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ABSTRACT  

Hydrothermal liquefaction (HTL) is a promising technology that can produce biocrude oil 

from wet biomass. The biocrudes, while generally acknowledged to be more stable than 

pyrolysis oils, are still thought to degrade relatively quickly which limits its applicability. 

In this investigation, the storage stability of biocrude produced from hydrothermal 

liquefaction of microalgae was systematically studied over 60 days, and the effect of the 

storage material, feedstock species, liquefaction temperature and storage temperature were 

assessed. Biocrudes obtained at 300 °C and 350 °C from the microalgae Spirulina and 

Chlorella vulgaris were stored at three temperatures: cold (4 °C), ambient (20 °C) and 

elevated temperatures (35 °C), over the two-month period. The dynamic viscosity, higher 

heating value, thermogravimetric analysis and elemental and chemical composition were 

assessed. The viscosity of the biocrudes only increased considerably at 35 °C. The reaction 

temperature and biomass type were also strong determining factors on the impact of 

biocrude stability. Biocrudes produced from C. vulgaris were more stable than the 

Spirulina, and the crudes formed at 350 °C were considerably less reactive than those 

produced at 300 °C. This demonstrates that biocrudes can be stored without substantial 

degradation, allowing a more flexible approach to upgrading to value products.  
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Highlights 

 HTL temperature and biomass species had a significant impact on biocrude aging. 

 Biocrude viscosity increased during storage. 

 Biocrude aging was faster at 35°C than at lower temperatures. 

 No significant changes to biocrude HHV or elemental composition were observed across 

all storage conditions. 

 Levels of volatile compounds in biocrude decreased during storage. 
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1. Introduction  

Advanced drop-in biofuels are an alternative to fossil-derived fuels, giving similar 

performance while reducing net emissions of CO2 and other greenhouse gases (GHGs) [1]. 

Microalgae are a viable feedstock for biofuel production – some species have shown up to 

50 times higher photosynthetic efficiencies compared to terrestrial plants, and do not 

require fertile soil for cultivation, posing no competition to other agricultural activities –. 

However, the use of microalgae as a feedstock for “traditional” biofuels, such as biodiesel 

or bioethanol, is limited by poor economics and the extremely dilute nature of cultivated 

algae (1-5 g·L-1), requiring energy-intensive dewatering [2,3]. 

One promising conversion technology is hydrothermal liquefaction (HTL), which can 

convert wet microalgal biomass into a petroleum-like liquid (biocrude) with a heating value 

higher than the original raw material. The biocrude can then be converted into hydrocarbon 

fuels separately or alternatively co-refined with fossil fuels [4,5]. Yields vary depending on 

feedstock but are typically between 30–40% with respect to the dry microalgal biomass. 

The HTL reaction occurs at conditions close to the critical point of water, with loadings 

between 5–20% solids and reaction temperatures and pressures between 200–400 °C and 

10–20 MPa, respectively. The physicochemical properties, yield and elemental and 

chemical composition of the biocrude are strongly dependent on the reaction conditions 

(HTL temperature and time) and the characteristics of the raw material [6,7]. 

The biocrude is a complex mixture of linear and branched hydrocarbons, nitrogenated and  

oxygenated cyclic compounds, fatty acids, esters, phenolic derivatives and alternative 

oxygenates [8]. The biocrude is similar to heavy oil, though has a higher nitrogen and 

oxygen content, up to 7% and 19%, respectively [6–8]. The dynamic viscosity typically 
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falls between 35–6,200 mPa·s at 40 °C, whilst the densities generally range between 0.9–

1.3 g·mL-1. HHV values of around 31–39 MJ·kg-1 are typical, depending on the carbon 

content [9–14]. 

In the large-scale production of microalgal biocrude, it is also necessary to consider its 

stability during transport and long-term storage, since thermal and storage stability studies 

of similar fuels report an increase in their viscosity, density and molecular weight, among 

other properties [15–18]. The change in the physicochemical properties of the biocrude 

during storage is known as aging, and is attributed to the polymerization, esterification and 

condensation reactions between the volatile and oxygenated compounds found in the 

biocrude [19–21]. One of the key requirements for HTL biocrudes is the potential to co-

refine with fossil resources, which would potentially require longer-term storage and 

transport.  

A number of studies on the stability of bio-oil obtained from pyrolysis of lignocellulosic 

biomass have been published to date, in which two main evaluation methods are used: 

prolonged storage under controlled conditions, and accelerated aging at 80 or 90 °C. The 

main metrics for bio-oil stability are viscosity, water content, pH and total acid number 

(TAN) [15–18,22–27]. Whilst it has been noted that due to the lower levels of reactive 

oxygenated species, HTL biocrudes tend to be more stable than the corresponding pyrolysis 

bio-oils [12], no investigations have yet examined the long term storage of biocrude from 

the HTL of microalgae, or the effect of the various parameters on the physical and chemical 

properties during storage. This is key to determining how biocrudes will fit into the existing 

transportation infrastructure. In this investigation, the stability of biocrude obtained by HTL 

of two separate phototrophic species (Spirulina and C. vulgaris) at 300 and 350 °C were 
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examined. The biocrudes were stored at three temperatures: cold (4 °C), ambient (20 °C) 

and hot (35 °C), over 60 days. The dynamic viscosity, higher heating value (HHV) and 

thermogravimetric analysis (TGA) were measured as indicators of biocrude aging. The 

chemical and elemental composition of each biocrude was also analyzed at the beginning 

and at the end of the test period. 

