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ABSTRACT 

This study focused on the conversion of a low-value waste in a continuous hydrothermal 

liquefaction (HTL) reactor to a high-value biocrude and biochar product. The biocrude was further 

upgraded to renewable diesel by means of continuous hydrotreatment (HT). The feedstock 

chosen for this study was spent coffee grounds (SCG), as spent coffee grounds is a readily 

available, low-value, non-edible biomass. The global coffee consumption was reported to be 8.5 

million tons in 2015 and is expected to reach 10.5 million tons in 2020. This makes SCG a 

significant waste product that can be used for the production of renewable fuels.  

For the purpose of this study, the HTL reactor was operated at 305°C and 90-95 bar where the 

flow rate was varied between 60-120 L/h. All of the products obtained from the continuous HTL 

reactor were quantitatively analysed to determine the optimal residence time. The maximum 

biocrude and biochar yields obtained were 302.7 g/kg SCG and 170.7 g/kg SCG, respectively. 

This was achieved at a biomass loading of 3 vol.%. The average Higher Heating Value (HHV) 

was relatively high at 36.43 MJ/kg and 30.28 MJ/kg for the biocrude and biochar, respectively. 

The biocrude had low oxidative stability as it consisted mostly of C16 and C18 fatty acids. Analyses 

on the gas phase indicated that mainly CO and CO2 were produced during the HTL of SCG. 

Bio-oil was also extracted from the SCG by means of solvent extraction. The extracted bio-oil 

yield was significantly lower than the HTL biocrude yield. Both the extracted bio-oil and HTL 

biocrude were, however, of similar quality although the extracted bio-oil had a slightly higher HHV 

as well as better oxidative stability. The feed oils were then upgraded in a continuous flow packed 

bed reactor using a NiMo/Al2O3 catalyst. The reactor was continuously operated at 83 bar, with 

an LHSV of 2 h-1, an H2:Oil ratio of 890:1, and a reaction temperature ranging from 350 to390 °C, 

with 10 °C increments to determine the optimal temperature. The optimum HT temperature for 

both the extracted bio-oil and HTL biocrude was 390 °C. 

Both oils produced good quality renewable diesel as the HHV for both was approximately 46 

MJ/kg. The diesel conversion was also very high for both feed oils with diesel contents of around 

98 %. The renewable diesel produced using HTL biocrude met all the SANS 342 requirements. 

However, in the case of the extracted bio-oil, the renewable diesel met all of the SANS 342 

requirements, except water content (309.1 ppm ± 70.1). 

 
 
 
Key words: 
Spent Coffee Grounds, Continuous, Hydrothermal liquefaction, HTL, Hydrotreatment, Biochar, 
Biocrude, Renewable diesel.  
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Chapter 1: Introduction 

1.1 General 

This chapter explains the purpose of the study as well as the general layout of the study. 

Background information and a broad overview of the necessity of the research is given as well as 

the technology and processes used in this study. 

1.2 Background 

According to the EIA (2017), the energy consumption of the world is projected to increase by 28% 

from 2015-2040 where fossil fuels will remain the main source of energy for the world. Fossil fuels 

still account for more than 75% of the global energy consumption and although renewable energy 

has seen substantial growth over the previous years, it is still in the early developmental phase. 

It will thus be a long time before the world can successfully adopt renewable energy as the primary 

source (EIA, 2017). Liquid fuels represented 95% of the global energy consumption in the 

transport sector where crude oil derived diesel as well as biodiesel fuels contributed 

approximately 32% thereof (EIA, 2017). Thus, producing diesel fuels that are renewable is a 

much-needed resource as the fossil fuel based variant is not only expendable but also contains 

much higher amounts of sulphur than renewable diesel (Bezergianni, 2013). 

The global coffee consumption in 2016 was approximately 9 million tonnes as reported by the 

ICO (2016). SCG is thus an abundant and renewable source that can be used in the production 

of renewable diesel and most importantly SCG does not compete as a food source as it is a waste 

food product. This makes SCG a good option to be used for the production of renewable fuels. 

Possible solutions that produce a diesel-type fuel from renewable oils are the transesterification 

or hydrotreatment of bio-oils to produce biodiesel and renewable diesel respectively. However, 

the hydrotreatment process produces a renewable diesel that has better oxidative stability, is 

more energy dense and has better ignition properties than biodiesel (Bezergianni, 2013).  

The oils that are upgraded by means of hydrotreatment are usually extracted from the biomass 

but hydrothermal liquefaction (HTL) is a thermochemical method that converts the plant matter 

(cellulose, hemicellulose and lignin) into oils that can then be upgraded to a diesel fuel and a 

biochar that can be burned to produce electricity (Pedersen et al., 2016). The two main 

thermochemical reaction pathways are HTL and pyrolysis. However, SCG would be a poor choice 

for pyrolysis. The high moisture content of SCG and the intensive drying required for pyrolysis 

would quickly render it economically unfeasible (Toor et al., 2011). Thus, HTL is the chosen 

thermochemical method for the production of biocrude and biochar from SCG. 
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1.3 Problem statement 

Renewable energy often suffers as a result of the competition with food supplies. Bio-ethanol is 

a prime example of this as it is produced from basic food sources such as sugarcane or maze 

(Balat et al., 2008). Using SCG as a feedstock eliminates this problem as it is already a waste 

product which is generally sent to landfill. The HTL of SCG has not been thoroughly researched 

and at this time the continuous HTL thereof has no published results.  

The production of renewable diesel from HTL produced SCG biocrude and SCG bio-oil has also 

received little attention. Although biodiesel has been produced from SCG biocrude, it is potentially 

of significantly lower quality, as renewable diesel generally has a much longer life span and better 

qualitative properties. Also, at this stage, there are no published results on the continuous 

hydrotreatment of either the continuous HTL produced SCG biocrude or bio-oil. The scope of this 

study does not include a techno-economic evaluation. 

1.4 Aim 

The aim of this study is to determine if SCG can be used as a feedstock for the production of 

renewable diesel by means of continuous HTL and continuous HT. 

1.4.1 Objectives 

- Comparison of HTL oil production to oil production through solvent extraction in terms of 

oil quality and oil yield 

- Determining the effect of HTL reaction conditions on the quality and yield of the biocrude 

and biochar produced 

- Comparison of renewable diesel production from the continuous HTL biocrude and solvent 

extraction bio-oil in terms of diesel quality 

- Comparison of the renewable diesel quality in terms of the SANS 342 specifications  

- Determine the effect of HT reaction conditions on the renewable diesel composition 

1.4.2 Secondary objectives 

- Determine the maximum biomass loading of the continuous HTL pilot plant when using 

SCG 

- Characterization of the temperature profile of the continuous HTL pilot plant 

- Determine the composition of the water and gas phases 

1.5 The scope of the study 

This study investigated the production of biocrude and biochar from SCG by means of continuous 

HTL. The biomass loading and residence time were varied from 3-5 vol.% and 10-20 min, 
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respectively, to determine the optimal conditions for the pilot scale continuous HTL reactor. The 

reactor volume is 20 L which can be operated at a maximum temperature and pressure of 340 °C 

and 100 bar respectively. The biocrude, biochar and the aqueous phase were analysed to 

determine if the change in residence time had a significant impact on the quality thereof.  

The bio-oil in the raw SCG was extracted by means of solid-liquid extraction using hexane as a 

solvent to compare the difference in yields between the continuous HTL produced biocrude and 

the extracted bio-oil. The quality of the extracted oil was also determined and compared to the 

HTL biocrude. 

The HTL biocrude and extracted bio-oil was then upgraded to renewable diesel in a packed bed 

continuous hydrotreatment reactor. The temperature was varied between 350-390 °C where the 

composition of the renewable diesel was analysed using Gas Chromatography-Mass 

Spectrometry (GC-MS) from which the simulated distillation curves were compiled. The diesel 

content was determined using the simulated distillation curves where after the optimal 

temperature was determined. The quality of the diesel was then analysed and compared to the 

SANS 342 standard for diesel fuels. 

In chapter 2, an overview is given on the HTL of biomass, the catalytic hydrotreatment of bio-oils, 

as well as the effects of the reactor conditions on the quantitative and qualitative results of the 

products. 

In chapter 3 the methodology used to obtain the results in this study is explained, including the 

experimental conditions, the equipment used, as well as the analytical methods used to determine 

the quantitative and qualitative properties of all the desired products in this study. 

In Chapter 4 all of the results that were obtained are presented and discussed. The first section 

of this chapter discusses in detail the effect of the residence time on the quality and quantity of 

the products obtained from the continuous HTL of SCG. The second part discusses the optimal 

temperature for the production of renewable diesel from the two different sources, namely the 

extracted SCG bio-oil and the continuous HTL derived SCG biocrude. 

Chapter 5 contains the results that were obtained from the HT experiments. Qualitative analyses 

were performed on the renewable diesel that was produced to determine which feed oil would 

produce the superior renewable diesel product. The quality of the products was also compared 

to the SANS 342 standard. The yields could not be determined due to the losses that would occur 

during sampling. 
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In chapter 6, a summary of the findings in this study is provided and the recommendations on 

which further studies could improve and develop. The appendices contain all the raw data 

obtained from the experiments. 
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Chapter 2: Literature review 

2.1 Introduction  

Climate change is an ever-growing concern and because of this fossil fuels simply cannot be the 

energy solution for the future. The pollution caused by fossil fuels will only increase as the energy 

demand increases and therefore needs to be supplemented or replaced by energy sources that 

not only produce less pollution but are also sustainable. A possible solution is the upgrading of 

biomass feedstock into products that have a higher energy content than the raw biomass such as 

biodiesel, renewable diesel or biochar (Goyal et al., 2008).  

Biomass is an abundant source of renewable energy. Not only do biofuels contain negligible 

amounts of sulphur, nitrogen and ash, which results in very low SOx and NOx emissions, but the 

CO2 that is produced by the biofuels will be recycled during photosynthesis which will yield a 

potential near zero net emissions cycle (Zhang et al., 2007). 

The biomass chosen for this study is SCG as it is readily available, not a food source and 

produced in significant quantities worldwide. Time magazine reported that the global coffee 

consumption in 2015 was approximately 8.5 million tons and is projected to reach 10.5 million 

tons by 2020 (Toppa, 2015). Yang et al. (2016) conducted experiments where SCG was used as 

feedstock for batch hydrothermal liquefaction (HTL) reactions and reported an oil yield of 47.3% 

with a calorific value of 31 MJ.kg-1. Spent coffee is thus an abundant source and can be upgraded 

to renewable fuels. 

There are a few different reaction pathways that can be used to produce renewable fuels from 

biomass but the main reaction pathways are biochemical and thermochemical (Balat et al., 2009). 

The biochemical reaction method involves the depolymerisation of polysaccharides and the 

fermentation of starch and simple sugars into alcohols such as fuel ethanol. A disadvantage of 

this method, however, is the fact that the reaction is hindered by the amount of lignin in the 

feedstock as the enzymes reversibly bind to the lignin (Boateng et al., 2008).  

Thermochemical reaction pathways suffer less from this drawback as it involves the thermal 

degradation of the biomass. Pyrolysis is one of the two main of thermochemical reaction pathways 

and entails the conversion of biomass in the limited or complete absence of oxygen at 

atmospheric pressure into biochar, tars/oils and gasses. The feed requires intensive drying which 

increases the energy consumption of the pyrolysis process (Toor et al., 2011) 
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2.2   Thermochemical conversion pathways  

2.2.1 Pyrolysis  

The pyrolysis of biomass is a high temperature, low-pressure process where the biomass is 

rapidly heated in the absence of oxygen to produce vapours, aerosols and some charcoal 

(Bridgwater et al., 1999). According to Balat et al. (2009), there are three main types of pyrolysis, 

namely conventional or slow pyrolysis, fast pyrolysis and flash pyrolysis. The reaction conditions, 

as well as the typical product yields for each of the different pyrolytic reactions, can be seen in 

Table 2.1 and Table 2.2, respectively.  

