
Hydrothermal liquefaction of Nannochloropsis oceanica in different solvents 1 

 2 

M.P. Caporgnoa, J. Pruvostb, J. Legrandb, O. Lepinec, M. Tazeroutd, C. Bengoaa,* 3 

 4 

aDepartament d'Enginyeria Química, Universitat Rovira i Virgili, Av. Països Catalans 26, 5 

43007 Tarragona, Spain 6 

bGEPEA, Université de Nantes, CNRS, UMR6144, bd de l'Université, CRTT - BP 406, 7 

44602 Saint-Nazaire Cedex, France 8 

cAlgoSource SAS, 37 bd de l'Université, CRTT - BP 406, 44602 Saint-Nazaire Cedex, 9 

France 10 

dGEPEA, Département Systèmes Energétiques et Environnement, Ecole des Mines de 11 

Nantes, UMR 6144, La Chantrerie, 4 rue Alfred Kastler, BP 20722, F-44307 Nantes 12 

Cedex 3, France 13 

 14 

*Corresponding author 15 

christophe.bengoa@urv.cat; +34 977558619 16 

 17 

Abstract 18 

Although the hydrothermal liquefaction is considered a promising technology for 19 

converting microalgae into liquid biofuels, there are still some disadvantages. This paper 20 

demonstrated that the bio-oil yield can be significantly improved by adding alcohols as 21 

co-solvents and carrying out the conversion at mild conditions (<250 ºC), but at the 22 

expense of a reduced bio-oil quality. By adding ethanol, the bio-oil yields obtained (up to 23 

~60%) were comparable to the yield obtained at severe operating conditions using only 24 

water as solvent (54±2% on average), but the quality of the bio-oil was lower. However, 25 



the main advantages of the process here described lie in the utilisation of wet microalgae 26 

(~75% moisture) and alcohol concentrations which avoid both drying the microalgae and 27 

decreasing the amount of microalgae loaded in the reactor. 28 

 29 
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1. INTRODUCTION 33 

Microalgae are considered valuable feedstocks for biofuels; they can favourably reduce 34 

the demand of fossil fuels and simultaneously alleviate the "food-versus-fuel 35 

competition" caused by the production of first-generation biofuels [Pragya et al., 2013]. 36 

Several feedstocks characterised by high water content can be converted into a liquid fuel 37 

called bio-oil by means of hydrothermal liquefaction (HTL) [López-Barreiro et al., 2013]. 38 

The HTL is a promising technology for microalgae conversion inasmuch as the reactions 39 

take place in the aqueous medium [López-Barreiro et al., 2013], and microalgae are 40 

characterised by high water content even after concentration. The elimination of water is 41 

high-energy consuming [Pragya et al., 2013]. Another advantage of HTL is that lipid, 42 

protein, and carbohydrate fractions in microalgae are converted into bio-oil. 43 

The influence of several processing parameters on HTL has been widely evaluated, i.e., 44 

reaction temperature, holding time, solid to liquid ratio in the biomass and presence of 45 

catalysts [Jena et al., 2011; Valdez et al., 2012; Reddy et al., 2016]. The temperature is a 46 

very influential parameter in HTL [Valdez et al., 2012; Li et al., 2014]; it affects both the 47 

yields and the characteristics of the different fractions obtained during HTL [Li et al., 48 

2014; Gai et al., 2015]. Although opposed results have been reported about the influence 49 

of the solid to liquid ratio on the bio-oil yield [Valdez et al., 2012], economic and 50 



operational aspects may determine the most suitable value of the solid to liquid ratio. 51 

According to the literature, solid concentrations under 5% may lead to negative energy 52 

balance, whereas above 15% cause difficulty in pumping biomass into the reactor at the 53 

high pressures required [Valdez et al., 2012]. The bio-oil from microalgae is characterised 54 

by high viscosity derived from the protein content in microalgae [Guo et al., 2015]. 55 

Furthermore, the bio-oil is also characterised by high amount of oxygen, which decreases 56 

the caloric value and the storage stability [Zhang et al., 2013A]. Both nitrogen and oxygen 57 

contents can be reduced either by upgrading the bio-oil [Guo et al., 2015] or adding 58 

catalysts during HTL [Pragya et al., 2013]. Recently, it has been reported that processing 59 

microalgae with organic solvents can led to better bio-oil quality; some examples are 60 

ethanol [Huang et al., 2011; Chen et al., 2012; Reddy et al., 2014; Zhang and Zhang, 61 