 

2. Material and methods 

 

2.1.  Materials  

The cyanobacteria Arthrospira platensis (Spirulina) and microalgae Chlorella vulgaris 

were obtained from Naturya (Bath, United Kingdom). Feedstock chemical compositions 

were provided by the supplier. The ash and moisture content of the biomass was quantified 

using TGA; the mass loss between 20–105 °C was used to determine the sample moisture 

content and the percentage mass residual at the end of the TGA was taken to be the ash 

(Fig. S1). Quantification of the elemental analysis and HHV is described in section 2.4. The 

characterization of the two microalgae is shown in Table 1. All other reagents were 

purchased from Sigma Aldrich and used without further purification. 

 

2.2. HTL reactions 

Biocrude for the stability study was obtained at two different reaction temperatures (300 

and 350 °C), using two different biomass types (Spirulina and Chlorella vulgaris). 

Liquefaction was carried out in a 50 mL batch reactor. The reactor consisted of a section of 

1” stainless-steel tubing fitted with a pressure gauge, a thermocouple, a needle valve for 
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venting gaseous products at the end of the reaction, and a pressure relief valve. The design 

of the reactor and reaction procedures have been previously reported [28].  

In a typical reaction, the reactor was charged with 5 g (dry weight) of microalgae and 20 

mL of deionized water (20% total initial solids). The reactor was then introduced into a 

vertical tubular furnace pre-heated to 550 °C and left until it reached the desired reaction 

temperature. HTL was performed at two temperatures 300 °C (10 MPa) and 350 °C (17 

MPa), with an average heating speed of 13 and 10 °C·min-1, respectively. Once the reaction 

temperature was reached, the reactor was immediately removed from the oven and allowed 

to cool to ambient temperature. A typical HTL thermal profile can be found in Fig. S2. 

After the reaction, gaseous products were released via the needle valve; aqueous phase 

products were subsequently decanted and filtered to separate them from the biocrude and 

solid products. The biocrude was recovered by washing the reactor and filter paper several 

times with chloroform. The chloroform-biocrude solution was filtered and the solvent was 

removed in vacuo at 35 °C. 

 

2.3. Storage stability test 

The storage stability test was performed on four types of biocrude: C. vulgaris biocrude 

obtained at 300°C (Ch300) and 350 °C (Ch350), and Spirulina biocrude obtained at 300°C 

(Sp300) and 350 °C (Sp350). Each sample of biocrude was stored for 60 days in a sealed 

glass vial, in the dark and at controlled temperatures: cold (4 °C), ambient (20 °C) and hot 

(35 °C). A further stability test was performed on the Chlorella biocrude obtained at 300°C 

(Ch300m) and 350 °C (Ch350m): a stainless-steel strip (2.0 cm x 1.6 cm x 0.025 cm 

thickness) was added to the vial containing biocrude and stored for the same time interval 
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at 20 °C. This was to establish whether biocrude aging was influenced by corrosion effects 

(which would affect the type of storage container used industrially). The stainless-steel 

plate was weighed before and after the test. 

The dynamic viscosity was primarily used to determine the stability of the biocrude. 

Elemental and chemical composition and HHV of the biocrude were recorded at the start (0 

days) and end of the aging study (60 days). All measurements were made in duplicate. 

TGA was carried out during the first 15 and 20 days of the test. 

 

2.4.  Analytical methods 

The dynamic viscosity, TGA, HHV and chemical and elemental composition of the 

biocrude were analyzed during the storage stability test. The dynamic viscosity of the 

biocrude was measured using a Bohlin C-VOR rheometer, using a CP 1°/20 mm spindle, 

and a gap width of 0.07 mm. The value of shear stress was chosen empirically, depending 

on the expected viscosity of the biocrude, generally between 8 and 800 Pa. The viscosity 

measurements were made at a temperature of 40 °C and the viscosity index is defined in 

Eq. (1), where V1 and V2 are the dynamic viscosities of fresh sample and aged sample, 

respectively.  

 

∆ Viscosity = 𝑉2 − 𝑉1 / 𝑉1           (1) 

 

TGA of the biocrude was performed on a Setaram TG-92 thermogravimetric analyzer. The 

sample was heated from ambient temperature to 800 °C at a heating rate of 10 °C·min-1, 

with 1.5 bar nitrogen as carrier gas and 0.5 bar argon supplied as furnace gas.  
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Elemental analysis of the biomass and biocrude were carried out externally in OEA 

Laboratories Limited (Cornwall, United Kingdom). HHV was calculated from elemental 

composition using Eq. (2) proposed by Channiwala & Parikh [29]. 

 

HHV (MJ ∙ kg−1) = 0.3491C + 1.1783H − 0.1034O − 0.1034N + 0.1005S − 0.0211A  (2) 

 

where C, H, O, N, S, and A represents carbon, hydrogen, oxygen, nitrogen, sulfur and ash, 

respectively, as weight % on a dry basis. 

 

Biocrude samples were analyzed by Gas Chromatography-Mass Spectrometry (GC-MS) 

(Agilent Technologies 7890A-5975C). An HP-5MS capillary column (30 m×250 μm×0.25 

μm) was used to separate the compounds. The biocrude samples were diluted in 

tetrahydrofuran (THF) to a concentration of 1 μg·mL-1. The injection volume was 1 μL, 

with a split ratio of 1:10 and an inlet temperature of 250°C. The initial temperature of the 

column was held at 50 °C for 1 min, then ramped at 7.5 °C·min-1 to 290 °C, and held at 290 

°C for 3 min. The major compounds were identified according to the National Institute of 

Standards and Technology (NIST11) spectral database. 