Table 2.1: Range of operating conditions for different pyrolysis processes, adapted from Balat et al. (2009) 

Type of Pyrolysis 
Residence 

time (s) 
Heating rate 

(K/s) 
Particle      

size (mm) 
Temperature 

(K) 

Conventional 450-550 0.1-1 5-50 550-950 

Fast 0.5-10 10-200 <1 850-1250 

Flash <0.5 >1000 <0.2 1050-1300 

 

Table 2.2: Typical product yields from different types of pyrolysis of wood, adapted from Balat et al. (2009). 

Type of Pyrolysis 
Product Yield % 

Char Liquid Gas 

Conventional 35 30 35 

Fast 12 75 13 

Flash 10 10 85 

From Table 2.1 it can be seen that conventional pyrolysis operates at a lower temperature than 

fast or flash pyrolysis and has a long residence time and a slow heating rate. Conventional 

pyrolysis can accommodate larger particle sizes and is used to produce char as its main product. 

Bio-oil is, however, still produced in significant quantities (Balat et al., 2009). Fast pyrolysis is a 

carefully controlled process in order to maximise oil yields where traditional pyrolysis is controlled 

to produce charcoal (Bridgwater et al., 1999). Fast pyrolysis mainly produces bio-oil and is 

operated at higher temperatures at a much lower residence time and a significantly higher heating 

rate than conventional pyrolysis (Balat et al., 2009).  
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By increasing the temperature and heating rate even further and decreasing the residence time 

of the particles, flash pyrolysis occurs where gasses are the main products (Balat et al., 2009). 

The operating temperature and heating rate of flash pyrolysis is significantly higher than even fast 

pyrolysis with a lower residence time. However, only very small particle sizes can be 

accommodated (Balat et al., 2009). Due to the small particle sizes that are required for fast or 

flash pyrolysis, intensive drying and milling is required, making it an energy-intensive process. 

2.3 Hydrothermal liquefaction  

Hydrothermal liquefaction is a thermochemical reaction pathway where water is used as a solvent 

at sub- or supercritical water conditions in order to convert low-value biomass into high-value 

products, namely biogas, water-soluble organic substances, biocrude and biochar. HTL is 

considered to be a promising method as it is a scalable and energy-efficient process (Pedersen 

et al., 2016). According to Zhang (2010), it is thought that fossils fuels were produced by means 

of a natural geological process that closely resembles that of thermochemical conversion 

reactions such as HTL. HTL thus mimics the natural method of coal and oil production and can 

produce these products in a few hours as opposed to millions of years. 

HTL does not require any drying whatsoever as the biomass is reacted in the presence of water 

at a lower temperature and significantly higher pressure than pyrolysis. When considering the 

energy consumed by the process hydrothermal liquefaction is a promising option for the 

conversion of biomass when compared to other methods (Toor et al., 2011). The biomass is 

depolymerised into biomass monomers where after it is broken down into smaller carbon chains 

such as alcohols, aldehydes, ketones and sugars by means of cleavage, dehydration, 

decarboxylation and deamination (Toor et al., 2011). The reactive components will then be re-

polymerised to produce biocrude and biochar (Toor et al., 2011).  

The water is an important aspect in this reaction as it not only acts as a solvent but an important 

reactant and catalyst as a result of the exotic properties thereof at sub-and-supercritical conditions 

(Toor et al., 2011). From Figure 2.1, it can be seen that, as the temperature of the water is 

increased, the non-polar solubility of the water increases dramatically (Savage, 2009). This then 

causes the biomass to hydrolyse into smaller components that dissolve in the water phase. These 

smaller components then undergo re-polymerization reactions to produce the desired HTL 

products (Toor et al., 2011). 
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Figure 2.1: Non-polar solubility of water at different temperatures, reproduced from Savage 

(2009), with permission from Elsevier, © Elsevier 2008. 

Using water as the solvent eliminates the energy-intensive and therefore costly drying step that 

is required for pyrolysis (Toor et al., 2011). This is very important for this study as SCG has a 

moisture content between 50-60 wt.% which makes pyrolysis a less economical option. When 

qualitatively comparing the oil product to other biofuels such as alcohol, syngas, as well as oils 

that were derived from pyrolysis at the same temperature it can be seen HTL produces an oil with 

a much higher HHV (Jena & Das, 2011; Zhang, 2010). The biocrude that is produced can be 

further upgraded by means of catalytic hydrotreatment to produce renewable diesel. The biochar 

can be mixed with coal to improve the quality of the fuel mixture and reduce the environmental 

impact thereof. 

The commercialisation of HTL has been hindered by various mechanical challenges brought 

about by the high pressures and temperatures, as well as the corrosion caused by the high levels 

of H+ and OH- ions at subcritical water conditions (Toor et al., 2011). To overcome these problems 

corrosion resistant alloys are used, but these alloys are expensive and result in high capital costs. 

This has been a major hurdle in the industrial implementation of this method (Toor et al., 2011).  

Table 2.3 provides a summary for some of the pros and cons of both the HTL and pyrolysis 

thermochemical technologies. Both technologies have good reasons to justify the use thereof. 

The high bio-oil yields obtained from fast pyrolysis would be the best option for this study as the 

goal is to produce renewable diesel from the oil. However, the very high moisture content of the 

SCG is much better suited to HTL as the energy required to dry the SCG would be very expensive. 
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Coupled with the significantly lower operating temperatures HTL is the lower cost option. 

Recycling the aqueouse phase does not only reduce the amount of waste produced but also 

results in an increase in the production of biocrude (Hu et al., 2017; Zhu et al., 2015). Studies 

conducted by Hu et al. (2017) and Zhu et al. (2015)  reported a significant increase in the 

production of biocrude after the aqueous phase has been recycled. 

Table 2.3: Pros and cons of HTL vs. pyrolysis 

 
Thermochemical reaction pathway 

 
HTL Pyrolysis 

Pros Does not require intensive milling and 
drying.  

The residence time is much shorter, 
which requires a smaller volume 
reactor. 

 Feedstock does not require drying. Operates at atmospheric pressure. 

 Significantly lower operating 
temperatures 

Better bio-oil and biochar yields for 
conventional pyrolysis 

 Can support a larger particle size than 
fast/flash pyrolysis. 

Significantly higher bio-oil yields for 
fast pyrolysis. 

 Water solvent can be reused in the 
process improve the yields. 

The biochar produced has much better 
absorption and adsorption properties 

 Produces a higher quality bio-oil.to  

 HTL is less energy intensive overall.  

Cons Operates at high pressures which are 
in excess of 80 bar. (90-95 bar in this 
study) 

Requires intensive drying and milling of 
the feedstock.  

 Requires expensive corrosion resistant 
alloys due to high H+ and OH-levels 

Lower quality bio-oil 

 Lower yields when compared to 
pyrolysis. 

More energy intensive than HTL 

 Poor absorption and adsorption 
properties of the biochar 

Operates at significantly higher 
temperatures than HTL. 
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2.4 Continuous hydrothermal liquefaction 

The continuous HTL of biomass is not a new technology as the earliest documented research 

was from the Pittsburgh Energy Research Centre (PERC) (Castello et al., 2018). The authors 

looked at HTL for the production of renewable fuels from waste biomass as an alternative to the 

inflated price of crude oil in the 1970s. The price of crude oil would increase from approximately 

22 USD/barrel in 1970 to a staggering 118 USD/barrel in 1980 (Sintamarean, 2017). The 

increasing crude oil price sparked the research towards continuous HTL plants with Shell 

laboratories developing the Hydrothermal Upgrading (HTU) process (Goudriaan & Peferoen, 

1990). Others followed with their attempts as the high oil price made the possibility of 

implementing a continuous HTL plant a commercial process for the production of renewable fuels 

a viable option. However, the fall of the oil price made the technology uneconomical and 

unnecessary (Castello et al., 2018). Table 2.4 below lists different studies that have been 

conducted with different biomass in a continuous HTL reactor and the conditions used therein. 

Table 2.4: Summary of previous studies on continuous HTL of biomass 

Biomass 
Temperature 

(°C) 
Pressure (bar) 

Residence 
time (min) 

Source 

Sweet sorghum 
bagasse 

340 90-95 20 
Jansen et al. 

(2016) 

Wood 330-340 207 19-100 
Thigpen and 

Berry Jr (1982) 

Algae 300-380 180 0.5-4 
Patel and 
Hellgardt 
(2015)  

Micro algae 250-350 150-200 3-5 
Jazrawi et al. 

(2013) 

Sewage sludge 275-305 85-148 90 
Itoh et al. 

(1994) 

Turkey waste N/A 200-300 N/A 
Roberts et al. 

(2004) 

Fungi 300-400 270 11-31 
Suesse et al. 

(2016) 

Kraft lignin 350 250 6-11 
Nguyen et al. 

(2014) 

Swine manure 305 103 40-80 
Ocfemia et al. 

(2006) 
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A previous study done by Jansen et al. (2016) used sweet sorghum bagasse as feedstock in the 

same continuous HTL reactor which this study is based on. The study compared the quality of 

products produced by both the continuous and batch reactor systems. The biochar from the 

continuous HTL process was of a significantly higher quality than the biochar from the batch 

experiments. The quality of the continuous HTL bio-oil was only slightly higher than the bio-oil 

from the batch runs (Jansen et al., 2016).  

2.4.1 Effect of process parameters 

2.4.2 Biomass loading   

The effect of biomass loading on the HTL of SCG was investigated in a batch reactor by Yang et 

al. (2016). From Figure 2.2 it can be seen that at a lower biomass loading the biocrude yield 

increased significantly. However, the decreased biomass loading yielded the opposite results as 

a significant decrease in the biochar yields were observed. The reason behind this is not fully 

understood but a commonly accepted explanation is that at the higher biomass loading the solvent 

is not enough to allow for sufficient mixing between the biomass and the solvent (Yang et al., 

2016). A higher solvent content allows for an increased rate of hydration, hydrolysis and solvolysis 

which in turn increases the biocrude yields (Marais, 2017; Yang et al., 2016). 

 

 

Figure 2.2: Product yields at different biomass loadings, reproduced from Yang et al. (2016), with permission from 

Elsevier, © Elsevier 2016. 
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Although a lower biomass loading will result in a higher percentage yield, it would be 

uneconomical to operate at such low biomass loadings. The biomass loading should thus be high 

enough in order to produce enough of the product, but also low enough to ensure the process is 

as efficient as possible (Yang et al., 2016). The balance between these two parameters is 

paramount to the commercial success of the continuous HTL process. 

2.4.3 Temperature  

Hydrothermal liquefaction is usually operated between 280-370 °C and can significantly affect the 

product yields. According to the results obtained by Yang et al. (2016), the optimal temperature 

for the production of biocrude using SCG as a feedstock was found to be 275 °C as the yield 

started to decrease at higher temperatures. This is a relatively low temperature for HTL as most 

feedstocks such as algae, manure and woody biomass have an optimal temperature at a 

temperature of 300 °C and higher (Akhtar & Amin, 2011).  

At temperatures between 200-250 °C, significantly higher biochar (23.53 – 43.33%) and lower 

biocrude (16.58 – 35.29%) yields were reported (Yang et al., 2016). The yields at lower 

temperatures correspond to the results reported by the various authors that were reviewed by 

Akhtar and Amin (2011) where lower temperatures usually yield lower biocrude and higher 

biochar yields, as shown in Figure 2.3 

 

Figure 2.3: The effect of temperature on biocrude yields, reproduced from Akhtar and Amin (2011), with permission 

from Elsevier, © Elsevier 2011. 