2014; Peng et al., 2016], methanol [Patil et al., 2011; Sitthithanaboon et al., 2015] and 62 

others [Yuan et al., 2011; Jin et al., 2014A]. However, most of these experiments were 63 

performed in pure organic solvents or with a negligible amount of water compared to the 64 

amount of the organic solvent, which requires low-water content in microalgae. Based on 65 

the high-water content in microalgae and the increased the bio-oil production reported 66 

from some waste processed in mixtures of water and ethanol or methanol [Yuan et al., 67 

2007; Cheng et al., 2010], processing microalgae in mixtures of solvents is a valuable  68 

alternative. Methanol has been used on an industrial for biodiesel production, and it is 69 

available at a reasonably low price; however, it is highly toxic and it is currently produced 70 

mainly from non-renewable source like natural gas [Reddy et al., 2014]. On the other 71 

hand, ethanol can be produced from renewable feedstocks [Reddy et al., 2014]. Figure 1 72 

summarises the operating conditions applied by several authors using alcohols as co-73 

solvents for the HTL of microalgae amongst some other substrates [Yuan et al., 2007; 74 

Cheng et al., 2010; Patil et al., 2011; Chen et al., 2012; Jin et al., 2014B; Reddy et al., 75 



2014; Zhang and Zhang, 2014; Sitthithanaboon et al., 2015]. Processing wet microalgae 76 

with organic solvents resulted in increased bio-oil and biodiesel yields [Patil et al., 2011; 77 

Chen et al., 2012; Jin et al., 2014A; Jin et al., 2014B; Reddy et al., 2014; Zhang and 78 

Zhang, 2014], but the experiments were carried out at high temperatures [Chen et al., 79 

2012] and high concentration of alcohols [Reddy et al., 2014]. The high concentration of 80 

alcohol was reached by using dried microalgae [Jin et al., 2014B; Reddy et al., 2014] or 81 

loading a low concentration of wet microalgae in the reactor [Patil et al., 2011; 82 

Sitthithanaboon et al., 2015] being both alternatives negative from the economic and 83 

energetic point of view [Valdez et al., 2012]. 84 

The aim of this study is to investigate the HTL of Nannochloropsis sp. in water and in 85 

mixtures of water and alcohols. The first part of the experiments evaluates the influence 86 

of the temperature on the distribution of products, thus microalgae were processed in 87 

water between 240 ºC and 300 ºC. Afterwards, the influence of alcohols on the bio-oil 88 

characteristics was evaluated by processing microalgae in several alcohol-water mixtures, 89 

but using microalgae with high-water content, low temperature and suitable concentration 90 

of solids in the reactor. 91 

 92 

2. MATERIALS AND METHODS 93 

2.1 Materials 94 

Nannochloropsis oceanica slurry, 28±3% lipid content (% dry weight), was provided by 95 

AlgoSource’s (Alpha Biotech, Asserac, France). The frozen slurry was stored at -15 ºC 96 

until required. The total solids (TS) and volatile solids (VS) were analysed as described 97 

in [Caporgno et al., 2016A]; the TS content was 24.3±0.3% and the VS/TS 0.93±0.01. 98 

 99 

2.2 Experimental procedure 100 



2.2.1 Hydrothermal liquefaction 101 

The experiments were performed with approximately 100 g of biomass in a non-stirred 102 

batch stainless steel reactor with 1L volume capacity (4593, Parr Instruments Co., Moline, 103 

IL, USA). The reactor was closed and purged with nitrogen to assure oxygen-free 104 

conditions. The temperature was increased until the desired value, and then kept constant 105 

during 30 min based on the results reported in the literature for Nannochloropsis biomass 106 

[Valdez et al., 2012; Reddy et al., 2016]. 107 

The biomass used in first part of the experiments consisted of the microalgae slurry as it 108 

was received it, without any addition of water or alcohols. The experiments evaluates the 109 

effect of the temperature on the bio-oil, thus several experiments were performed setting 110 

the reaction temperatures between 240±1 ºC to 300±3 ºC under autogenous pressure 111 

conditions. The reactor was not initially pressurised, and the pressure varied from 32 to 112 

89 bar when the experiments were performed at temperatures from 240±1 ºC to 300±3 113 

ºC. 114 

In the second part of the experiments, the reaction temperature was decided around 240 115 