 

3. Results and discussion 

The positive energy balance for the hydrothermal liquefaction of microalgae is well 

established, irrespective of the temperature of production, as long as the aqueous fraction 

can be recycled and the nutrients recovered [30]. In this study we selected the two highest 
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industrially produced photosynthetic micro-organisms for the liquefaction; the eukaryotic 

Chlorella vulgaris and prokaryotic Spirulina.  

The yields of biocrude and solid residue for HTL reactions of microalgae at different 

temperatures are shown in Table 2. The yields obtained are in line with those obtained in 

similar studies [31–34]. 

 

3.1. Dynamic viscosity 

Biocrude yields were higher for C. vulgaris than Spirulina, increasing slightly with 

increasing temperature for both species. To assess the stability, the samples were stored at 

three different temperatures, 4 °C, chosen as the coldest reasonable refrigeration 

temperature, 20 °C, room temperature and 35 °C, realistically the highest temperature the 

crude would be exposed to over long periods of time if stored poorly in hot climates. The 

biocrude viscosity and behavior, however, were significantly different for the two species, 

and changed significantly during storage (Fig. 1). All samples showed Newtonian behavior 

in the shear stress range 8–800 Pa. The initial viscosity of the biocrude decreased 

considerably with increasing reaction temperature for both microalgae. This behavior is 

similar to previous observations [31,35–37] and is presumably due to more extensive 

depolymerization of larger macromolecules into smaller, less viscous fragments at higher 

temperatures. In general, the viscosity of the biocrude increased with time and storage 

temperature, which suggests that condensation and polymerization reactions were occurring 

[19,21,38]. For both species, the biocrudes generated at lower temperatures polymerized to 
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a much greater extent than the crudes formed at 350 °C. Microalgal biocrude obtained at 

350 °C remained liquid throughout the entire 60 days storage period.  

The Sp300 sample was considerably more viscous than the Ch300 sample. However, at 4 

°C, both samples changed on average to 7 %·day-1 (Fig. 2a). The rate of repolymerization 

was heavily influenced by storage temperature. At 20 °C and 35 °C, the change in dynamic 

viscosity in Ch300 was 5 and 20 times higher than in the Sp300 sample, respectively (Fig. 

2c and Fig. 2e). Sp300 solidified before the end of the test period, independent of the 

storage temperature. 

At 4 °C, the dynamic viscosity of the Sp350 and Ch350 biocrudes remained unchanged 

during the first 10 days of storage. This demonstrates that biocrudes could potentially be 

stored and transported under temperature-controlled conditions if transportation times were 

relatively short. However, after 10 days, the viscosity of the samples increased linearly at a 

rate of approximately 10 %·day-1. After 35 days of storage, the viscosity increase rate of the 

Sp350 was 2.6 times higher compared to the change in viscosity of Ch350 (Fig. 2b). At 20 

°C, the viscosity of samples Ch350 and Sp350 do not show this lag time, and rather, start 

reacting immediately. The viscosity of Ch350 increased 3.7 times faster than the viscosity 

of Sp350 during the first 20 days. After this point, the viscosity increase rate of the Ch350 

stabilized (9 %·day-1), while the viscosity growth rate of the Sp350 sample increased from 

11 to 26 %·day-1. At the end of the storage period, both biocrudes had a similar viscosity 

(Fig. 2d). 

At 35 °C, the viscosity of Sp350 and Ch350 increased at an average rate of 28 %·day-1 

during the first 15 days. During the period between 20–35 days, the viscosity for both 
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samples stabilized to a degree. After this point the dynamic viscosity increased dramatically 

for both Sp350 and Ch350 samples, at an average rate of 70% and 43%·day-1, respectively 

(Fig. 2f). Although it is difficult to make a direct comparison with literature due to the lack 

of information available on the stability of microalgal biocrude, Spirulina biocrude 

produced by Jena et al. showed a similarly rapid and linear increase in viscosity during the 

first 75 days of storage [12]. 

The effect of the storage material on the viscosity of the biocrude is shown in Fig. 3. In 

general, the presence of metals did not have a significant effect on the viscosity of the C. 

vulgaris biocrude during storage at 20°C. Likewise, there was no corrosion damage to the 

steel plate and its weight remained unchanged. A slight increase in viscosity for the 

samples stored with metal was observed at the start of the test, and once again at the end of 

the 60 days storage period. This behavior can be attributed to the fact that metals can act as 

a catalyst, accelerating biocrude aging. The biocrudes showed a similar behavior to those 

observed in a study by Garcìa-Pèrez et al. examining the effect of stainless steel and copper 

on the rheological characteristics of biocrude obtained by pyrolysis of wood residues, 

during accelerated aging [39]. 

3.2. Thermogravimetric analysis 

To assess the impact of storage on the biocrude properties, the crudes were also examined 

by TGA. The thermogravimetric curves (TG) of the biocrudes Ch300 and Ch350 stored at 

35 °C for 15 days are shown in Fig. 4a and Fig. 4b. Thermogravimetric weight loss in 

biocrudes is commonly divided into three stages: (1) evaporation of volatile compounds 

between 20–200°C, (2) decomposition of intermediate compounds between 200–480°C, 

and (3) formation of solid residues at 535°C [27,40,41].  
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For the crude Ch300, over 10% of the weight was lost prior to 200°C for samples at the 

early stages of storage. These more volatile fractions were depleted slightly within the first 

7 days of storage but disappeared entirely by day 9. This corresponds with the sharp 

increases in the viscosity. Over the entire storage period, the volatility of the sample 

increased slightly, suggesting that the volatiles react with the alternative components and 

the molecular weight of the crude increases over the storage time. In the Ch350 sample, the 

loss of volatile compounds was lower, and as such, the viscosity increased substantially 

less. The residual mass fraction increased slightly for both biocrudes from 20% to 24%. 