 



14 

As the temperature is increased the biocrude yield increases. A maximum yield will eventually be 

reached where after it will start to decrease. According to Akhtar and Amin (2011), this is due to 

the increase in biomass depolymerisation as the temperature is increased. The temperature can 

rapidly supply the energy that is required for the bond cessation to occur, resulting in extensive 

biomass depolymerisation as well as an increase of both the production of free radicals and the 

probability of re-polymerising the fragmented components (Akhtar & Amin, 2011).  

Another reason why lower biocrude yields are observed at lower temperatures is due to the 

inhibiting effect of the partially decomposed and undecomposed components in the biomass 

(Akhtar & Amin, 2011). With regards to biocrude, the opposite trend has been observed for the 

biochar yields, where lower temperatures (180-250 °C) are preferred. This is due to the 

Hydrothermal Carbonization (HTC) being the dominant reaction pathway as opposed to HTL 

(Kang et al., 2012; Sugano et al., 2008). 

2.4.4 Pressure 

The reactor pressure does not significantly impact the performance of the HTL process as its core 

function is to ensure that the liquid phase does not undergo a phase change as a result of the 

high temperatures (Akhtar & Amin, 2011). According to Castello et al. (2018), the HTL process is 

typically operated in a pressure range of 100-350 bar. The reason for these high pressures is to 

keep the water in a liquid state. Above 218 bar and 374 °C, the water cannot exist in the liquid 

state. This point is known as the critical point, which can be seen in Figure 2.4. 

 

Figure 2.4: Phase diagram for water, reproduced from Ck12 Science (2013). 
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Liquefaction reactions use the solvent in its liquid state as a reactant and catalyst. Thus, the 

correct pressure must be maintained to ensure that the solvent remains in the liquid state. By 

keeping the water in a liquid phase the rate of hydrolysis and the rate of biomass dissolution can 

be controlled by varying the other parameters in the reactor (Akhtar & Amin, 2011).  

This grants the ability to manipulate the direction of the HTL process in order to maximise the 

yield of the desired product such as biochar, biocrude or gasses (Akhtar & Amin, 2011). Another 

reason for keeping the solvent in a liquid state is due to the fact that a large amount of energy is 

required in order for the liquid to become a gas (Akhtar & Amin, 2011). An example would be to 

boil water. For 1 kg of water at room 25 °C and 100 bar to reach its boiling point, approximately 

1244.31 kJ has to be added to reach 100 °C. However, in order for the 1 kg of water to be turned 

into steam, 2258 kJ has to be added (Koretsky, 2004). The energy that is thus wasted by turning 

water into steam would make HTL a very expensive and inefficient process. 

2.4.5 Retention time 

According to Yang et al. (2016), a longer retention time does not positively affect the biocrude 

and biochar yields. Due to the rapid decomposition and hydrolysis of the biomass, it is generally 

thought that shorter residence times are preferred. Yang et al. (2016) reported that with longer 

residence times the gas yield increased and the biocrude yield decreased significantly. This is 

due to the decomposition of the biocrude into the lighter components as gasses (Yang et al., 

2016). The effect of residence time on the yields of the HTL products can be seen in Figure 2.5. 

 

Figure 2.5: Biocrude, biochar (solid residue), water-soluble products (WSP) and gas yields at different residence 

times, reproduced from Yang et al. (2016), with permission from Elsevier, © Elsevier 2016. 
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2.4.6 Composition of feedstock 

Plant material consists mainly of hemicellulose, with the overall plant composition and 

concentration varying from species to species (Toor et al., 2011). Hemicellulose is a 

heteropolymer and is composed of different monosaccharides such as mannose, galactose, 

xylose and glucose (Toor et al., 2011). The hemicellulose has a much less crystalline structure 

than cellulose due to the number of side-chains of the heteropolymer. This causes the 

hemicellulose to hydrolyse at a much lower temperature than cellulose (Toor et al., 2011). 

According to Toor et al. (2011), at a temperature higher than 180 °C the hemicellulose is easily 

solubilised and hydrolysed, as Mok and Antal Jr (1992) found that at 230 °C nearly all of the 

hemicellulose has been hydrolysed. Cellulose has a much higher degree of crystallinity which 

makes it more difficult to hydrolyse. According to Toor et al. (2011), the hydrolysis of all the 

cellulose occurs within 2 min at 280 °C. Another major component of the plant matter is lignin. 

Lignin is an aromatic heteropolymer that is relatively resistant to degradation as a result of 

chemical or enzymatic attack.  

2.5 Hydrotreatment 

2.5.1 Biodiesel vs. renewable diesel 

The recent drive towards the development of renewable fuels could be attributed to the insatiable 

demand for energy and the rapid growth of the global population (Sivakumar et al., 2010). Thus 

far the two main renewable fuels have been bio-ethanol and biodiesel from maize and plant oil, 

respectively (Sivakumar et al., 2010). Biodiesel produces a more energy dense product with a 

much higher net energy return than bio-ethanol at 93% as opposed to the 25% net energy return 

of bio-ethanol (Sivakumar et al., 2010). This is due to the higher energy content of the oil feedstock 

as it has 10% less energy per kilogram than regular crude-oil derived diesel (Sivakumar et al., 

2010). 

 

 

(1) 
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A big advantage of the alkali-based transesterification method (Equation 1) to produce biodiesel, 

is that it is not very capital intensive. There are, however, some disadvantages to this process 

(Zhang et al., 2003). Firstly, the alkaline catalyst has to be neutralised and the salt and water 

removed in order to purify the glycerol by-product (Zhang et al., 2003). Secondly, because of the 

heating required during the transesterification procedure and the distillation process to recover 

the methanol and purify the glycerol product, the process is energy intensive (Sivakumar et al., 

2010; Zhang et al., 2003).  

Lastly, the alkali-catalysed transesterification is susceptible to the saponification of esters, which 

occurs under alkali conditions in the presence of water, and Free Fatty Acids (FFA) where the 

alkali catalyst reacts with the FFA and therefore requires a pre-treatment step to reduce the water 

and FFA content (Zhang et al., 2003). According to Zhang et al. (2003), the alkali-catalyst 

transesterification method requires a dehydrated feed oil with an FFA content lower than 0.5 wt.%. 

An alternative to transesterification is the hydrotreatment of the oil to produce a straight chain 

alkane based renewable diesel product. Renewable diesel is superior to the Fatty Acid Methyl 

Ester (FAME) based biodiesel in respect to lower NOx emissions, better oxidative stability and a 

higher HHV (Veriansyah et al., 2012).  

2.5.2 Sulphiding of the catalyst 

In order to activate the catalyst that is used in the hydrotreatment of bio-oils, the catalyst needs 

to be sulphided by means of a sulphiding agent under very specific conditions. Various different 

sulphiding agents can be used such as carbon disulphide (CS2), dimethyl sulphide (C2H6S) or 

dimethyl disulphide (C2H6S2)  (Marroquín et al., 2004). According to Marroquín et al. (2004), 

DMDS yielded better results than the other sulphiding agents during laboratory and commercial 

sulphiding. DMDS is also the sulphiding agent that is chosen for this study. 

The DMDS breaks down at high temperatures and under a hydrogen atmosphere which then 

produces hydrogen sulphide (H2S) and methane (CH4) as can be seen in the following reaction 

mechanism:  

 

 

The H2S then reacts with the catalyst to deoxygenate the nickel oxide (NiO) and molybdenum 

oxide (MoO3) to produce nickel sulphide (NiS) and molybdenum disulphide (MoS2) as can be 

seen in the following reaction mechanisms: 

(2) 
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The activated catalyst is ready to be used for the deoxygenation of bio-oils for the production of 

renewable diesel. 

2.5.3 Deoxygenation reactions 

Although bio-oils have a relatively high energy content and could be used as a fuel source it would 

perform better, last longer and have a higher energy content by simply upgrading it by means of 

a hydrotreatment step. By hydrotreating the bio-oils the fatty acids and triglycerides are 

deoxygenated and then saturated by the hydrogen to produce long-chain alkanes in the range of 

C13-C20. The deoxygenation reactions follow one of three possible reaction pathways and are 

highly dependent on the conditions in the reactor as well as the type of catalyst that is used. 

These are decarboxylation, decarbonylation and hydrodeoxygenation and the reaction pathways 

of each are shown below (Bezergianni et al., 2016): 

 

 

 

Form these reactions it can be seen that the decarboxylation reaction removes the oxygen 

molecules in the form of carbon dioxide (CO2) resulting in a long chain alkane (CnH2n+2) product 

(Bezergianni et al., 2016). The next reaction pathway is decarbonylation which produces carbon 

monoxide (CO), water and alkenes as a product (Bezergianni et al., 2016). The main 

disadvantage with these reaction pathways is the loss of mass as a result of the CO and CO2 

(6) 

(5) 

(7) 

(3) 

(4) 
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production. This lowers the yield as some of the mass is lost in the gas phase (Krár et al., 2010). 

The third reaction pathway is the hydrodeoxygenation pathway and is the preferred method as 

the reaction has no reaction loss due to CO or CO2 production (Bezergianni et al., 2016). Also, 

the only products are long-chain alkenes and water, thus lowering the amount of greenhouse 

gasses that are produced from the reactor.  

Although the conditions could be manipulated to promote the selectivity towards one of the 

reaction pathways, all of the reaction pathways will occur to some degree. Thus, selectivity 

towards certain reaction pathways can merely be minimised and promote the selectivity towards 

others. By comparing the ratio of C15:C16 and C17:C18 we can determine which reaction pathways 

were dominant as the ratio will be less than one for hydrodeoxygenation and greater than one for 

the decarbonylation-and-decarboxylation reaction pathways (Krár et al., 2010). This is due to the 

loss of carbon molecules as CO and CO2 during these cracking reactions (Krár et al., 2010). To 

determine whether decarbonylation or decarboxylation was dominant the CO:CO2 ratio in the gas 

phase will be determined from the GC results. 

2.5.4 Temperature 

The temperature is one of the most important parameters during the hydrotreatment of oils as it 

significantly affected the heteroatom removal efficiency, conversion and selectivity. According to 

Bezergianni et al. (2010), the product yield is affected the most as the yield decreased from 90.1 

% to 63.5 % as the temperature was increased from 330 °C to 398 °C. This is due to the increased 

amount of cracking reactions that occur at higher temperatures which produce lighter components 

such as gasoline or COx gasses (Bezergianni et al., 2010).  

The conversion of the soybean oil also indicated a strong temperature dependence as it increased 

significantly when the temperature was increased from 300 °C to 400 °C where after it started to 

decrease as the temperature reached 440 °C (Kim et al., 2013). In Table 2.5, the different studies 

can be seen that looked at the effect of temperature on different aspects of renewable diesel. 
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Table 2.5: Summary of previous studies on the hydrotreatment of different biomass feedstock 

Feedstock 
Temperature 
range (°C) 

Observations Source 

Soybean oil 300-440 

A significant increase in the 
conversion was observed from 
300-400 °C. Increased 
production of lighter 
components was observed as 
the temperature increased. 

Kim et al. (2013) 

Waste cooking oil 330-398 

A gradual decrease in the diesel 
yield and a slight increase in the 
gasoline yield as the 
temperature increased above 
330 °C. 

Bezergianni et al. 
(2010) 

Cottonseed oil 350-390 
The diesel content was very 
high across the temperature 
range. 

von Wielligh et al. 
(2016) 

Rapeseed oil 200-400 

A significant decrease in the 
yield above 300 °C. Conversely 
the gas yield increased 
significantly as the temperature 
increased. 