ºC and kept constant during 30 min, under autogenous pressure conditions. The biomass 116 

for these experiments consisted of mixtures of alcohols and the microalgae slurry, without 117 

any addition of water. The mixtures of ethanol and microalgae slurry were prepared in 118 

order to have ethanol:water ratios of 1:10, 3:10, 4:10, 7:10 and 10:10 (w/w). Afterwards, 119 

an experiment with a methanol:water ratio of 10:10 (w/w) was performed. The reactor 120 

was not initially pressurised, and the autogenous pressure varied from 32 to 43 bar when 121 

the ration of ethanol increased. 122 

After the 30 min at the desired temperature, the heating and isolation systems were 123 

removed from the reactor, and then the reactor was cooled down to room temperature 124 

using an external fan. 125 



For the separation of the different products, the methodology described in a previous work 126 

was used [Caporgno et al., 2016B]. The total bio-oil, recovered using dichloromethane 127 

(DCM), was separated into light and heavy fractions by using hexane to recover the light 128 

fraction. The heavy bio-oil fraction was determined by difference between total and light 129 

bio-oil fractions. The bio-oil, aqueous products (AP) and solid waste yields were 130 

determined according to the equations 1, 2 and 3, and expressed in % w/w: 131 

 (1) 132 

 (2) 133 

 (3) 134 

The number of moles of gas generated in the reactor was calculated using the ideal gas 135 

law, taking into account the pressure increase and the volume of free space in the reactor. 136 

The mass of gas was then calculated using the average molar mass of the mixture, based 137 

on the composition of the gas. The biomass conversion was determined according to the 138 

equation 4 and expressed in % w/w: 139 

 (4) 140 

 141 

2.2.2 Products analysis 142 

The amount of AP dissolved in the aqueous phase was determined following the 143 

procedures for total solids (TS) and volatile solids (VS) described in [Caporgno et al., 144 

2015A]. The VS content was also determined in the solid waste with the same procedure. 145 

The components in the gas fraction were determined by a gas chromatography (Two 146 

channels micro-GC Agilent technologies 3000 A) equipped with thermal conductivity 147 

100
microalgae of mass Initial

oil-Bioy light/heav of Mass(%) yield oil-Bio ´=

100
microalgae of mass Initial

APin  dissolved solids of Mass(%)yield AP ´=

100
microalgae of mass Initial

residue solid of Mass(%)yield  wasteSolid ´=

100
microalgae of mass Initial

residue solid of Mass1 (%) Conversion ´÷÷
ø

ö
çç
è

æ
-=



detector (TCD). A molecular sieve column (molecular sieve 5Å, 10 m × 0.32 mm × 12 148 

µm) separates O2, N2, CH4, and CO, and a PLOT Q column (PLOT Q, 10 m × 0.32 mm 149 

× 10 µm) separates of CO2 and light hydrocarbons from C2Hn to C4Hn.  150 

The bio-oil samples were analysed by chromatography-mass spectroscopy (GC-MS) 151 

equipped with a capillary column (SLB-5ms, 30m × 0.25 mm × 0.25 μm) using a Perkin 152 

Elmer Turbo Mass Gold GC-MS. DCM was used as solvent. The GC oven was held at 153 

70 °C for 1 min, heated to 180 °C at a rate of 7 °C/min, then heated to 240 °C at a rate of 154 

12 °C/min and finally 7 min hold at 330 °C. The composition of the light bio-oil was 155 

analysed by GC-MS using the method above described but with different solvent, i.e. 156 

hexane. The constituents in the bio-oils were identified based on their retention time, and 157 

the respective mass spectra were identified from the preinstalled NIST library. The higher 158 

heating values of bio-oils (HHVs) were measured using an oxygen bomb calorimeter 159 

(6200, Parr Instrument Co., Moline, IL, USA). 160 

The content of C, H, N and S was measured in microalgae, AP, solid waste and bio-oil 161 

using a CE Instruments Flash EA 1112 series elemental analyser. 162 

 163 

3. RESULTS AND DISCUSSION 164 

3.1. Influence of the temperature on HTL 165 

Figure 2a shows the effects of the temperature on the yields of bio-oil, AP, solid waste 166 

and gas during the HTL of wet microalgae. 167 

The total bio-oil yields were mainly affected when the temperature increased from 240±1 168 