The weight loss of the volatile fraction and the increase in the generation of solid residue in 

the biocrude during storage show the degree of aging of the biocrude, which can be 

attributed the volatile compounds, such as ketones, alcohols and aldehydes, phenol, furfural 

and their derivatives reacting to obtain higher molecular weight compounds [19,21,38].  

Samples Ch300 and Ch350 stored at 4°C and 20 °C showed similar behavior to that 

described above. At 20 °C, the solid residue increased by 3% and 2% for Ch300 and Ch350 

samples, respectively. The level of volatile compounds decreased by 51% in the Ch300 

sample during 12 days of storage, whereas the volatile fraction remained unchanged in 

Ch350 (Fig. 4c and Fig. 4d). At 4 ° C, the volatile fraction and the solid residue in the 

Ch350 sample remained unchanged during 15 days of storage. The solid residue content of 

the Ch300 sample remained constant, and the volatile fraction only decreased by 25% (Fig. 

4e and Fig. 4f). The TG curves for Sp350 stored at 4, 20 and 35 ° C are given in the 

supporting information (Fig. S3); where the volatile and solid fractions had changes like 

those shown in ch350 during the first 15 days of storage. 
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3.3. Elemental composition and HHV  

Generally, heteroatoms such as bound oxygen and nitrogen are responsible for the 

instability of biocrudes during storage and transport, since most nitrogenated and 

oxygenated compounds are comparatively more reactive [21]. Some studies have shown 

that a reduction in oxygen content makes the biocrude more stable during storage, in 

addition to improving other properties, such as viscosity and HHV [42,43]. 

Changes in elemental composition during storage of the microalgal biocrudes are shown in 

Table 3. In general, there was a slight increase in carbon content with storage time and 

temperature, as well as a small reduction in oxygen content in the biocrude. This suggests 

that condensation reactions are occurring and removing oxygen. The nitrogen and hydrogen 

content in the biocrude remained relatively unchanged during storage. Although the 

elemental composition remained relatively stable with time and storage temperature, the 

structure of the compounds changed, evidenced by the increase in the viscosity of the 

biocrude (Section 3.4). 

These results are comparable with lignocellulosic bio-oils, where the elemental 

composition of the bio-oils remained approximately unchanged during the first 2 months of 

storage [18,20,44]. However, Jo et al. reported that the oxygen content of biocrudes 

decreased significantly from 42% to 27%, and the carbon content increased from 42% to 

63%, when the storage time was greater than 6 months [43]. This reduction of the oxygen 

content in biocrude can be attributed to condensation and esterification reactions that 

eliminate oxygen in the form of water, and the loss of volatile compounds by evaporation 

[21]. 
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HHV of the microalgal biocrudes before and after storage is shown in Fig. 5. The HHV of 

the fresh biocrude samples before commencing the stability test was (in descending order) 

Ch350 > Ch300 > Sp350 > Sp300; increasing the HTL processing temperature favored the 

deoxygenation and denitrogenation of biocrudes (Table 3). Comparing the HHV values 

before and after storage, HHV of Sp300 increased by 1%, 2% and 2.4% when the sample 

was stored at 4 °C, 20 °C and 35 °C, respectively. Similarly, for Sp350 and Ch350, small 

but positive changes in HHV (0.1–4%) were observed when storage temperature was 

increased. However, the opposite behavior was observed in the sample Ch300: HHV 

decreased with increasing storage temperature.  

These small changes in the energy content of the biocrudes during storage are congruent 

with the changes in elemental composition, particularly the oxygen content. In general, 

HHV fluctuated by ±4% with respect to samples at the beginning of the aging period, 

demonstrating that HHV remains relatively stable over 2 months of storage. Since, the 

storage of the biocrude in the industry will occur in tanks built mainly of steel, it was 

possible to demonstrate that the presence of metals did not significantly affect the elemental 

composition and HHV of the Ch300m sample stored at 20 °C. Only a small decrease (4%) 

in the HHV of the Ch350m sample was observed (Table 4). This suggests that storage in 

glass lined vessels will not be necessary. 

 

3.4. Chemical composition  

The results of the GC-MS analysis for the samples Ch300 and Ch350 before and after 

storage are shown in Fig. 6a and Fig. 6b. GC-MS was used as a qualitative tool to 

demonstrate the changes in the main volatile components of the biocrude during storage. It 
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is evident from the chromatograms of the two samples that HTL temperature had an impact 

on the chemical composition of the biocrude. The Ch350 sample contained a greater variety 

of volatile compounds than the Ch300 sample (Fig. 6a and Fig 6b). This could be the 

reason for the significant difference between the viscosity of the two samples. 

In both samples, a decrease in the overall number and area of the main peaks is observed 

with increasing storage temperature, which could be attributed to the formation of other 

compounds of higher molecular weight (polymerization) [19,20]. The peaks corresponding 

to oxygenated and nitrogenated compounds such as phenol, pyrazine, pyrrole, pyrimidine 

and indole and their derivatives (5–15 min), were significantly reduced with increasing 

storage temperature, especially in the Ch350 sample stored at 35 °C. (Fig. 6b). Likewise, a 

reduction was observed in the peaks detected between 21 and 23 min corresponding to fatty 

acid derivatives, such as esters, as well as some unsaturated hydrocarbons and amides. In 

general, increasing storage temperature caused the loss of many light components, 

corresponding to retention times between 5–30 minutes. 