Pinto et al. (2013) 

Palm oil 270-420 

A significant increase in the 
diesel yield from 270-300 °C 
where after a significantly larger 
decrease was observed as the 
temperature increased. 

Srifa et al. (2014) 

Jatropha 270-400 

A significant increase in the 
diesel yield from 275-325 °C 
where after a slight decrease 
was observed. 

Liu et al. (2011) 

 

According to Kim et al. (2013), the poorer conversion at temperatures above 400 °C could be a 

result of the enhanced side reactions such as the water-gas phase shift reactions. Bezergianni et 

al. (2010) used waste cooking oil and also reported trends where the temperature had a significant 

impact on the conversion as it decreased from 90.1% to 73.7% as the temperature was increased 

from 330 °C to 398 °C. This is due to the increased amount of cracking reactions that occur as 

the amount of gasoline that was produced also increased (Bezergianni et al., 2010). These 

cracking reactions favour the production of lighter components such as CO and CO2 as the total 

oxygen removed increased significantly as the temperature increased (Toppa, 2015). From this, 

it can be seen that the temperature has very different effects on different feedstocks as the 
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soybean reacted completely differently when the temperature was changed when compared to 

the waste cooking oil.  

 

Figure 2.6: Effect of temperature on the conversion of soybean oil, reproduced from Kim et al. (2013), with permission 

from Elsevier, © Elsevier 2013. 

2.5.5 Effect of pressure 

The pressure in the reactor does not have a significant effect on the conversion in a continuous 

reactor. It does, however, impact the selectivity of the products as the higher hydrogen partial 

pressure and concentration suppresses the decarboxylation and decarbonylation reactions and 

promotes the hydrodeoxygenation reaction pathway (Kim et al., 2013). This is beneficial as there 

is a reduction in the mass loss to the gas phase, as well as a suppression of the coking of the 

catalyst (Kim et al., 2013). This means that the catalyst will remain active longer as the active 

sites will not be blocked or covered due to coke. 

The low levels of CO and CO2 in the gas phase support the fact that the decarbonylation and 

decarboxylation reactions are suppressed at higher pressures (Kim et al., 2013). The suppression 

of these reactions can also be seen in the diesel product as the ratios of C15:C16 and C17:C18 

decreased (Kim et al., 2013). The amount of methane in the gas phase, which forms due to 

cracking reactions, is also dependent on the hydrogen partial pressure. At higher hydrogen partial 

pressures, the cracking reactions are suppressed as the deoxygenation reaction would have a 

sufficient supply of hydrogen (Kim et al., 2013). From Figure 2.7, the effect of hydrogen pressure 

in a continuous system can be seen.  
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Figure 2.7: Effect of pressure and H2/oil ratio on the continuous hydrotreatment of soybean oil, reproduced from Kim 

et al. (2013) with permission from Elsevier, © Elsevier 2013. 

A higher hydrogen partial pressure in a continuous hydrotreatment reactor will thus produce a 

better quality product, reduce the mass loss as a result of decarboxylation, decarbonylation and 

cracking reactions, as well as improve the lifespan of the catalyst (Kim et al., 2013). This can be 

seen in Figure 2.7 as condition B1 with a lower hydrogen partial pressure and thus lower H2:oil 

ratio had a much shorter lifespan than the other conditions. The lifespan of the catalyst is thus 

significantly improved with a higher H2:oil ratio.  
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Chapter 3: Experimental procedure 

The aim of this chapter is to explain the methodology of the experiments and the various analyses 

that have been chosen and will be applied in this study. Section 3.1 discusses the preparation 

and operation of the continuous HTL procedure. The operation conditions are listed along with 

the analyses on the HTL products. The extraction of the SCG bio-oil is discussed in Section 3.3 

where after the continuous hydrotreatment methodology follows in Section 3.3. The catalyst 

activation and analyses on the renewable diesel products are discussed therein. Section 3.4 

discusses the experimental error. 

3.1 Materials and methods 

3.1.1 Raw materials 

The feedstock for this study was SCG which was collected from a local coffee shop in 

Potchefstroom, South Africa. The SCG was collected in a 10 L container which would yield 

approximately 3 kg of dry SCG. This was done as mould would start forming after a few days. 

The compositional analysis of the raw SCG can be seen in Table 3.1. 

Table 3.1: Fibre analysis on the raw SCG 

Component wt.% 

Ash 1.34 

Protein 12.71 

Fat (Ether extraction) 12.86 

Carbohydrates 67.62 

Hemicellulose 34.97 

Cellulose 19.26 

Lignin 10.54 

 

Fibre analysis was done to determine the composition of the SCG. The composition of the 

biomass can significantly impact the biochar and biocrude yields as the different components that 

make up the biomass will hydrolyse at varying rates and temperatures. Carbohydrates such as 

hemicellulose and cellulose undergo rapid hydrolysis when placed under hydrothermal 

conditions. Lignin, on the other hand, is highly resistant to thermal decomposition and enzymatic 

attack due to its strong crystalline structure (Toor et al., 2011). According to Toor et al. (2011), 



28 

100% of the hemicellulose and cellulose was converted within 2 minutes at 230°C and 280°C, 

respectively, whereas lignin completely hydrolyses between 350-400 °C. The composition of the 

dried SCG used in this study can be seen in Table 3.1. 

As can be seen in Table 3.1 the SCG has a very high hemicellulose content compared to other 

lignocellulosic biomass which have a hemicellulose content ranging from 20.5%-31.4% (Toor et 

al., 2011). Although the cellulose content was found to be significantly lower than most of the 

lignocellulosic biomass reported by Toor et al. (2011), the total carbohydrate content in the SCG 

was still relatively high. The high carbohydrate and moisture content (62.9 wt.% from Table 3.1) 

make SCG a good candidate for HTL.  

3.1.2 Chemicals and gases 

The HTL and HT processes both operated at high pressures. The pressure in the HTL reactor 

was increased by means of pressurised nitrogen gas cylinders whereas the HT used high-

pressure hydrogen gas cylinders. Acetone was used to recover and dilute the SCG biocrude. The 

solvent extraction experiments used n-hexane to extract the SCG bio-oil.  

Table 3.2: Chemicals and gasses used in this study 

Chemical or gas Chemical 
formula 

Purity (%) Supplier Purpose 

Nitrogen gas N2 99.999 Afrox Pressurising the HTL 
reactor and purging 
the HT reactor 

Hydrogen H2 99999 Afrox HT reactant 

Dimethyl disulphide C2H6S2 >99 Sigma Aldrich Catalyst sulphiding 
agent 

Acetone C3H6O  Rochelle 
chemicals 

Dissolving the SCG 
biocrude 

n-Hexane C6H14  ACE chemicals Solvent extraction 

Dichloromethane CH2Cl2 >99 ACE chemicals Dilution of samples 
for GC-MS analysis 

 

3.2 Continuous hydrothermal liquefaction 

In this section, the methodology of the continuous HTL experiments is explained. The preparation 

of the feed slurry, as well as the start-up and operation procedures of the continuous HTL pilot 

plant, is explained where after the various analyses that were performed on the different products, 
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are listed and explained. A Process Flow Diagram (PFD) of the continuous HTL pilot plant as well 

as a photo of the set-up then follows. 

3.2.1 Feedstock preparation 

The feedstock used in this study was spent coffee grounds. The SCG was collected from a local 

coffee shop on campus over a few days. The moisture content was determined by drying a small 

sample (100g) for 24 hours at 105 °C where after the following equation was used to determine 

the percentage of water in the SCG: 

𝑀𝑜𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑟𝑦𝑖𝑛𝑔 − 𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑑𝑟𝑦𝑖𝑛𝑔

𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑟𝑦𝑖𝑛𝑔
 (8) 

 

After the moisture content and the amount of water by volume were determined, a 20-litre slurry 

was prepared. The amount of water that had to be added to make up the slurry was calculated 

by means of the following equation: 

 𝑊𝑎𝑡𝑒𝑟 𝑎𝑑𝑑𝑒𝑑 (𝐿) = 20 𝐿 − 𝑊𝑎𝑡𝑒𝑟 𝑖𝑛 𝑤𝑒𝑡 𝑆𝐶𝐺 − 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑟𝑦 𝑆𝐶𝐺 (9) 

 

After the slurry was prepared, it was left to soak overnight. This allowed the SCG to swell and 

absorb the water which ensures optimal contact with the water as the water not only plays the 

role of a solvent but also acts as the catalyst in the HTL reaction. The slurry was then loaded into 

the HTL feed tanks.  

3.2.2 PFD of the reactor 

The Process Flow Diagram (PFD) of the continuous HTL pilot plant can be seen in Figure 3.1 

below. The PFD depicts the general layout of the HTL reactor and Heat Transfer Oil (HTO) heating 

plant. The feed tank set-up consists of four interconnected tanks which feed into the intake 

manifold. The intake manifold is then connected to the suction side of the circulation pump where 

after the slurry is pumped back into the feed tanks. A pressure difference between the feed- and 

product tanks is used to initiate the flow through the reactor.  
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Figure 3.1: PFD of the continuous HTL reactor 

The pre-heater is responsible for the initial increase in temperature where after the reactor 

increases the temperature to the operational temperature. The hot oil plant is responsible for 

heating the HTO used to increase the reactor temperature. 

3.2.3 Start-up and operation of the continuous HTL reactor 

Whilst the slurry is loaded into the feed tanks, the circulation pump is turned on to ensure the 

SCG slurry is adequately mixed. The circulation pump is responsible for keeping the SCG in 

suspension and ensures a homogenously mixed slurry. As soon as the loading procedure is 

completed the feed and product tanks were sealed and the pressure increased to the operational 

pressure. The pressure is increased by means of nitrogen cylinders (N2 baseline 5.0). The 

pressure in the feed and product tanks is equalised during this process by means of a bypass 

valve to ensure the pressure in both tanks are the same. Once the pressure in the tanks reached 

the operating pressure the feed and product tanks are isolated from each other. While the 

pressure was increased, the temperature in the reactor is increased simultaneously by means of 

an HTO. The temperature of the HTO is set to a temperature that allowed for the desired 

temperature inside the reactor to be reached.  

Once the HTO reached the desired temperature the flow rate is set to the desired value and the 

SCG slurry allowed to flow through the reactor by opening the flow cut-off valve that is located 

Feed tanks

Product tanks

Circulation pump

Pre-heater

Reactor

Cooler

Electric Heater

Hot oil pump 1

Hot oil pump 2

Hot oil plant
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downstream from the cooler. The flow is induced by closing the valve that allows the feed and 

product tanks to equalise and venting the product tanks. This creates a pressure drop between 

the feed and product tanks that forced the slurry to flow from the high-pressure feed tanks, through 

the reactor, into the lower pressure product tanks. By controlling the rate at which the product 

tanks are depressurised, the rate at which the feed slurry flows through the reactor is controlled.  

The circulation pump tripped as soon as the liquid level reached the minimum safe operating 

level. This is done to protect the pump from cavitation. To ensure that all the feedstock flowed 

through the reactor the flow rate is kept at the set point for a period equal to the residence time 

after the circulation pump tripped. The flow duration is thus calculated by using the following 

equation: 

 𝐹𝑙𝑜𝑤 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (min) = 𝑃𝑢𝑚𝑝 𝑟𝑢𝑛 𝑡𝑖𝑚𝑒 + 𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑡𝑖𝑚𝑒  (10) 

In cases where the low-level trip switch did not function correctly, the pump was switched off at 

the time calculated using the following equation: 

 𝑃𝑢𝑚𝑝 𝑟𝑢𝑛 𝑡𝑖𝑚𝑒(𝑚𝑖𝑛) =
𝑆𝑙𝑢𝑟𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 × 60

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
 (11) 

This is done as a safety precaution to protect the circulation pump. The residence time is 

calculated by means of the following equation: 

 𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛) =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 × 60

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
 (12) 

After the run was completed the HTO heat exchanger is shut down and the reactor left to cool 

down. Once the HTO was below 100 °C, the circulation pumps in the hot oil plant are shut down 

and the plant depressurised to atmospheric pressure. Once the reactor reached atmospheric 

pressure the product was sampled in 25 L drums and taken to the laboratory for analysis. 