ºC to 260±2 ºC; further temperature increases did not affect the yield significantly, which 169 

averaged 54±2% between 260±2 ºC and 300±3 ºC. Focusing on the light and heavy bio-170 

oil fractions, the results revealed that whereas the heavy fraction increased, the light 171 

fraction remained almost unaffected by the changes in the temperature. This behaviour 172 



could be a consequence of the nature of both bio-oil fractions. The light bio-oil mainly 173 

contains fatty acids and products from the decomposition of lipids [Valdez et al., 2012], 174 

which occurs at mild conditions (<250 ºC) [López-Barreiro et al., 2013]. On the other 175 

hand, the heavy bio-oil contains products generated by decomposition of carbohydrates 176 

and proteins [Valdez et al., 2012]. Since the decomposition of carbohydrates and proteins 177 

requires more severe reaction conditions [López-Barreiro et al., 2013], the fraction of 178 

heavy bio-oil was affected by the changes in temperatures [Jena et al., 2011], diverse 179 

results can be found regarding bio-oil yields from microalgae. The bio-oil yields in the 180 

present experiments exceed by far the yields recently reported for the HTL of 181 

Nannochloropsis sp. at different temperatures [Reddy et al., 2016], probably due to the 182 

high carbohydrate content in the biomass which lead to low bio-oil yields [Biller and 183 

Ross, 2011]. Other authors reported lower bio-oil yields using the same microalgae 184 

species [Tian et al., 2014; Shakya et al., 2015]. On the other hand, the bio-oil yields here 185 

presented are comparable to the results reported by using Nannochloropsis sp. with 186 

similar biochemical composition [Valdez et al., 2012]. 187 

Increasing temperatures promoted the conversion of the solid fraction into bio-oil, AP 188 

and gases, in accordance with the results reported for the microalgae conversion under 189 

sub-critical conditions [López-Barreiro et al., 2013]. The amount of compounds 190 

solubilised in aqueous phase was the highest at 240 ºC and gradually decreased when the 191 

temperature increased, indicating high conversion of the solubilised compounds. The 192 

highest AP decreases occurred when the temperature increased up to 260±2 ºC, which is 193 

consistent with the increases in the bio-oil yields. The biomass conversion resulted 194 

considerable high if compared with the reported in the literature [Reddy et al., 2016], 195 

where almost 40% of the initial Nannochloropsis sp. remained in the solid waste at 196 

temperatures between 225 ºC and 275 ºC and 30 min holding time. On the contrary, 197 



Valdez et al. achieved similar conversion at mild conditions using the same microalgae 198 

species [Valdez et al., 2012].  The biomass conversion strongly depends on the biomass 199 

characteristics.  200 

A detailed evaluation of the characteristics of the solid revealed a brown-green hue in the 201 

filters which suggested the presence of microalgae cells in the solid waste recovered at 202 

low temperature. Nannochloropsis species have thick cell walls, which may require high 203 

temperatures to promote the biomass conversion [López-Barreiro et al., 2013]. The 204 

analysis revealed that further temperature increases affected the solid fraction. At 260±2 205 

ºC, the solids represented around 4% of the biomass loaded into the reactor; these solids 206 

looked like greyish powders similar to ashes and no evidences of microalgae cells were 207 

observed. Surprisingly, the solid fraction sharply increased at 290±4 ºC and 300±3 ºC; in 208 

fact, the solid fraction reached its highest yield at 300±3 ºC. The solid recovered had dark 209 

particles mixed with greyish powders. Some dark particles were observed at 290±4 ºC, 210 

but to a lesser extent. The bio-char is generated when part of the solubilised carbohydrates 211 

undergoes to re-polymerisation and carbonisation [Tian et al., 2014; Yang et al., 2015]. 212 

The solids recovered at 290±4 ºC and 300±3 ºC were separated in two different fractions; 213 

a greyish powder which was placed in the bottom of the reactor and dark-coloured 214 

particles stuck on the reactor walls and mixed with bio-oil fractions. The increases in 215 

microalgae conversion are also evident in Table 1. The high VS/TS in solid and AP at 216 

240±1 ºC and 260±2 confirmed the presence of unreacted microalgae in the solid fraction 217 

and the solubilisation of part of the biomass in the aqueous fraction, as consequence of 218 

the low temperature [Shakya et al., 2015]. The higher the temperature, the lower the 219 

VS/TS in both solid and AP, which means that the organic fraction was converted into 220 

bio-oil or gas. Temperatures between 225 ºC and 250 ºC cause the thermal denaturing of 221 

proteins and their conversion into nitrogen-containing compounds in the bio-oil [López-222 