In the Ch350 biocrude, a significant reduction of volatile compounds was observed when 

the sample was stored at 20 °C and 35 °C, compared to sample stored at 4 °C, where only a 

slight variation of these compounds is observed, suggesting that cooling the biocrude can 

delay the polymerization reactions. The decrease of compounds such as phenol (6.5 min), 

4-methylphenol (8.4 min) and indole (13 min) indicate that they may be involved in 

polymerization reactions that can occur at temperatures as low as 20 °C [45]. 

These results suggest that aging of the microalgal biocrude could be due to the presence of 

phenolic, nitrogenated and unsaturated compounds, which continue to react during storage 

until they reach equilibrium [43,44]. Unlike biocrude obtained from lignocellulosic 
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biomass, the biocrude produced from microalgae has up to 8 times more nitrogen, so that 

other reactions involving nitrogenous species could occur, such as the polymerization of 

indoles [46]. These reactions involving nitrogenous species could be the reason that the 

increase in viscosity was 5 times faster, on average, in biocrude obtained from microalgae 

than bio-oil obtained by pyrolysis of lignocellulosic biomass [17,44,47]. 

Results obtained by GC-MS were consistent with the changes evidenced by macroscopic 

properties, such as viscosity. However, although the larger molecules generated by 

polymerization reactions in the biocrude were expected to appear in the chromatograms at 

higher retention times, these expected new peaks were not observed, as the compounds 

were probability too large or insufficiently volatile to be detected by GC-MS. Similar 

results were observed for the Sp300 and Sp350 samples (Fig. 6c and Fig. 6d). The presence 

of steel during biocrude storage did not seem to affect the chemical composition of the 

biocrude. (Fig. 6e and Fig. 6f). 

 

4. Conclusions 

HTL processing temperature and biomass type were determining factors in the initial 

physicochemical characteristics of the biocrude. According to the type of biomass, HTL 

temperature and storage temperature, the stability of the biocrude was Chlorella > 

Spirulina, 350 °C> 300°C and 4 °C> 20 °C> 35 °C, respectively. The viscosity of the 

Ch350 and Sp350 biocrudes stored at 4 °C did not show any significant change throughout 

the 60 days storage period. However, biocrude viscosity increased considerably when 

stored at 35 °C, especially for the Ch300 biocrude. The increase in the viscosity of the 

biocrude with storage time and temperature can be attributed to the loss of volatile 
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compounds and the increase of the residual fraction, as demonstrated by TGA, suggesting 

that polymerization and esterification reactions were occurring between the biocrude 

compounds. The presence of stainless-steel strips did not affect the aging of the biocrude 

during storage at 20 °C for two months, suggesting that bio-crudes could be stored in steel 

vessels. The elemental composition and HHV of the biocrude changed slightly over the 

storage period for all storage temperatures. GC-MS analysis revealed that storage 

temperature had a significant influence on the reduction of volatile compounds in the 

biocrudes. Utimately, biocrude upgrading is necessary to improve its long-term stability 

and displace traditional fossil-based fuels. However, this work demonstrates that, with 

careful handling, algal biocrudes are stable enough for storage and transportation and could 

be shipped from point of production to a traditional refinery or biorefinery for further 

upgrading.  

 

Acknowledgements  

We extend our acknowledgements to the Administrative Department of Science and 

Technology of Colombia – COLCIENCIAS for funding this work through a visiting 

studentship (Colombian doctoral formation No. 617/2014). 

 

References 

[1] International Energy Agency (IEA). Technology Roadmap Biofuels for Transport. 

2011. 

[2] Gouveia L. Microalgae as a Feedstock for Biofuels. Heidelberg: Springer; 2011. 

doi:10.1007/978-3-642-17997-6. 

[3] Kumar S. Sub- and Supercritical Water Technology for Biofuels. In: Lee JW, editor. 

Adv. Biofuels Bioprod., Springer New York; 2013, p. 147–83. 

[4] Galadima A, Muraza O. Hydrothermal liquefaction of algae and bio-oil upgrading 



19 
 

into liquid fuels: Role of heterogeneous catalysts. Renew Sustain Energy Rev 

2018;81:1037–48. 

[5] Saber M, Nakhshiniev B, Yoshikawa K. A review of production and upgrading of 

algal bio-oil. Renew Sustain Energy Rev 2016;58:918–30. 

[6] López Barreiro D, Prins W, Ronsse F, Brilman W. Hydrothermal liquefaction (HTL) 

of microalgae for biofuel production: State of the art review and future prospects. 

Biomass and Bioenergy 2013;53:113–27. doi:10.1016/j.biombioe.2012.12.029. 

[7] Tian C, Li B, Liu Z, Zhang Y, Lu H. Hydrothermal liquefaction for algal biorefinery: 

A critical review. Renew Sustain Energy Rev 2014;38:933–50. 

doi:10.1016/j.rser.2014.07.030. 

[8] Guo Y, Yeh T, Song W, Xu D, Wang S. A review of bio-oil production from 

hydrothermal liquefaction of algae. Renew Sustain Energy Rev 2015;48:776–90. 

[9] Albrecht KO, Zhu Y, Schmidt AJ, Billing JM, Hart TR, Jones SB, et al. Impact of 

heterotrophically stressed algae for biofuel production via hydrothermal liquefaction 

and catalytic hydrotreating in continuous-flow reactors. Algal Res 2016;14:17–27. 

[10] Elliott D, Hart T, Schmidt A, Neuenschwander G, Rotness L, Olarte M, et al. 

Process development for hydrothermal liquefaction of algae feedstocks in a 

continuous-flow reactor. Algal Res 2013;2:445–54. 