3.2.4 Preparation for analysis 

The product that was collected from the product tanks was first separated into the biochar, 

biocrude and aqueous phases. As the biocrude consists mostly of fatty acids the biocrude solidify 

at room temperature which resulted in a solid phase crude oil as the melting point of hexadecanoic 

acid is 63 °C (Li et al., 2011; Yang et al., 2016). This made the separation of the biochar and 

biocrude from the aqueous phase a relatively simple procedure as both the biochar and biocrude 

phases remained on the filter paper. However, the biocrude did tend to rapidly foul and block the 

filter paper. To overcome this problem, a filter press was used to accelerate the filtering process. 

The filter press used compressed air to create a much higher difference in pressure over the filter 

paper. 
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Once all the product had been filtered, the biocrude phase was separated from the biochar phase. 

The biocrude phase was dissolved in a solvent in order to separate the two products. Acetone 

was used as the solvent, as it easily dissolved the biocrude phase and was easily recovered in a 

rotary evaporator without influencing the content of the oil phase. The biocrude rich biochar phase 

was soaked overnight in approximately 3 L of acetone where after the biocrude rich acetone 

phase was filtered from the biochar by means of filtration in a Büchner funnel.  

Once all the biocrude rich acetone was filtered from the biochar, the biocrude was separated from 

the acetone by means of rotary evaporation. This process was used to recover the acetone 

solvent for subsequent experiments. 

3.2.5 Yield 

The yields of the continuous HTL plant were determined by means of the following equation: 

 𝑌𝑖𝑒𝑙𝑑 (%) =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑆𝐶𝐺 − 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑆𝐶𝐺 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 𝑖𝑛 𝑓𝑒𝑒𝑑 𝑡𝑎𝑛𝑘𝑠
 (13) 

where the mass of the product would be the mass of either the biocrude or the biochar.  

3.2.6 Analyses performed on the biochar and biocrude phases 

The composition of the biocrude was determined using a Gas Chromatograph - Mass 

Spectrometer (GC-MS), Agilent Technologies 7890A GC system coupled with a 5975C inert 

MSD. The column in the GC-MS was an Agilent J & W VF-5ht Ultimetal, 30 m x 0.25 mm with a 

0.10 mm film thickness. The heating program was set to Initial 35 °C for 4 minutes, ramp 5 °C/min 

to 190 °C, hold for 5 min, ramp 10 °C/min to 420 °C, hold for 2 min. The GC-MS analysis provides 

a better understanding of the reaction pathways that were followed during HTL.  

The higher heating value (HHV) of the biochar and biocrude was determined using a bomb 

calorimeter, C 5003 control produced by IKA. The BET analysis allows us to determine the 

porosity and the surface area of the biochar and was performed by means of a Micrometrics 

ASAP 2020, surface area and porosity analyser. The carbon, hydrogen and nitrogen composition 

of the biochar was determined by means of elemental analysis. 

The proximate analysis was used to determine the moisture, volatiles and ash content of the 

biochar and biocrude which was performed in a Lenton, high-temperature furnace. Lastly, the 

oxidative stability, which is indicative of the oxygen saturation of the biocrude and thus the 

longevity of the biocrude, was also determined by means of a Metrohm, 873 biodiesel Rancimat. 

Fourier-Transform Infrared Spectroscopy (FT-IR) was used to determine the functional groups 

that are present in the organic materials. A Shimadzu, IRAffinity-1 was used to perform the FT-IR 

analyses. It gives a broad representation of what is in the sample as well as to what extent. This 
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was determined from the absorption of the different frequencies where a strong absorption 

indicates a strong presence. The elemental analysis was performed by Bureau Veritas in 

Johannesburg, South Africa. 

Table 3.3: Analyses on the biochar and biocrude products 

Analysis Biochar Biocrude 

GC-MS No Yes 

HHV Yes Yes 

BET Yes No 

Elemental analysis Yes No 

Proximate analysis Yes Yes 

FT-IR Yes Yes 

Oxidative stability No Yes 

 

3.2.7 Aqueous phase and gas phase 

The aqueous phase is another important product as it could be used for anaerobic digestion. It is 

thus important to determine the qualitative properties of the aqueous phase. Thus, the effect of 

the residence time on the Total Nitrogen Content (TNC), Total organic carbon (TOC) and 

Chemical Oxygen Demand (COD) was determined. The test kits for the TOC, COD and TNC 

were produced by Macherey-Nagel. A short description of the information obtained from these 

analyses can be seen in Table 3.4. 
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Table 3.4: Analyses completed on the aqueous phase 

Analysis Data obtained from analysis 
Measurement 

unit 
Kit model 

TNC 

Nitrogen-containing 
components in the aqueous 
phase 

mg/L NANOCOLOR 
total Nitrogen TNb 220 

TOC 
Concentration of dissolved 
organic components 

mg/L NANOCOLOR TOC 60 

COD 
Concentration of oxidisable 
components 

mg/L NANOCOLOR COD 
60000 

 

TNC analyses are performed to determine the amount of nitrogen present in the form of nitrite-

nitrogen (NO2-N), nitrate-nitrogen (NO3-N) and ammonia-nitrogen (NH3-N). TOC is often used to 

regulate the organic chemical discharge as it determines the amount of carbon found in the 

dissolved organic compounds. The COD determines the amount of oxygen consumed by the 

aqueous phase as a result of the decomposition and oxidation of organic and inorganic 

components respectively. This is important as there are strict environmental regulations that 

prohibit wastewater to be reintroduced into the environment (Western Cape Government, 2014).  

The gas analyses were performed in an SRI 8610C gas chromatograph to determine the 

composition of the outlet gas stream. This was done to determine if there are any chemicals in 

the gas phase that are potentially hazardous to humans or the environment. 

3.2.8 Continuous hydrothermal liquefaction reactor 

The continuous HTL pilot plant can be seen in the photos below. A front view of the pilot plant 

can be seen in Figure 3.2, where the HTO heating plant can be seen on the right side of the 

picture with the pre-heater and reactor (outlined in red) on the left. The orange electrical case 

houses the control panel for the HTO plant. This contains the temperature controllers of the HTO 

heater that are controlled therefrom as well as the safety alarms. Figure 3.3 shows the product 

tanks (in the front) and the feed tanks (further to the back). The set of four tanks have a collective 

capacity of approximately 100 L. The reactor volume was 20 L. This results in a residence time 

of 10 min at a flow rate of 120 L/h. 
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Figure 3.2: Front view of the continuous HTL reactor (outlined in red) with the HTO plant  

 

Figure 3.3: Continuous HTL reactor feed and product tanks 
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Figure 3.4: Top view of the continuous HTL pilot plant 

3.3 Hexane extraction of SCG bio-oil 

3.3.1 Procedure 

The SCG was dried overnight in an oven at 105 °C to remove the moisture. 500g of the dried 

SCG was then transferred into a 5 L ball flask where. 1.5 L of n-hexane was added to the ball 

flask in order to obtain an SCG to solvent ratio of 1:3. The ball flask was then placed in an oil bath 

and a reflux condenser attached. The SCG-hexane mixture was allowed to boil for 2 hours, where 

after the heat was removed and the ball flask with its content allowed to cool down. The spent 

SCG and the oil-rich solvent were separated by means of a large Büchner funnel and 42 µm filter 

paper. The bio-oil was recovered from the hexane solvent by means of a rotary evaporator. The 

recovered bio-oil was weighed and transferred to a sealed glass bottle. The bio-oil was used as 

is for the hydrotreatment experiments. 

3.3.2 Experimental setup 

The extraction setup shown in Figure 3.5 was much simpler than the continuous HTL reactor. The 

SCG was loaded into the 5 L ball flask and mixed with the n-hexane solvent. The ball flask was 

then partially submerged in an oil bath and placed on a heating plate. A condenser was placed 

on the ball flask to reflux the hexane and reduce the amount of hexane lost. The extraction 

experiments were operated inside a fume hood. 
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Figure 3.5: Extraction process experimental setup 

3.4 Continuous hydrotreatment of SCG-derived bio-oils 

During the continuous hydrotreatment experiments, the quality of the renewable diesel that was 

produced when using hexane-extracted SCG bio-oil as opposed to using the biocrude obtained 

from the continuous HTL reactor was studied. Comparing the quality of the diesel that was 

produced, will shed light on whether the more complicated and relatively expensive continuous 

HTL method yields a better renewable diesel product as opposed to the simpler extractive 

methods. The next section describes the research methodology that was used during the 

continuous hydrotreatment phase of this study. 

3.4.1 Feedstock preparation 

The HTL biocrude was transferred to a beaker where after it was placed on a hot plate and heated 

to approximately 60 °C for a few hours to remove as much moisture as possible. The temperature 

was controlled at 60 °C because at higher temperatures the oil would oxidise rapidly which turned 

the biocrude into a hard, brittle solid. The HTL biocrude was also continuously stirred by means 

of a magnetic stirrer during heating. This drying step was not necessary for the extracted bio-oil 

as the SCG was thoroughly dried, at 110 °C overnight, before use. 
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3.4.2 Catalyst activation 

The catalyst used for these experiments was a NiMo/Al2O3 based catalyst that has been optimised 

for the hydrotreatment of bio-oils (oils that are not derived from fossil fuels). The activation or 

sulphiding of the catalyst is very important as this is what allows the catalyst to remove the oxygen 

from the oils. The sulphiding feedstock was 500 ppm diesel obtained from a local fuel station 

where the sulphur content was spiked to 30,000 ppm by means of DMDS. The sulphiding 

procedure was performed at a high temperature (150–350 °C), high pressure (80 bar) and high 

gas:oil flow ratio (890:1). The activation procedure followed was provided by the catalyst 

manufacturer.  

The first step was to flush the reactor with nitrogen at a flow rate of 6 NL/h for 30 min to flush out 

any oxygen in the system. The temperature was increased to 250 °C, whilst under a nitrogen 

atmosphere, to remove any moisture from the catalyst. According to the manufacturer the catalyst 

can contain up to 10 wt% moisture. The reactor was then allowed to cool down to 150 °C where 

after the nitrogen flow was shut off and the hydrogen introduced at a flow rate of 6 NL/h. The 

reactor was flushed with hydrogen for 1 hour to ensure that all the nitrogen had been flushed out 

of the system. The pressure was increased to the operating pressure (83 bar) once the sulphiding 

feedstock had been introduced at an LHSV of 2 h-1. The temperature was steadily increased at a 

rate of 15 °C/h over a period of 13 hours to reach a temperature of 350 °C and kept at the same 

temperature for 4 hours to ensure H2S breakthrough. The reactor was then flushed with the SCG 

oil/crude feedstock for at least 3 hours where after the sampling procedure was started. 

3.4.3 Experimental methodology 

The goal of these experiments was to determine the optimal temperature for each of the 

feedstocks. The optimal temperature would be determined as the operating temperature at which 

the highest diesel fraction was obtained in the renewable diesel product. The diesel fraction was 

determined using the simulated distillation curves. To achieve this, small amounts of renewable 

diesel was produced at different reactor temperatures within a predetermined temperature range. 

The temperature was set to the initial desired temperature and allowed to stabilise for 3 hours 

where after the samples were collected for 1 hour.  