Barreiro et al., 2013; Guo et al., 2015]. Compounds such as formic acid, acetic acid, lactic 223 

acid, glycerol, pyroles, indoles and phenols have been found in the aqueous phase 224 

elsewhere [Biller and Ross, 2011; Biller and Ross, 2012]. The VS/TS and the elemental 225 

analysis of both solid fractions recovered at 290±4 ºC and 300±3 ºC revealed that the 226 

greyish powder was mainly constituted by ashes from the inorganic fractions of 227 

microalgae, similar to the solid fractions recovered at 260±2 ºC and 275±3 ºC [Tian et al., 228 

2014]. On the contrary, the dark-coloured particles (identified with the superscript b in 229 

Table 1) were mainly constituted by organic compounds rich in carbon. 230 

The bio-oil samples were further analysed in order to determine some of their 231 

characteristics. The HHVs were similar in all bio-oil samples; the HHV averaged 232 

35.5±0.5 MJ/kg in the bio-oil samples produced between 240±1 ºC and 300±3 ºC, in 233 

agreement to the reported in the literature for bio-oil samples from Nannochloropsis 234 

[Shakya et al., 2015] and for from other microalgae species [Tian et al., 2014]. The 235 

qualitative GC-MS analysis of the bio-oil evidenced the complexity of the samples. Bio-236 

oil samples revealed the presence of nitrogenous compounds such as pyrazine, pyridine, 237 

indole and amides, mainly generated by chemical reactions and decomposition of 238 

proteins. The content of nitrogenous compounds significantly increased when the 239 

temperature exceeded 240±1 ºC (Table 2), which is consistent with the enhanced 240 

decomposition of proteins at these temperatures [López-Barreiro et al., 2013]. Compared 241 

to the N content in microalgae, it can be observed that the HTL promoted the 242 

denitrogenation of microalgae; however, the nitrogen content in the bio-oil from 243 

microalgae is still higher than in petroleum (N/C below 0.01) [Tian et al., 2014]. The GC-244 

MS analysis of the light bio-oil fraction showed a decreased number of peaks compared 245 

to chromatogram corresponding obtained from the heavy bio-oil fraction, which revealed 246 

that the nitrogenous compounds constitute mainly the heavy bio-oil fraction as reported 247 



by [Valdez et al., 2012]. Some of aliphatic hydrocarbons (mainly alkanes and alkenes) 248 

and some other aromatic hydrocarbons were identified in the chromatograms. These 249 

compounds may be generated from the decomposition of lipids [López-Barreiro et al., 250 

2013], thus they were already observed in samples produced at the lowest temperature. 251 

Their presence at high temperatures indicates stability. In a previous work, the fatty acids 252 

originally identified in this microalgae species were eicosapentaenoic (C20:5) and 253 

palmitoleic (C16:1), followed by palmitic (C16:0), eicosatetraenoic (C20:4), 254 

eicosadienoic (C20:2), oleic (C18:1) and linoleic (C18:2) [Caporgno et al., 2016A]. These 255 

fatty acids and their esters were also found in bio-oil samples; however, high 256 

concentration was only found in bio-oil samples obtained at 240±1 ºC. The reduced fatty 257 

acids concentration indicates that they either react or decompose, as it is reported in the 258 

literature [Shakya et al., 2015]. The identification of amides due to the conversion of oleic 259 

and linoleic acids (or their ester) may lead to the decrease in the fatty acid or esters yields. 260 

The results in Table 2 show that HTL promotes the deoxygenation of microalgae, but the 261 

O/C in bio-oil from microalgae was still high and exceeded by far the oxygen content in 262 

petroleum (O/C around 0.01) [Tian et al., 2014]. Both oxygen and nitrogen content are 263 

undesirable in bio-oil [Tian et al., 2014]. 264 

Regarding the gas fraction, the yields indicated that between 10% and 20% of the initial 265 

biomass was converted into gaseous products, corresponding these percentages to the 266 

lowest and the highest temperatures respectively. The temperature increases caused gas 267 

formation, as it has been reported in the literature for Nannochloropsis and other 268 

microalgae species [Valdez et al., 2012; Tian et al., 2014; Shakya et al., 2015]. Table 3 269 

summarises the main components in the gas samples. As can be observed, the major 270 

component in all samples was CO2. Microalgae contain high amount of oxygen, and CO2 271 

formation is one of the preferably ways to remove oxygen during HTL of microalgae 272 



[Valdez et al., 2012; López-Barreiro et al., 2013; Tian et al., 2014]. The percentage of 273 

