl myristate, methyl myristate, and methyl palmitate under high pressure[END_REF] -0.07 0.07 0.33 Rasulov [START_REF] Rasulov | PVT, saturated liquid density and vapor-pressure measurements of main components of the biofuels at high temperatures and high pressures: Methyl palmitate[END_REF] -0.14 0.15 0.60 Stearate C18:0 Tat [START_REF] Tat | Speed of sound and isentropic bulk modulus of alkyl monoesters at elevated temperatures and pressures[END_REF] -0.24 0.24 0.71

Oleate

Pratas [START_REF] Pratas | High-Pressure Biodiesel Density: Experimental Measurements, Correlation, and Cubic-Plus-Association Equation of State (CPA EoS) Modeling[END_REF] -0.01 0.01 0.03 C18:1 Outcalt [START_REF] Outcalt | Compressed-liquid density measurements of methyl oleate and methyl linoleate[END_REF] -0.01 0.02 0.10

Ndiaye 1 [START_REF] Ndiaye | Speed of sound, density, and derivative properties of methyl oleate and methyl linoleate under high pressure[END_REF] 0.01 0.03 0.07

Ndiaye 2 [START_REF] Ndiaye | Speed of sound, density, and derivative properties of methyl oleate and methyl linoleate under high pressure[END_REF] -0.01 0.02 0.05 Linoleate Outcalt [START_REF] Outcalt | Compressed-liquid density measurements of methyl oleate and methyl linoleate[END_REF] -0.01 0.02 0.12 C18:2 Schedemann [32] -0.01 0.02 0.05 Schedemann [32] -0.02 0.02 0.08

Ndiaye 1 [START_REF] Ndiaye | Speed of sound, density, and derivative properties of methyl oleate and methyl linoleate under high pressure[END_REF] 0.02 0.03 0.14

Ndiaye 2 [START_REF] Ndiaye | Speed of sound, density, and derivative properties of methyl oleate and methyl linoleate under high pressure[END_REF] 0.01 0.02 0.08 [START_REF] Aitbelale | High-Pressure Soybean Oil Biodiesel Density: Experimental Measurements, Correlation by Tait Equation, and Perturbed Chain SAFT (PC-SAFT) Modeling[END_REF] with eq. 15; soy bean oil biodiesel [START_REF] Aitbelale | High-Pressure Soybean Oil Biodiesel Density: Experimental Measurements, Correlation by Tait Equation, and Perturbed Chain SAFT (PC-SAFT) Modeling[END_REF] with eq. 16: , purified biodiesel [START_REF] Schedemann | Measurement and correlation of biodiesel densities at pressures up to 130 MPa[END_REF] with eq. 15; , purified biodiesel [START_REF] Schedemann | Measurement and correlation of biodiesel densities at pressures up to 130 MPa[END_REF] with eq.

16.

Fig. 4. Relative compressibility deviations between the calculated values with the proposed method (eqs. 17, 18) and the literature values obtained from fitting a Tait like equation of state for soy bean oil methyl biodiesel at T = 313 K: , Pratas et al. [START_REF] Pratas | High-Pressure Biodiesel Density: Experimental Measurements, Correlation, and Cubic-Plus-Association Equation of State (CPA EoS) Modeling[END_REF]; , Habrioux et al.

[70]; , Ivaniš et al. [START_REF] Ivaniš | Biodiesel density and derived thermodynamic properties at high pressures and moderate temperatures[END_REF]; ∆, Aitbelale et al. [START_REF] Aitbelale | High-Pressure Soybean Oil Biodiesel Density: Experimental Measurements, Correlation by Tait Equation, and Perturbed Chain SAFT (PC-SAFT) Modeling[END_REF].

  'H is the molar volume of the ideal solution with the exact ester profile, ( G I is the relative excess molar volume 0( I /( 'H 1 and ( G DJ4 is the relative molar change caused by error in chemical composition and by impurities. Because biodiesels are composed of nonassociated components belonging to a chemical family characterized by weak molecular interactions, ( G I is limited and the effect of pressure on ( G I therefore has extremely little impact on ( $ -. Furthermore, impurities lead to systematic deviations and so pressure change has little impact on ( G DJ4 . Consequently, considering that the effect of pressure on ( G I

1Fig. 1 .

 1 Fig. 1. Relative density deviations between the calculated density values with the proposed

Fig. 2 .Fig. 3 .

 23 Fig. 2. Relative density deviations between the calculated values with the proposed method

Table 1 .