The reactor temperature was then changed to the next temperature setting where it was also 

allowed to stabilize for 3 hours where after the 1-hour sampling period was initiated. The 

temperature was increased from 350-390 °C at 10 °C increments. Once the optimal temperature 

had been determined from the simulated distillation curves the reactor was set to that temperature 

and allowed to stabilise for 3 hours. The reactor was then run continuously for 2-3 days in order 

to produce the required amount of renewable diesel that was needed for the analyses. The 

operating conditions for the experiments can be seen in Table 3.5 below. The high pressure and 
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H2:Oil ratio was chosen to ensure that the hydrotreatment reactions where not limited by the 

concentration of hydrogen in the reactor. The LHSV chosen as 2 h-1 to ensure that sufficient time 

has been allowed for the hydrotreatment reactions to react completely. 

Table 3.5: Experimental operating conditions 

Variable Desired range/set-point Unit 

Temperature 350 – 390 °C 

Pressure 83 Bar 

H2:oil ratio 890:1 - 

LHSV 2 h-1 

Catalyst ratio 1:1.2 NiMo/Al2O3 : SiC 

 

3.4.4 Analyses 

A comprehensive analysis was done on the renewable diesel product where the analyses 

comprised of the following: 

Table 3.6: Qualitative analyses of the renewable diesel products 

Analyses Results description 

GC-MS Composition of the diesel 

Density at 20 °C Mass of the diesel per volume 

Viscosity at 40 °C Flow resistance  

Flashpoint Ignition point of the diesel 

Oxidative stability Indication of the oxygen 
saturation 

HHV Energy content 

The GC-MS was used to determine the composition of the renewable diesel product and to 

construct the simulated distillation curves. Simulated distillation curves were compiled using a 

modified method based on the ASTM D7213 test method which is the standard test method for 

boiling range distribution of petroleum distillates in the boiling range from 100 ْC to 615 ْC by gas 

chromatography using data obtained from the GC-MS analysis.  From the simulated distillation 

curves, the diesel content from biocrude/bio-oil to renewable diesel could be determined as the 
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recovered percentage between 180-360 °C (Bezergianni et al., 2010). This was done by means 

of the following equation: 

 𝐷𝑖𝑒𝑠𝑒𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) = 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 180 − 370 °𝐶 (14) 

As renewable diesel also contains relatively small amounts of naphtha and kerosene fractions, it 

is important to determine the content thereof. The density and viscosity analyses were performed 

by WearCheck in Johannesburg, South Africa. The flash-point was analysed by means of an 

Eralytics, EraFlash flash point analyser. The oxidative stablility analysis was performed by means 

of a Metrohm, 873 biodiesel Rancimat to determine the longevity of the renewable diesel. These 

analyses were performed to determine whether the renwable diesel that was produced from either 

of the SCG derived feed oils would meet the requirements of the SANS 342 standard for diesel 

fuels.  

3.4.5 MCB reactor set-up 

The PFD of the continuous hydrotreatment reactor can be seen in Figure 3.6. The feed oil and 

sulphiding diesel was pumped from bottle 1 and 2 respectively. The high-pressure peristaltic 

pumps controlled the liquid flow rate to the reactor which was set to 0.112 L/min. The fluid would 

then flow through the pre-heater which increased the feed temperature to 200 °C where after the 

temperature was increased to the operating temperature (350-390 °C) in the reactor.  

 

Figure 3.6: PFD of the continuous MCB hydrotreatment reactor 
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The pre-heater was also the mixing point for the liquid and gas feeds. The reactor was a packed 

bed reactor with upward flow where the packing material was carborundum (SiC) in a ratio of 

1:1.2 (NiMo/AlO3:SiC).The gas feed flow rate was controlled by separate Flow Indicating 

Controllers (FIC) which was set to 6 NL/h which would mix with the liquid feed in the pre-heater. 

The pre-heated mixture the flows into the reactor where the LHSV was specified to be 2 h-1. The 

pressure in the reactor was controlled by means of a Pressure Indicating Controller (PIC) which 

was set to 83 bar. The PIC controls the pressure by regulating the amount of gas released from 

the system.  

The mixed phase product flows from the reactor to the liquid-gas separator where the renewable 

diesel product was separated from the gasses from the reactions. The gaseous products was 

then vented and the liquid product sampled in one of the three sampling chambers. The three 

valves after the separator can be set to a schedule where each valve would sample for a given 

time. A front view of the reactor can be seen in Figure 3.7 below. 

 

Figure 3.7: Continuous MCB hydrotreatment reactor 

3.5 Experimental error 

The experimental error was calculated by taking the results obtained from the repeated runs and 

applying the t-test method (Devore et al., 2013). The t-values were obtained from Devore et al. 

(2013) and the error calculated for a 95 % confidence interval. The standard deviation was 

calculated with a sample size (N) of 3. The small sample size was due to the high operating costs 

associated with the continuous HTL pilot plant. The degrees of freedom were determined by 

means of Equation 15, which can be seen below. 
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 𝐷𝑂𝐹 = 𝑁 − 1 (15) 

The standard deviation was then calculated by substituting the DOF into the following equation: 

 𝑆𝑡𝑑𝑒𝑣 = √
∑ (𝑥𝑖 − �̅�)𝑁

𝑖=1

𝐷𝑂𝐹
 (16) 

 

The standard deviation was then used in conjunction with the critical t-value to determine the 

uncertainty: 

 𝜀 =
𝑡 × 𝑆𝑡𝑑𝑒𝑣

√𝑁
 (17) 

 

The uncertainty was then converted to a relative percentage: 

 𝜖95% =
𝜖

�̅�
× 100% (18) 
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Chapter 4: Continuous HTL results and 

discussion 

4.1 Introduction 

This chapter introduces the results that were obtained from the experiments that were conducted 

in the continuous HTL reactor. The chapter starts by characterising the feed and discussing the 

biomass loading that was used in the continuous HTL reactor. As the reactor was operated from 

start-up every time, the temperature profile of the reactor was also studied. This chapter then 

presents and discusses the qualitative and quantitative results that were obtained from the HTL 

products, as well as the effect of the residence time thereon. Chapter 4 concludes by comparing 

the hexane-extracted bio-oil and the HTL biocrude. 

4.2 Optimization and characterization of the continuous HTL pilot plant 

4.2.1 Biomass loading 

The HTL reactor was designed for a maximum biomass loading of 5 vol.%. This is, however, 

dependent on the type of biomass used. The maximum biomass loading for the HTL reactor when 

using SCG thus had to be determined first. The highest biomass loading that did not cause any 

blockages in the system was experimentally found to be 3 vol.% as the runs at 4 vol.% and 5 

vol.% failed. This biomass loading, namely 3 vol.%, was used as the optimal biomass loading 

when using SCG. This is very low when compared to batch HTL where SCG biomass loadings 

often exceed 30 wt.% (Yang et al., 2016). However, this throughput limitation could be addressed 

during upscaling to an industrial scale HTL plant as the diameter of the piping will be much larger 

than the ½” pipe size used for this reactor.  

4.2.2 Reactor temperature profile 

The temperature at different points in the reactor was recorded to determine the temperature 

profile of the run. As can be seen in Figure 4.1, the Heat Transfer Oil (HTO) temperature 

decreased initially as the cold feed slurry was introduced. However, the temperature does slowly 

increase and stabilise after 15 minutes.  
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Figure 4.1: Temperature profile of the continuous HTL reactor at 120 L/h (  HTO,  Reactor 

outlet,  Pre-heater outlet) 

The slow increase in the reactor outlet temperature, as well as the significant difference in the 

reactor outlet and HTO temperature, is due to the unique flow conditions in the reactor. These 

conditions are a result of the nitrogen gas that is used to pressurise the reactor, as well as the 

relatively low flow rate. These specific conditions in the reactor cause a gas boundary layer to 

form between the wall of the reactor and the slurry that flows through the reactor. This boundary 

layer has a very poor heat transfer rate which causes a large difference in temperature between 

the reactor outlet and HTO. 

Another reason for the slow increase in the reactor outlet temperature could be due to the 

increased heat transfer resistance caused by fouling in the reactor which occurs often in 

continuous reactors (Bott, 1995). Increased fouling results in a decrease in the heat transfer 

coefficient of the reactor as the biochar and/or biocrude build up on the walls of the reactor inhibit 

the heat transfer from the hot oil to the slurry in the reactor. This results in a slower increase in 

temperature inside the reactor. However, the unique flow conditions in the reactor are likely the 

main cause of the poor heat transfer properties. 
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4.3 Characterization of the biocrude 

In this section, the composition of the biocrude, as well as the change in functional group 

composition from SCG, will be discussed. The HTL biocrude and solvent extracted bio-oils are 

also compared and discussed in Section 4.3.3 

4.3.1 Change in functional group composition from SCG 

The functional group composition of the SCG, biocrude was determined using FT-IR. The 

absorbance of certain wavelengths will indicate the presence of certain functional groups. A low 

transmittance percentage indicates that a significant quantity of the functional group is present as 

more of the specific wavelength could be absorbed. The FT-IR analysis of the SCG can be seen 

in Figure 4.2. 

 

 

Figure 4.2: FT-IR analysis of the SCG 

According to Yao et al. (2017), the spectrum of 4000-3500 cm-1 indicates the presence of H2O. 

From Figure 4.2 and Figure 4.3, it can be seen that the SCG and biocrude showed some 

absorbance in this range. Although the SCG was dried before the analysis was performed, the 

SCG was not kept in a sealed container. The proximate analysis of the biocrude also contained 

moisture as the proximate analysis (Table 4.5) revealed a 26.2 wt.% moisture content. From 

Figure 4.2 it can be seen that the 3400 cm-1 wavelength was strongly absorbed by the SCG which 

indicated a high protein and carbohydrate content in the biomass. A much weaker absorbance of 

this wavelength suggests that the proteins and carbohydrates were successfully decomposed in 
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the continuous HTL reactor. Figure 4.3 shows the FT-IR analysis of the continuous HTL produced 

biocrude. 

 

Figure 4.3: FT-IR analysis of the biocrude produced at a residence time of 10 min 

In Figure 4.3, it can be seen that the frequency between 2700-3000 cm-1 was strongly absorbed 

by the C-H bond of the aliphatic functional groups. The strong absorbance in this range is due to 

the high alkyl content in the biocrude which could be due to the deoxygenation reactions that 

occur. The wavelengths between 1650-1750 cm-1 were strongly absorbed by the biocrude which 

indicated the production of C=O from the carboxylic acids and ester groups as the SCG had a 

much weaker absorbance (Yang et al., 2016). This corresponds with the GC-MS as it confirms 

the presence of the C16-C18 fatty acids in the biocrude. The wavelengths between 1650-1750 cm-

1 were strongly absorbed by the biocrude. This is due to the formation of C=O from the carboxylic 

acids and ester groups as the SCG had a much weaker absorbance. This corresponds with the 

GC-MS as it confirms the presence of the C16-C18 fatty acids in the biocrude.  

An increase in the absorption in the range of 1500-1600 cm-1 is attributed to a decrease in the 

lignin content as it resulted in the formation of phenolic monomers from the hydrolysis of lignin. 

The increased absorption of the 1350-1470 cm-1 range is attributed to the C-H bending. The C-N 

bonds that can be found in amine groups were detected by the absorption of the 1050-1350 cm-

1 range. The absorbance of the 1050 cm-1 wavelength was due to the C-O bonds whereas the 

absorbance in the 670-870 cm-1 indicated the presence of phenolic rings. Thus, the continuous 

HTL of SCG produced a biocrude product that contained a range of different chemical 

compounds.  
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4.3.2 Composition of the biocrude 

The chemical composition of the SCG derived biocrude was determined by means of a GC-MS. 