CO2 strongly decreased when the temperature increased [Brown et al., 2010], and the 274 

oxygen removal start also occurring by O2 and CO production. The percentages of CH4, 275 

C2Hn, C3Hn and C4Hn increased with the temperature, but making a minor contribution to 276 

the gas fraction, as observed elsewhere [Brown et al., 2010; Jena et al., 2011]. 277 

 278 

3.2. Influence of the addition of alcohol on HTL 279 

Figure 2b shows the effects of adding ethanol and methanol as co-solvents during the 280 

HTL of microalgae slurry at 240±3 ºC and 30 min holding time.  281 

The higher the ethanol:water ratio, the higher the bio-oil yield. The effects of ethanol 282 

addition are more evident at ratios higher than 3:10. Similar to the results described in 283 

section 3.1., the increase in the bio-oil yields was caused by the increased heavy fraction, 284 

since the light fraction (red dashed line) remained almost unaffected by the changes in 285 

the ethanol content. The ethanol addition decreased the yield of the solid waste compared 286 

to HTL carried out without ethanol; in other words, ethanol addition increased the 287 

microalgae conversion. The highest solid conversion were observed at ethanol:water ratio 288 

higher than 7:10. The ethanol addition caused AP decreases too. The gas yield barely 289 

decreased at ethanol:water ratio higher than 7:10, being similar to the measured in the 290 

experiments performed without ethanol. 291 

Increases in the bio-oil yields were also reported using wet Chlorella pyrenoidosa 292 

(approximately 70% water content) and similar ethanol:water ratios, but higher 293 

temperature and considerably long holding times (280 ºC and 120 min) [Zhang et al., 294 

2014]. Similar results have been recently reported by increasing the ethanol:water ratio, 295 

processing Chlorella pyrenoidosa at 300 ºC and 60 min [Peng et al., 2016]. The addition 296 

of ethanol as co-solvent increased both conversion and bio-oil production from 297 



Dunaliella tertiolecta under severe operating conditions (320 ºC) [Chen et al., 2012]. 298 

Although other authors reported benefits of ethanol as co-solvent in HTL, [Yuan et al., 299 

2007; Cheng et al., 2010; Jin et al., 2014A; Reddy et al., 2014; Zhang and Zhang 2014], 300 

most of these experiments entail high temperature or considerably high amounts of 301 

ethanol. Severe reaction conditions cause thermal denaturation of proteins and may 302 

decrease the quality of bio-oil [Guo et al., 2015], whereas high concentrations of ethanol 303 

requires dried biomass utilisation or an excessively high addition of ethanol may be used. 304 

The main advantages of operating conditions in the present experiments are the low 305 

temperature and the utilisation of microalgae with high-water content and low 306 

concentration of ethanol. 307 

The HHVs resulted in 37.7±0.1. 38.1±0.2. 37.9±0.2. 36.8±0.4. 36.1±0.1 and 34.6±0.4 308 

MJ/kg for bio-oil samples obtained at ratios from 0:10 to 10:10 respectively. In spite of 309 

the higher bio-oil yields obtained when the ethanol:water ratio increases, the HHV was 310 

negatively affected. The results presented in Table 2 reveals an increased oxygen content 311 

in the bio-oil when the ethanol:water ratio increased, which is consistent with the decrease 312 

of the HHV [Tian et al., 2014]. Contradictory results are reported in the literature [Chen 313 

et al., 2012; Jin et al., 2014B; Peng et al., 2014]; however, these results may be attributed 314 

to the high temperature during HTL. The high temperatures favour the deoxygenation of 315 

bio-oil produced using ethanol as co-solvent [Peng et al., 2016]. Measured HHVs in bio-316 

oil samples from Nannochloropsis are similar to the found in the present experiments 317 

[Shakya et al., 2015]. The denitrogenation was not favoured by the ethanol addition 318 

neither. 319 

The qualitative GC-MS analysis of the bio-oil evidenced the complexity of the samples; 320 

however, it has been found larger quantities of a relatively small number of compounds 321 

than in bio-oils produced without alcohol. The main compounds identified in bio-oils 322 



were palmitic (C16:0) and palmitoleic (C16:1) acids. The esters of these acids were found 323 

in bio-oils produced with and without ethanol, which means that the acids were not 324 

efficiently converted into esters and suggests that the esterification reaction was not 325 

favoured by alcohol addition. Some authors have reported high conversion of fatty acids 326 

into esters using ethanol; however, they have either used dry microalgae [Jin et al., 327 