 1 600High pressure density data of liquid Fatty Acids Methyl Ester (FAME) and Fatty Acids Ethyl

	601						
	602	Ester (FAEE).				
	603						
	604						
			First author	Year Temperature	Pressure	Number	Technique
			Ref		range/K	range/MPa	of data
		FAME					
		Caprate	Ndiaye [20]	2012	293-393	0.1-100	120	U-Tube
		C10:0	Ndiaye [20]	2012	293-323	0.1-210	241	Speed of sound
			Zarska [21]	2014	293-318	0.1-100	66	Speed of sound
			Su [22]	2018	293-323	0.1-20	30	Flowmeter
		Laurate	Tat [23]	2003	293-373	0.1-35	35	PVT cell
		C12:0	Pratas [13]	2011	283-333	0.1-45	84	U-Tube
			Zarska [21]	2014	293-318	0.1-100	65	Speed of sound
			Wang [24]	2016	283-363	0.1-60	117	U-Tube
			Aissa [25]	2017	293-413	0.1-60	210	U-Tube
			Habrioux [26]	2018	293-353	0.1-200	53	Speed of sound
			He [27]	2018	303-353	0.1-15	36	Flowmeter
		Myristate	Pratas [13]	2011	293-333	0.1-45	70	U-Tube
		C14:0	Ndiaye [28]	2013	303-393	0.1-80	90	U-Tube
			Zarska[21]	2014	293-318	0.1-90	40	Speed of sound
		Palmitate	Tat [23]	2003	293-373	0.1-35	35	U-Tube
		C16:0	Ndiaye [28]	2013	313-383	0.1-70	90	U-Tube
			Rasulov [29]	2018	365-442	1-20	42	piezometer
		Stearate C18:0	Tat [23]	2003	293-373	0.1-35	35	PVT cell
		Oleate	Pratas [13]	2011	293-333	0.1-45	70	U-Tube
		C18:1	Outcalt [30]	2011	270-470	.08-50	132	U-Tube
			Ndiaye[31]	2013	293-393	0.1-100	121	U-Tube
			Ndiaye[31]	2013	293-393	0.1-210	241	Speed of sound
		Linoleate Outcalt[30]	2011	270-370	.08-50	132	U-Tube
		C18:2	Schedemann[32] 2013	278-367	.4-60	130	U-Tube
			Schedemann[32] 2013	278-337	.4-130	189	U-Tube
			Ndiaye[31]	2013	293-393	0.1-100	121	U-Tube
			Ndiaye[31]	2013	293-393	0.1-210	242	Speed of sound
		FAEE					
		Caprate	Ndiaye[20]	2012	293-393	0.1-100	121	U-Tube
		C10:0	Ndiaye[20]	2012	293-323	0.1-210	242	Speed of sound
			Dzida [33]	2013	293-318	0.1-100	66	Speed of sound
		Laurate	Dzida [34]	2013	293-318	0.1-100	66	Speed of sound
		C12:0	Wang [24]	2016	283-363	0.1-60	117	U-Tube
			Aissa [25]	2017	293-413	0.1-60	210	U-Tube
			Habrioux [26]	2018 293-fr353	0.1-200	60	Speed of sound

Table 2 .

 2 608Atmospheric pressure density data of liquid Fatty Acids Methyl Ester (FAME) and Fatty

	609				
	610	Acids Ethyl Ester (FAEE).		
	611				
			First author Year T/K	Nb	First author Year T/K	Nb
			FAME			FAEE
			Bonhorst	1948 293-372 4	Gros [36]	1952 348	1
		Caprate	[35]		

Table 3 .

 3 612Group contribution values for parameters of eqs. 2-3, 6-8 where the units are K for the temperature T, MPa for pressure p and cm 3 .mol -1 for volume increments ( , , .

		3	3 V 10 X 3 V 10 Y	V 10 X	V 10 Y	V 10 Z	V 10 X	V 10 Y
	CH3	16.43000	55.62000	0	141.0915	-937.170	1786.650	-18.02781	-416.5600
	CH2	12.04000	14.10000	0	1.828686	-7.32110	8.242550	673.4669	-5335.580
	CH=CH	43.17037	-99.28637	155.2190	4.549329	-31.8870	59.77000	-2910.446	5352.666
	CH3COO	45.86310	-3.709090	83.30000	44.79574	-151.000	165.7020	198.9688	-910.8600
	C2H5COO	68.40212	-40.28484	159.8240	80.85027	-350.450	428.5890	249.4559	-1084.450

Table 4

 4 Parameters of Murnaghan equation [17] of pure Fatty Acid Methyl Esters and Fatty Acid

Table 5 .

 5 Statistical characteristics (Average Deviations, Average Absolute Deviations, MaximumDeviation) for the predictions of the effect of pressure / on FAME and FAEE pure components from eqs. 1-3 using parameters given in Table4.

	10 Y

He [START_REF] He | Measurement and correlation of viscosities and densities of methyl dodecanoate and ethyl dodecanoate at elevated pressures[END_REF] 2018 303-353 0.1-15 36 Flowmeter Myristate Ndiaye [START_REF] Ndiaye | Speed of sound, density, and derivative properties of ethyl myristate, methyl myristate, and methyl palmitate under high pressure[END_REF] 2013 303-393 0.1-100 117 U-Tube C14:0 Dzida [START_REF] Dzida | High pressure physicochemical properties of biodiesel components used for spray characteristics in diesel injection systems[END_REF] 2013 293-318 0.1-100 56 Speed of sound Aissa [START_REF] Aissa | Experimental Investigation and Modeling of Thermophysical Properties of Pure Methyl and Ethyl Esters at High Pressures[END_REF] 2017