The biocrude produced at a residence time of 10 min was chosen as it resulted in the highest 

yield. From the GC-MS results in Table 4.3, it can be seen that the biocrude mainly consists of 

C16 and C18 fatty acids which make up approximately 90% thereof. n-Hexadecanoic acid 

(C16H32O2) is the most common component as it comprises 40.41% of the biocrude mass. The 

rest of the biocrude is then made up by octadecanoic acid, as well as isomers thereof. The free 

fatty acids in the biocrude are produced from the hydrolysis of the lipids in the SCG (Peterson et 

al., 2008; Yang et al., 2016). 

Table 4.1: GC-MS analysis of the biocrude produced at a residence time of 10 min 

Component 
Retention time 

(min) 
Area (%) 

n-Hexadecanoic acid 35.001 40.41 

9,12-Octadecanoic acid (Z, Z) 38.607 28.33 

Octadecanoic acid (Stearic acid) 39.415 7.58 

9,12-Octadecanoic acid-2,3-dihydroxypropyl ester 55.636 6.03 

9-Octadecanoic acid (Oleic acid) 38.750 4.34 

 

The biocrude produced from SCG in the continuous HTL reactor is very similar to the biocrude 

that was produced during the batch HTL of SCG (Yang et al., 2016). However, slightly less n-

hexadecanoic acid, 9,12-octadecanoic acid (Z, Z) and stearic acid were produced. This could be 

due to the difference in the lipid/oil content in the raw SCG obtained from different sources. 

Although these results give us a representation of the biocrude composition, there is a possibility 

that it could contain heavier components which could not be detected by means of GC-MS. 

4.3.3 Comparison of the extracted SCG bio-oil vs. HTL produced SCG biocrude 

As the feed oils were produced by means of two totally different methods, a significant difference 

in the yields was expected. From Table 4.2 it can be seen that the continuous HTL process yielded 

significantly higher oil-product yields. This is because the HTL conditions convert the 

carbohydrates and lipids in the biomass into the biocrude oils. However, the oils converted from 

the carbohydrates might not have been detected by means of GC-MS as these do not typically 

produce C16 and C18 fatty acids. The extracted bio-oil has a slightly higher HHV due to the lower 
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oxygen content thereof. This can be seen from the oxidative stability analysis as the extracted 

bio-oil had a slightly lower rate of oxidation 

Table 4.2: Quantitative and qualitative comparison between the extracted and continuous HTL methods 

Feedstock oil Yield (%) HHV (MJ/kg) 
Oxidative stability @ 

110 °C (hr) 

Extracted bio-oil 11.2 ± 0.4 39.2 0.11 

HTL biocrude 28.5 ± 4.7 37.0 ± 1.8 0.06 

 

. The proximate analysis indicated a significant difference in the composition of the feed oils. The 

low moisture content of the extracted bio-oil could be due to the presence of the hexane solvent 

used to extract the bio-oil, as the raw SCG was thoroughly dried before. Nonetheless, the HTL 

biocrude had a much higher moisture content than the extracted bio-oil. This is expected, as the 

HTL process occurs in a water environment. Both of the feed oils had a very high volatile content. 

The extracted bio-oil had a significantly higher volatile content than the HTL biocrude. This is 

possibly due to the lower moisture content in the extracted bio-oil as well as the higher fixed 

carbon content in the biocrude. 

Table 4.3: Compositional comparison between the extracted bio-oil and the HTL biocrude 

 Composition (wt.%) 

Feedstock oil Moisture content Volatiles Fixed carbon Ash content 

Extracted bio-oil 6.4 93.0 0.4 0.2 

HTL biocrude 26.2 65.2 8.6 0.1 

 

From the results in Table 4.2 and Table 4.3, the HTL biocrude looks like the better option as the 

yields are significantly higher than the extracted bio-oil. Although the extracted bio-oil is of slightly 

higher quality, both of the oils are significantly better than the raw SCG. The continuous HTL 

method also produces a second product in the form of biochar and has no waste products which 

need to be responsibly disposed of. The waste produced by the extractive method is 

environmentally hazardous, as the spent SCG still contains hexane. The continuous HTL method 

is thus far superior in terms of useable energy recovered from the raw SCG feedstock. However, 

the next phase of the study looks at upgrading the extracted bio-oil and HTL biocrude to 

renewable diesel. This will determine which option will produce the highest quality product and 
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whether the biocrude produced from better performing continuous HTL process can be upgraded 

to a good quality renewable diesel. 

4.4 Effect of residence time 

4.4.1 Biocrude and biochar yields 

The biocrude yields that were obtained from the continuous HTL of SCG are quite promising as 

it is more than two times the yields obtained from solvent extraction. The much higher biocrude 

yields are due to the conversion of the carbohydrates in the SCG at the HTL conditions whereas 

the solvent extraction merely extracts the small amount of oil in the biomass. The highest yield 

for both the biochar and biocrude was at 120 L/h when using SCG as seen in Table 4.4.  

Table 4.4: Biocrude and biochar yields at different residence times 

 Yield (g/kg SCG) Yield (wt.%) 

Residence 
time (min) 

Biochar Biocrude Biochar Biocrude 

10 152 ± 55 285 ± 39 15.2 ± 6.8 28.5 ± 4.7 

15 95 242 9.5 24.2 

20 102 197 10.2 19..7 

 

The increased residence time caused the biocrude yields to decrease as the biocrude would then 

decompose into smaller and lighter components, as well as gasses. This could be due to the 

relatively short reaction times of the decomposition and hydrolysis reactions that occur during the 

HTL of biomass. This improves the economic viability of continuous HTL as the lower residence 

time will allow for either a much smaller reactor volume or a significantly higher production rate 

whilst improving the biochar and biocrude yields. Thus, the optimal residence time for the 

production of biocrude from SCG was 10 minutes.  

When compared to other continuous HTL reactors, yields for both the biocrude and biochar were 

similar to that obtained by Jazrawi et al. (2013), He et al. (2016), and Pedersen et al. (2016). The 

lower biocrude yields at the increased residence time also follow the same trend reported by Yang 

et al. (2016). However, it was reported that the biochar yields remained relatively unchanged as 

the residence time was increased (Yang et al., 2016). These experiments were conducted in a 

small batch reactor where it is much simpler to recover all of the biochar. A significant advantage 

of continuous HTL method over solvent extraction is the production of a second, high-value 
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product called biochar. The residence time had an adverse effect on the biochar yields as a 

significant decrease can be seen at the higher residence times. This could be due to the increased 

fouling that occurs at lower flow rates as the higher flow rates that accompany the lower residence 

times tend to wash away these deposits. The biochar had quite good yields when compared to 

the batch results obtained by Yang et al. (2016). Although the biochar yields were quite good, 

SCG would not be recommended for the production of biochar as the desired product. This is due 

to the low lignin content in SCG as biomass with a higher lignin content would produce 

significantly more char. 

Overall both the biochar and biocrude yields were very positive at a maximum of 28.5 wt.% and 

17.7 wt.% for the biocrude and biochar, respectively. Considering the collective yields of the 

biochar and biocrude, approximately 44 wt.% of the raw SCG feedstock was converted to a high-

value product. This is significantly higher than solvent extraction, thus making continuous HTL a 

much better option. The experimental error could only be obtained for the 10-minute residence 

time due to time constraints as well as most of the repeat runs being unsuccessful due to 

blockages. 

4.4.2 HHV of the biocrude and biochar 

The biocrude also had a very high HHV. The HHV of the biocrude was not significantly affected 

by the change in residence time as the difference between the highest and lowest HHV was 

merely 0.5 MJ/kg. The highest calorific value was 37.9 MJ/kg and was produced at a residence 

time of 10 min. This is also beneficial towards the economic viability of the continuous HTL 

process as shorter residence times and thus increased flow rate, will not affect the quality of the 

biochar and biocrude product. There was a significant increase in the HHV from SCG to the 

biocrude and biochar. The HHV of the SCG feedstock was 22.6 MJ/kg. This means that the HTL 

process increased the energy density by 48.1% and 63.1% for the biochar and biocrude, 

respectively. The HHV of the biochar and biocrude produced at different residence times can be 

seen in Figure 4.4 below. 
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Figure 4.4: HHV of the biochar and biocrude (  Biochar  Biocrude) 

Although the energy content of the biocrude is very high it would need to be upgraded further as 

conventional petroleum crude oil has an HHV of 45-46 MJ/kg (Hore-Lacy, 2010). This could be 

accomplished by means of hydrotreatment, which uses a sulphided catalyst in a high-pressure 

hydrogen atmosphere to deoxygenate the biocrude and would significantly improve the HHV of 

the biocrude. The continuous HTL of SCG produced a biocrude with a higher HHV than the other 

biocrudes that were produced in a continuous HTL reactor from different strands of microalgae, 

aspen wood, manures and sewage sludge (Elliott et al., 2015; He et al., 2016; Jazrawi et al., 

2013; Pedersen et al., 2016; Prapaiwatcharapan et al., 2015).  

The HHV of the biochar increased slightly as the residence time was increased. However, it is not 

significant enough to validate the trend as it falls within the experimental error. It can thus be 

assumed that the HHV remained relatively constant and was not significantly affected by the 

change in residence time. The highest calorific value obtained was 31.1 MJ/kg at 20 minutes. 

This is significantly higher than most of the coal that is mined in South Africa which typically has 

an HHV in the range of 20-26 MJ/kg (Jeffrey, 2005). The biochar also had a significantly higher 

HHV than that of lignite at 25 MJ/kg (Liu et al., 2013). 

4.4.3 Physiochemical properties of the biocrude and biochar 

The proximate analysis of the biocrude indicated a high moisture content, even though the 

biocrude is comprised of mostly hydrophobic fatty acids. This makes the biocrude a relatively poor 

option for upgrading to renewable diesel as the moisture will first need to be removed. The water 

will accelerate the deactivation of the catalyst which will lead to poor conversion and yields as the 
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deactivated catalyst will promote cracking reactions. The energy required to dry the biocrude will 

significantly increase the costs of the process. The residence time did not have a significant effect 

on the moisture content of the biocrude. The reason for this is not yet fully understood and further 

research into this topic is required. The proximate analysis on the SCG, biocrude and biochar can 

be seen in Table 4.5 below. 

Table 4.5: Proximate analysis of the raw SCG as well as the biocrude and biochar produced at 

different residence times 

 Composition (wt.%) 

Residence time 
(min) 

Moisture Volatiles Fixed Carbon Ash 

SCG 62.9 33.1 2.97 1.09 

Biocrude     

10 26.2 65.2 8.6 0.1 

15 21.8 74.1 3.79 0.29 

20 28.8 63.4 7.42 0.40 

Biochar     

10 3.6 46.2 47.5 2.7 

15 1.1 54.8 43.22 0.88 

20 2.7 52.3 43.53 1.5 

 

The volatile content of the biocrude is expected to be very high as the biocrude consists mostly 

of fatty acids with a boiling point significantly lower than 900 °C. The composition of the biocrude 

was not significantly affected by the change in residence time from 10 min to 20 min as the 

difference in the compositions are relatively small. However, the volatile matter of the biocrude 

produced at 15 minutes was quite a bit higher. This is contradictory to what was found in literature 

as longer residence times tend to decrease the volatile matter content as more of the biocrude is 

converted to the gas phase (Liu et al., 2013; Wu et al., 2012). This could be due to the experiment 

being conducted during the colder winter times as the reactor took longer to recover from the 

initial decrease in temperature as the feedstock is introduced. The effect of the colder winter time 

could have decreased the average operating temperature for the run as much as 10 °C which 

would have an effect on the volatile matter content (Liu et al., 2013; Wu et al., 2012).Thus resulting 
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in a slightly lower average operating temperature in the reactor. Although the longer residence 

times produced biochar with a slightly higher volatile content, the proximate analysis indicated no 

significant qualitative difference between the 15 min and 20 min residence times.  