[11] Elliott DC, Hart TR, Neuenschwander GG, Rotness LJ, Roesijadi G, Zacher AH, et 

al. Hydrothermal Processing of Macroalgal Feedstocks in Continuous-Flow 

Reactors. ACS Sustain Chem Eng 2013;2:207–15. 

[12] Jena U, Das KC. Comparative Evaluation of Thermochemical Liquefaction and 

Pyrolysis for Bio-Oil Production from Microalgae. Energy & Fuels 2011;25:5472–

82. 

[13] Shakya R, Whelen J, Adhikari S, Mahadevan R, Neupane S. Effect of temperature 

and Na2CO3 catalyst on hydrothermal liquefaction of algae. Algal Res 2015;12:80–

90. 

[14] Chen Y., Zhao N., Wu Y. b, Wu K., Wu X., Liu J., et al. Distributions of organic 

compounds to the products from hydrothermal liquefaction of microalgae. Environ 

Prog Sustain Energy 2017;36:259–68. 

[15] Czernik S, Johnson DK, Black S. Stability of wood fast pyrolysis oil. Biomass and 

Bioenergy 1994;7:187–92. 

[16] Hilten RN, Das KC. Comparison of three accelerated aging procedures to assess bio-

oil stability. Fuel 2010;89:2741–9. 

[17] Mante OD, Agblevor FA. Storage stability of biocrude oils from fast pyrolysis of 

poultry litter. Waste Manag 2012;32:67–76. 

[18] Kosinkova J, Ramirez JA, Ristovski ZD, Brown RJ, Rainey TJ. Physical and 

Chemical Stability of Bagasse Bio-crude from Liquefaction Stored in Real 

Conditions. Energy & Fuels 2016. 

[19] Chen D, Zhou J, Zhang Q, Zhu X. Evaluation methods and research progresses in 

bio-oil storage stability. Renew Sustain Energy Rev 2014;40:69–79. 

[20] Kim T-S, Kim J-Y, Kim K-H, Lee S, Choi D, Choi I-G, et al. The effect of storage 

duration on bio-oil properties. J Anal Appl Pyrolysis 2012;95:118–25. 

[21] Diebold JP. A Review of the Chemical and Physical Mechanisms of the Storage 

Stability of Fast Pyrolysis Bio-Oils. vol. 2. NREL; 2000. 



20 
 

[22] Boucher M., Chaala A, Pakdel H, Roy C. Bio-oils obtained by vacuum pyrolysis of 

softwood bark as a liquid fuel for gas turbines. Part II: Stability and ageing of bio-oil 

and its blends with methanol and a pyrolytic aqueous phase. Biomass and Bioenergy 

2000;19:351–61. 

[23] Li H, Xia S, Li Y, Ma P, Zhao C. Stability evaluation of fast pyrolysis oil from rice 

straw. Chem Eng Sci 2015;135:258–65. 

[24] Oasmaa A, Korhonen J, Kuoppala E. An Approach for Stability Measurement of 

Wood-Based Fast Pyrolysis Bio-Oils. Energy & Fuels 2011;25:3307–13. 

[25] Oasmaa A, Kuoppala E. Fast pyrolysis of forestry residue. 3. Storage stability of 

liquid fuel. Energy and Fuels 2003;17:1075–84. 

[26] Meng J, Moore A, Tilotta DC, Kelley SS, Adhikari S, Park S. Thermal and Storage 

Stability of Bio-Oil from Pyrolysis of Torrefied Wood. Energy & Fuels 

2015;29:5117–26. 

[27] Zhu L, Li K, Ding H, Zhu X. Studying on properties of bio-oil by adding blended 

additive during aging. Fuel 2018;211:704–11. 

[28] Raikova S, Smith-Baedorf H, Bransgrove R, Barlow O, Santomauro F, Wagner JL, 

et al. Assessing hydrothermal liquefaction for the production of bio-oil and enhanced 

metal recovery from microalgae cultivated on acid mine drainage. Fuel Process 

Technol 2016;142:219–27. doi:10.1016/j.fuproc.2015.10.017. 

[29] Channiwala SA, Parikh PP. A unified correlation for estimating HHV of solid, liquid 

and gaseous fuels. Fuel 2002;81:1051–63. 

[30] Liu X, Saydah B, Eranki P, Colosi LM, Greg Mitchell B, Rhodes J, et al. Pilot-scale 

data provide enhanced estimates of the life cycle energy and emissions profile of 

algae biofuels produced via hydrothermal liquefaction. Bioresour Technol 

2013;148:163–71. doi:10.1016/J.BIORTECH.2013.08.112. 

[31] Jena U, Das KC, Kastner JR. Effect of operating conditions of thermochemical 

liquefaction on biocrude production from Spirulina platensis. Bioresour Technol 

2011;102:6221–9. 

[32] Biller P, Ross AB. Potential yields and properties of oil from the hydrothermal 

liquefaction of microalgae with different biochemical con tent. Bioresour Technol 

2011;102:215–25. doi:10.1016/j.biortech.2010.06.028. 

[33] Li Y, Leow S, Fedders AC, Sharma BK, Guest JS, Strathmann TJ. Quantitative 

multiphase model for hydrothermal liquefaction of algal biomass. Green Chem 

2017;19:1163–74. 

[34] Yang J-H, Shin H-Y, Ryu Y-J, Lee C-G. Hydrothermal liquefaction of Chlorella 

vulgaris: Effect of reaction temperature and time on energy recovery and nutrient 

recovery. J Ind Eng Chem 2018;68:267–73. 

[35] Dote Y, Sawayama S, Inoue S, Minowa T, Yokoyama S. Recovery of liquid fuel 

from hydrocarbon-rich microalgae by thermochemical liquefaction. Fuel 

1994;73:1855–7. 