2014A], high alcohol:water ratios [Chen et al., 2012; Reddy et al., 2014] or high 328 

temperatures [Chen et al., 2012; Jin et al., 2014A] to favour the esterification reactions, 329 

or they subjected the bio-oil to subsequent transesterification [Reddy et al., 2014]. 330 

The gas composition is summarised in Table 3. Once again, the major component in the 331 

gas was CO2. The concentration of CO2 slightly decreased when the ethanol:water ratio 332 

increased, but this reduction was not accompanied by O2 and CO formation. On the 333 

contrary, the percentage of C4Hn increased with the ethanol:water ratio, but making a 334 

minor contribution to the gas fraction. 335 

The utilisation of methanol as co-solvent affected the distribution of the products obtained 336 

during HTL, as can be observed in Figure 2b. The solid waste yield was low, which 337 

indicates high biomass conversion. Although the biomass conversion and the AP yield 338 

with methanol are comparable to the obtained using the same concentration of ethanol or 339 

even a lower concentration (ethanol:water ratio 7:10), the bio-oil yield was lower that the 340 

obtained with ethanol at 10:10. Based on the light and heavy fractions in bio-oil, it is 341 

evident that methanol did not contribute at increasing the heavy bio-oil fraction. 342 

Regarding the bio-oil composition, no significant differences were found between the 343 

samples produced with ethanol or methanol, as can be observed in Table 2. The HHV 344 

resulted 36.2±0.1 MJ/kg, similar to the HHV of the bio-oil produce using ethanol in ratio 345 

7:10, with comparable elemental composition. The main difference between ethanol and 346 



methanol as co-solvent was observed in the composition of the gas fraction; it seems that 347 

methanol favoured the deoxygenation by formation of O2.  348 

Comparison between ethanol and methanol as co-solvents for microalgae liquefaction has 349 

not been reported in the literature; however, these solvents have been used with woody 350 

biomass [Cheng et al., 2010]. The authors reported that both alcohols, at alcohols:water 351 

ratio of 10:10, increased the biomass conversion and bio-oil yields compared with the 352 

HTL using only water as solvent. 353 

 354 

4. CONCLUSIONS 355 

High biomass conversion was obtained by processing Nannochloropsis oceanica at mild 356 

conditions (<250 ºC). More severe operating conditions do not affect the conversion 357 

significantly, but strongly affects the distribution of products. Although the bio-oil yields 358 

gradually increases by increasing the temperature from 240±1 ºC to 260±2 ºC, they 359 

averaged 54±2% between 260±2 ºC and 300±3 ºC. The quality of the bio-oil was 360 

negatively affected. The addition of alcohols as co-solvents allows obtaining bio-oil yield 361 

comparable to the obtained at severe operating conditions without alcohols, but 362 

decreasing the quality of the bio-oil due to the increased nitrogen and oxygen contents. 363 
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Figure captions 467 

Figure 1. Summary of the operating conditions applied by several authors using 468 

microalgae and other substrates. Note: The dashed line separates the sub-critical and 469 

super-critical conditions in ethanol:water mixtures [18]. In green, experiments carried out 470 

with microalgae and ethanol:water mixtures. In blue, microalgae and methanol:water 471 

mixtures. In red, other substrates and ethanol:water mixtures. 472 

Figure 2. The effects of the temperature (a) and the addition of co-solvent (b) on the 473 

products distribution. Note: The red dashed line indicates the light fraction in bio-oil. In 474 

Figure 2 b, 10:10* represents the results obtained using methanol. 475 
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Table 1. Elemental analysis of microalgae and solid and AP fractions recovered after HTL 478 

at different temperature.  479 

 Elemental analysis (% on total solid basis) 
VS/TS 

N C H S 

Fr
ac

tio
n 

 