[36] Minowa T, Yokoyama S, Kishimoto M, Okakura T. Oil production from algal cells 

of Dunaliella tertiolecta by direct thermochemical liquefaction. Fuel 1995;74:1735–

8. 

[37] He Y, Liang X, Jazrawi C, Montoya A, Yuen A, Cole AJ, et al. Continuous 

hydrothermal liquefaction of macroalgae in the presence of organic co-solvents. 



21 
 

Algal Res 2016;17:185–95. doi:10.1016/j.algal.2016.05.010. 

[38] Ren S, Ye XP. Stability of crude bio-oil and its water-extracted fractions. J Anal 

Appl Pyrolysis 2018;132:151–62. 

[39] Garcìa-Pèrez M, Chaala A, Pakdel H, Kretschmer D, Rodrigue D, Roy C. Evaluation 

of the Influence of Stainless Steel and Copper on the Aging Process of Bio-Oil. 

Energy & Fuels 2006;20:786–95. 

[40] Liu S, Chen M, Hu Q, Wang J, Kong L. The kinetics model and pyrolysis behavior 

of the aqueous fraction of bio-oil. Bioresour Technol 2013;129:381–6. 

[41] Trinh TN, Jensen PA, Dam-Johansen K, Knudsen NO, Sørensen HR, Hvilsted S. 

Comparison of Lignin, Macroalgae, Wood, and Straw Fast Pyrolysis. Energy & 

Fuels 2013;27:1399–409. 

[42] Oh S, Choi HS, Kim U-J, Choi I-G, Choi JW. Storage performance of bio-oil after 

hydrodeoxygenative upgrading with noble metal catalysts. Fuel 2016;182:154–60. 

[43] Jo H, Verma D, Kim J. Excellent aging stability of upgraded fast pyrolysis bio-oil in 

supercritical ethanol. Fuel 2018;232:610–9. 

[44] Hwang H, Lee J-H, Moon J, Kim U-J, Choi I-G, Choi JW. Influence of K and Mg 

Concentration on the Storage Stability of Bio-Oil. ACS Sustain Chem Eng 

2016;4:4346–53. 

[45] Adjaye JD, Sharma RK, Bakhshi NN. Characterization and stability analysis of 

wood-derived bio-oil. Fuel Process Technol 1992;31:241–56. 

[46] Talbi H, Monard G, Loos M, Billaud D. Theoretical study of indole polymerization. 

J Mol Struct THEOCHEM 1998;434:129–34. 

[47] Yu F, Deng S, Chen P, Liu Y, Wan Y, Olson A, et al. Physical and chemical 

properties of bio-oils from microwave pyrolysis of corn stover. Appl Biochem 

Biotechnol 2007;137:957–70. 

 

  



22 
 

 

 

 

  
 

  
 

Fig. 1. Change of dynamic viscosity of biocrude of microalgae: (a) Ch300, (b) Ch350, (c) 

Sp300, and (d) Sp350. The biocrude was stored at 4°C (square), 20°C (triangle) and 35°C 

(circle). Error bars indicate standard deviation. 
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Fig. 2. Viscosity index of biocrude of microalgae: (a) and (b) – biocrude stored at 4°C, (c) 

and (d) – biocrude stored at 20°C, (e) and (f) – biocrude stored at 35°C. Error bars indicate 

standard deviation. 

0

1

2

3

4

5

6

0 20 40 60

Δ
V

is
co

si
ty

Storage time (days)

Ch300 Sp300(a)

0

1

2

3

4

5

6

7

0 20 40 60

Δ
V

is
co

si
ty

Storage time (days)

Ch350 Sp350(b)

0

5

10

15

20

25

30

0 20 40 60

Δ
V

is
co

si
ty

Storage time (days)

Ch300 Sp300(c)

0

2

4

6

8

10

12

14

0 20 40 60

Δ
V

is
co

si
ty

Storage time (days)

Ch350 Sp350(d)

0

5

10

15

20

25

30

35

40

45

0 10 20 30 40 50

Δ
V

is
co

si
ty

Storage time (days)

Ch300 Sp300(e)

0

5

10

15

20

25

30

35

40

45

50

0 20 40 60

Δ
V

is
co

si
ty

Storage time (days)

Ch350 Sp350(f)



24 
 

  

 

Fig. 3. Change of dynamic viscosity of biocrude of C. vulgaris obtained to different HTL 

temperature (a) 300°C, and (b) 350°C with (circle) and without (triangle) contact with a 

stainless-steel plate. The biocrude was stored at 20°C. Error bars indicate standard 

deviation. 
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Fig. 4. Thermogravimetric analysis (TGA) of C. vulgaris biocrude stored for several days. 

(a) Ch300 stored at 35°C, (b) Ch350 stored at 35°C, (c) Ch300 stored at 20°C, (d) Ch350 

stored at 20°C, (e) Ch300 stored at 4°C, and (f) Ch350 stored at 4°C. 
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Fig. 5. Change in HHV of microalgae biocrude before and after 60 days of storage. 
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Fig. 6. Chromatograms from GC–MS of biocrude of microalgae before and after 60 days of 

storage. (a) Ch300. (b) Ch350. (c) Sp300. (d) Sp350. (e) Ch300 and Ch300m. (f) Ch350 

and Ch350m. 
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Table 1. Characterization of biomass in percent by mass on dry basis (%) 