Microalgae 7.3±0.1 50.3±0.2 7.6±0.1 0.3±0.2 0.93±0.01 

Solid 

240 5.6±0.1 53.0±0.5 5.7±0.1 - 0.46±0.01 

250 4.6±0.1 35.0±1.0 3.8±0.1 - 0.43±0.01 

260 0.9±0.1 7.0±0.4 1.4±0.1 - 0.15±0.01 

275 0.6±0.1 7.6±0.4 1.2±0.1 - 0.15±0.01 

290 0.5±0.1 5.6±0.5 1.0±0.1 - 0.12±0.02 

290 a 3.0±0.1 74.7±0.3 4.1±0.2 - 0.85±0.01 

300 0.4±0.1 7.6±0.5 0.8±0.1 - 0.21±0.03 

300 a 3.4±0.1 77.6±0.9 4.9±0.2 - 0.94±0.01 

AP 

240 9.8±0.3 42.9±1.1 7.1±0.2 - 0.84±0.01 

250 8.7±0.1 39.3±0.4 6.7±0.1 - 0.78±0.06 

260 5.1±0.1 29.8±0.8 4.9±0.2 - 0.65±0.05 

275 3.4±0.1 20.8±0.4 3.5±0.1 - 0.55±0.01 

290 3.6±0.1 23.0±0.6 3.5±0.1 - 0.55±0.02 

300 2.4±0.1 15.8±0.3 2.1±0.1 - 0.40±0.01 
a Dark particles. 
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Table 2. Elemental analysis of the bio-oil recovered after HTL at different temperatures 482 

and alcohol:water ratios. 483 

 
 Elemental analysis (% on total solid basis) 

H/C N/C O/C a 
 N C H S 

  7.3±0.1 50.3±0.2 7.6±0.1 0.3±0.2 0.15 0.14 0.55 

Te
m

pe
ra

tu
re

 

240 4.8±0.1 74.5±0.5 10.1±0.1 - 0.14 0.06 0.14 

250 6.5±0.1 72.7±0.3 9.7±0.1 - 0.13 0.09 0.15 

260 6.7±0.1 74.1±0.2 9.5±0.1 - 0.13 0.09 0.13 

275 6.5±0.1 75.1±0.2 9.6±0.1 - 0.13 0.09 0.12 

290 6.0±0.1 73.8±0.3 9.4±0.1 - 0.13 0.08 0.15 

300 5.5±0.1 75.3±0.5 9.5±0.1 - 0.13 0.07 0.13 

al
co

ho
l:w

at
er

 ra
tio

 

1:10 4.9±0.1 75.2±0.3 10.2±0.1 - 0.13 0.07 0.13 

3:10 5.5±0.2 74.0±0.1 10.0±0.1 - 0.14 0.07 0.14 

4:10 6.2±0.2 72.1±0.2 9.7±0.1 - 0.13 0.09 0.17 

7:10 6.6±0.2 72.2±0.5 9.7±0.1 - 0.13 0.09 0.16 

10:10 6.9±0.1 70.5±0.1 9.5±0.1 - 0.14 0.10 0.18 

10:10 b 6.7±0.1 72.0±0.1 9.6±0.1 - 0.13 0.09 0.16 
a Oxygen content calculated by difference. 
b Results obtained with methanol. 
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Table 3. Composition of the gas phase obtained by HTH of microalgae slurry at different 486 

temperatures. 487 

  Gas composition (%) 

  H2 O2 CH4 CO CO2 C2Hn C3Hn C4Hn 

Te
m

pe
ra

tu
re

 

240 0.1 1.5 0.1 0.9 97.0 <0.1 <0.1 0.3 

250 0.1 1.8 0.1 0.9 96.4 0.1 0.2 0.3 

260 0.6 1.4 0.6 2.5 93.9 0.7 0.2 0.0 

275 0.5 0.6 0.5 2.0 95.5 0.4 0.4 0.1 

290 0.5 14.3 1.5 3.8 76.6 1.6 1.3 0.3 

300 0.3 9.3 2.7 2.4 75.2 3.8 1.8 4.3 
 

Al
co

ho
l:w

at
er

 ra
tio

 

0:10 0.1 1.5 0.1 0.9 97.0 <0.1 <0.1 0.3 

1:10 0.1 0.2 <0.1 1.0 97.3 0.1 0.1 1.3 

3:10 0.1 0.3 <0.1 0.9 96.2 0.2 <0.1 2.4 

4:10 0.1 3.1 <0.1 0.7 93.5 0.1 <0.1 2.4 

10:10 0.1 0.8 <0.1 0.8 93.2 0.2 0.2 4.8 

10:10 a 0.1 8.7 0.2 1.0 89.4 0.2 <0.1 0.3 
a Results obtained with methanol 
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Figure 1 490 
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Figure 2 494 

(a)  495 

(b)  496 
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Highlights 503 

§ High bio-oil yields were obtained from wet N. oceanica at low temperature. 504 

§ High temperatures increase bio-oil yields but decrease their quality. 505 

§ Alcohols as co-solvents increase the bio-oil yield from wet biomass. 506 

§ Low concentration of alcohols and low temperatures can improve bio-oil yields. 507 
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