Properties  Spirulina C. vulgaris 

Moisture (%) 5.2 3.4 

Ash (%) 7.7 8.7 

HHV (MJ·kg-1) 23.0 24.0 

Elemental composition (%) 
C 49.7 51.4 

H 7.2 7.4 

O* 24.3 22.1 

N 11.3 10.2 

Chemical composition** (%) 
Lipids 1.1 2.3 

Protein 70.2 61.8 

Carbohydrates 19.3 26.7 

Others 0.7 0.4 
* by difference. ** from supplier. 
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Table 2. Yield of biocrude and biochar of microalgae Spirulina and C. vulgaris in percent 

by mass on dry basis (%) 

Microalgae HTL Temperature (°C) Biocrude (%) Solid (%) 

Spirulina 300 31.0 ± 1.6 10.0 ± 0.8 

 350 36.2 ± 1.3 6.8 ± 1.2 

C. vulgaris 300 39.6 ± 1.9 8.1 ± 0.8 

 350 42.1 ± 1.5 5.5 ± 0.7 
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Table 3. Change in elemental composition during storage (0 and 60 days) of microalgae 

biocrude. 

Biomass 

HTL 

temperature 

(°C) 

Element 

Composition (%) 

Before 

storage 

After storage 

4 °C 20°C 35°C 

Spirulina 

300 

C 67.2 ± 0.1  67.7 ± 0.1 68.6 ± 0.03 69.2 ± 0.03 

H 8.7 ± 0.03  8.8 ± 0.04 8.7 ± 0.03 8.6 ± 0.05 

O* 15.6 ± 0.03  15.0 ± 0.03 14.0 ± 0.03 14.0 ± 0.1 

N 8.4 ± 0.03  8.5 ± 0.03 8.7 ± 0.03 8.1 ± 0.03 

      

350 

C 68.2 ± 0.05  69.4 ± 0.1 69.0 ± 0.2 70.0 ± 0.1 

H 8.7 ± 0.05  8.9 ± 0.04 8.4 ± 0.1 8.9 ± 0.04 

O* 16.1 ± 0.03  14.4 ± 0.04 15.5 ± 0.2 14.0 ± 0.03 

N 7.0 ± 0.04  7.4 ± 0.03 7.0 ± 0.03 7.2 ± 0.03 

       

C. vulgaris 

300 

C 68.8 ± 0.1  66.9 ± 0.2 67.8 ± 0.1 67.5 ± 0.03 

H 8.9 ± 0.03 8.6 ±0.1 8.7 ± 0.03 8.7 ± 0.1 

O* 15.1 ± 0.1 17.2 ±0.3 15.7 ± 0.1 16.6 ± 0.03 

N 7.2 ± 0.1 7.4 ±0.03 7.9 ±0.03 7.3 ± 0.03 

      

350 

C 70.8 ± 0.1 72.3 ± 0.2 72.8 ± 0.03 73.3 ± 0.03 

H 9.0 ± 0.03 9.3 ± 0.03 9.1 ± 0.03 9.1 ± 0.2 

O* 13.6 ± 0.03 11.7 ± 0.2 11.5 ± 0.03 10.8 ± 0.03 

N 6.6 ± 0.05 6.6 ± 0.03 6.7 ± 0.03 6.8 ± 0.03 
* by difference.  
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Table 4. Elemental composition (%) and HHV (MJ kg-1) of biocrude from C. vulgaris 

stored with and without metal. 

HTL 

temperature 

(°C) 

Characteristic 
Before 

storage 

After storage at 20°C 

Without metal  With metal  

300 C 68.8 ± 0.1  67.8 ± 0.1 69.5 ± 0.1 

H 8.9 ± 0.03 8.7 ± 0.03 8.7 ± 0.04 

O* 15.1 ± 0.1 15.7 ± 0.1 14.7 ± 0.04 

N 7.2 ± 0.1 7.9 ± 0.03 7.1 ± 0.03 

HHV  32.8 ± 0.03 32.1 ± 0.05 32.9 ± 0.03 

350 C 70.8 ± 0.1 72.8 ± 0.03 69.2 ± 0.2 

H 9.0 ± 0.03 9.1 ± 0.03 8.5 ± 0.03 

O* 13.6 ± 0.03 11.5 ± 0.03 15.3 ± 0.03 

N 6.6 ± 0.05 6.7 ± 0.03 6.9 ± 0.03 

HHV  33.8 ± 0.03  34.8 ± 0.05 32.5 ± 0.1 

 



33 
 

  



34 
 

THE STORAGE STABILITY OF BIOCRUDE OBTAINED BY HYDROTHERMAL 

LIQUEFACTION OF MICROALGAE 

 

Alejandra Palomino, Rubén Darío Godoy-Silva, Sofia Raikova, Christopher J. Chuck 

 

Supplementary information 

 

 
Fig. S1. Thermogravimetric analysis (TGA) of microalgae. Black circle: Spirulina; gray square: C. 

vulgaris. .............................................................................................................................................35 

Fig. S2. Typical thermal profile inside the reactor during HTL. Black circle: 300°C; gray square: 

350°C. ...............................................................................................................................................36 

Fig. S3. Thermogravimetric analysis (TGA) of Spirulina biocrude obtained at 350°C and stored for 

a several days at (a) 4°C, (b) 20°C, and (c) 35°C..............................................................................37 

 

 

  



35 
 

 

 

Fig. S1. Thermogravimetric analysis (TGA) of microalgae. Black circle: Spirulina; gray 

square: C. vulgaris.  
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Fig. S2. Typical thermal profile inside the reactor during HTL. Black circle: 300°C; gray 

square: 350°C. 
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Fig. S3. Thermogravimetric analysis (TGA) of Spirulina biocrude obtained at 350°C and 

stored for a several days at (a) 4°C, (b) 20°C, and (c) 35°C. 
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