From Table 4.5 it can be seen that the biochar has a very high fixed carbon content. This is 

beneficial as the higher fixed carbon content causes the combustion temperature to increase (Liu 

et al., 2013). This allows the biochar to be mixed with the coal that is used for combustion, as a 

large difference in the combustion temperature of the volatile matter could result in different 

combustion regions (Liu et al., 2013). The biochar produced in this study had a similar proximate 

composition in terms of volatiles and fixed carbon content to the lignite used in a study performed 

by Liu et al. (2013).  

The volatile content of the biochars produced at 15 min and 20 was higher than that of lignite, 

however, the lignite had a lower fixed carbon content than all of the biochar (Liu et al., 2013). The 

ash content of the biochar was significantly lower than that of lignite. Comparing the biochar to 

the coal mined in the South African Highveld, it is seen that the fixed carbon content of the 

Highveld coal (42.2-50.1 %) is very similar to that of the continuous HTL produced biochar 

(Wagner & Hlatshwayo, 2005). However, the Highveld coal had a much lower volatile matter 

content (21.5-26.9 %) (Wagner & Hlatshwayo, 2005). The Highveld coal’s drawback is the high 

ash content (20.5-31.2 %) which is significantly higher compared to the biochar. 

4.5 Physical and chemical properties of the biochar 

4.5.1 Change in elemental composition from SCG 

The elemental analysis was completed on the raw SCG and the biochar that was produced at the 

optimal residence time. From the results seen in Table 4.6, it can be seen that the biochar has a 

significantly higher carbon content than the raw SCG. The decreased oxygen content of the 

biochar significantly improves the combustion of the biochar as a higher heteroatom content 

(sulphur, oxygen and nitrogen content) will result in a lower quality product. The effect of the 

residence time was not investigated. However, Jena et al. (2011) reported that the residence time 

had no significant effect thereon. he elemental analysis on the SCG and biochar can be seen in 

Table 4.6.  

Table 4.6: Elemental analysis on the raw SCG and the biochar produced at the optimal residence time 

 Elemental content (%) 

Sample 
Carbon 

(Determined) 
Hydrogen 

(Determined) 
Nitrogen 

(Determined) 
Rest                

(By difference) 

Raw SCG 52.1 6.98 2.25 38.67 
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Biochar (120 
L/h) 

68.75 6.02 3.79 21.44 

 

The van Krevelen diagram (Figure 4.5) is often used to compare different kerogen as well as to 

determine how far along the evolutionary path the specific kerogen is (Durand & Monin, 1980). 

The elemental analysis is used to construct the van Krevelen diagram where the Hydrogen/ 

Carbon (H/C) and Oxygen/Carbon (O/C) atomic ratios are compared (Durand & Monin, 1980). 

From Figure 4.5 it can be seen that the SCG is to the far right corner of the van Krevelen diagram. 

This indicates that is a low-rank fuel for combustion as it has a high H/C and O/C atomic ratio. 

The poor quality is further suggested by the high volatile content and very low fixed carbon content 

reported in Table 4.5. 

xx 

 

Figure 4.5: van Krevelen diagram of the raw SCG, HTL biochar and lignite (  Raw SCG biomass,   Lignite coal (Liu 
et al., 2013),   Continuous HTL biochar,   Argentinian sub-bituminous coal (Buonomo & Cukierman, 2007),   
Shenhua sub-bituminous coal (Shui et al., 2011), X Highveld coal (South Africa) (Wagner & Hlatshwayo, 2005)). 

From the van Krevelen diagram (Figure 4.5), it can be seen that the continuous HTL of the SCG 

produced a biochar product that is of a significantly higher rank than the raw SCG. The biochar 

also has much lower H/C and O/C ratios than the raw SCG biomass. According to Durand and 

Monin (1980), the lower the H/C and O/C atomic ratios the higher the rank of the coal. This 

translates to a higher carbon purity and a lower impurity content (moisture, ash and volatiles).  
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Whilst other studies reported biochars with qualities similar to that of peat and lignite (Jansen et 

al., 2016; Liu et al., 2013), the biochar produced in this study was of similar rank and elemental 

composition to sub-bituminous coal from Argentina an China (Buonomo & Cukierman, 2007; Shui 

et al., 2011). However, the coal produced in South African Highveld is of a higher rank than the 

biochar as it has a lower H/C and O/C ratio. This is mostly due to the much lower volatile matter 

content thereof. 

 

4.5.2 Absorption and adsorption properties of the biochar 

The Brunauer-Emmett-Teller (BET) and Barett-Joyner-Halenda (BJH) analyses characterise the 

total surface area and average pore size of the biochar. This gives an indication of the adsorption 

properties for use as a catalyst support or for water purification. The residence time did not have 

a significant effect on the adsorption properties of the biochar, as the results were all very low. 

The BET surface area of the biochar is low when compared to other biochars produced by means 

of hydrothermal carbonisation (HTC) (Fuertes et al., 2010; Saqib et al., 2018). However, the BET 

surface area is also very low when compared to the biochars that are produced by means of 

pyrolysis (Cha et al., 2016). These biochars typically have a BET surface area between 300-600 

m2/g.  

Table 4.7: BET analysis on the biochar produced at a residence time of 15 minutes 

Analysis Results 

BET surface area 7.651 m2/g 

Langmuir surface area 24.096 m2/g 

BJH Adsorption cumulative surface area of pores 16.746 m2/g 

BJH Desorption cumulative surface area of pores 19.751 m2/g 

BJH Adsorption cumulative volume of pores 0.154 cm3/g 

BJH Desorption cumulative volume of pores 0.155 cm3/g 

Median pore width 13.280 nm 

 

This makes the HTL produced biochar a poor option for adsorption purposes. The poor adsorption 

properties of the biochars are due to the fact that the biochars produced by HTL are considered 

to be transition chars. This means that the pores in the biochar are not fully formed as the HTL 

conditions are not optimal for the proper development thereof. The pore volume and median pore 
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diameter was, however, slightly greater than the HTC biochars produced from sewage sludge 

and similar to that of biochars produced by means of pyrolysis from seagrass (Posidonia 

oceanica) (Cha et al., 2016) 

 

 

4.6 Characterisation of the aqueous phase 

The aqueous phase is also an important product as it contains chemicals that are of significant 

importance to the pharmaceutical industry. The aqueous phase could also serve as a growth 

medium for anaerobic digestion. Thus understanding the qualitative aspects of the aqueous 

phase is of significant importance. The Total Organic Carbon (TOC) concentration and Total 

Nitrogen Concentration (TNC) in the aqueous phase, as shown in Table 4.8, are important 

indications for use in anaerobic fermentation. 

Table 4.8: TOC and TNC concentration in the aqueous phase 

Residence time 
(min) 

TOC (mg/L) TNC (mg/L) 

10 8286 320 

15 8836 280 

20 8898 360 

 

Both the TOC and TNC concentrations were not significantly affected by the change in residence 

time. This indicates that the aqueous phase was saturated at this biomass loading, as the 

decrease in yields at longer residence times did not translate into a significant increase in the 

TOC or TNC. The TOC concentration in the aqueous phase was significantly lower than most of 

the aqueous phases produced by the HTL of different algae strands (Biller et al., 2012). The TOC 

reported by Biller et al. (2012) was between 11000-15000 mg/L. However, the TOC is still 

relatively high, which makes the aqueous phase produced by the HTL of SCG a viable feedstock 

for the mixotrophic growth of certain species of bacteria. The COD results of the aqueous phase 

can be seen in Figure 4.6. 
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Figure 4.6: COD of the aqueous phase from the HTL of SCG 

 

The COD is a measure of the oxygen required to oxidise the organic carbon in the aqueous phase 

into H2O and CO2. The COD is then used in conjunction with the TOC to determine how well the 

microorganisms will grow therein. As with the TOC and TNC, the change in residence time did 

not have a significant impact on the COD. However, this is not conclusive as the difference 

between the shortest and longest residence time was not enough. Gerba and Pepper (2009) 

reported that the COD decreased as the residence time increased the COD would decrease. 

However, the COD significantly decreased after 20 min (Gerba & Pepper, 2009). Thus, the 

residence times used in this study would need to be increased significantly in order to obtain more 

conclusive results. 

4.7 Characterisation of the gas phase 

Due to the nature of the reactor, the compositional analysis of the gas phase was difficult. As both 

the product and feed tanks are pressurised with high-pressure N2 cylinders, any gas phase 

products that are produced in the reactor becomes very diluted. Using a peristaltic pump to 

increase the pressure would solve this issue and allow for more accurate and representative 

results. The gas samples were collected in pre-vacuumed gas sampling bags at different intervals 

of the run. These intervals were spaced evenly throughout the run to determine how the gas 

phase composition reacted during the run and how the different residence times affect the 

production and composition thereof. The results are presented in Table 4.7.  
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Table 4.9: GC analysis of the gas phase produced at a residence time of 10 min 

 Area (%) 

Component 
Sample 1 (10 

min) 
Sample 2 (20 

min) 
Sample 3 (30 

min) 
Sample 4 (40 

min) 

FID     

Methane 0.000 0.004 0.004 0.002 

Carbon Monoxide 0.006 0.026 0.022 0.008 

Carbon Dioxide 0.041 0.127 0.124 0.07 

Ethylene 0.000 0.002 0.002 0.001 

Ethane 0.000 0.000 0.000 0.000 

Propane 0.004 0.002 0.001 0.001 

TCD     

Hydrogen 0.002 0.011 0.015 0.006 

Oxygen 0.861 0.763 0.934 0.935 

Carbon Dioxide 0.216 0.978 1.070 0.590 

Nitrogen 90.622 96.653 97.977 99.716 

 

From Table 4.9 it can be seen that the three main components in the gas phase are N2, CO and 

CO2. The formation of CO and CO2 is indicative of the decarboxylation and decarbonylation 

reactions that occur during the HTL of biomass, as these reactions remove the oxygen in the 

biomass. Very small amounts of methane, ethylene, propane and hydrogen were detected, but 

the obtained values fall outside the detection limit of the TCD and FID. Although the FID detector 

was coupled with a methanizer which enabled the CO and CO2 to be measured far more 

accurately, the GC analyses of the gas phase can only be used as a qualitative representation of 

the gas phase. 
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Chapter 5: Continuous hydrotreatment 

results and discussion 

5.1 Introduction 

The hydrotreatment of SCG derived oils was studies and the results of these experiments are 

presented and discussed in detail in this chapter. The boiling point distribution of the renewable 

diesel product obtained from the simulated distillation curves will be discussed, as well as the 

optimal temperature for both the bio-oil and biocrude. The optimal temperature refers to the 

temperature at which the highest diesel fraction was obtained.  

The composition of the renewable diesel is also discussed, where after the qualitative properties 

will be compared to each other and the SANS 342 standard for diesel fuel. This is important as it 

is the minimum requirements that need to be met in order to be viable for commercial use in South 

Africa. The effect of temperature on the yields was not determined as the equipment used and 

the small sample sizes resulted in significant losses. This resulted in highly inconsistent and 

inaccurate yields. Therefore, the renewable diesel products are only compared and discussed on 

the qualitative properties thereof. 

5.2 Characterisation of the renewable diesel products 

5.2.1 Boiling point distribution at the optimal temperature 

The simulated distillation curves are a visual representation of the composition of the renewable 

diesel is obtained. It is also a good indication of the deoxygenation pathway selectivity and 

catalytic activity of the catalyst as the sharper the “S” shape in the temperature range of 240-370 

°C is, the less decarbonylation/decarboxylation and cracking reactions have occurred. A lower 

gradient in the initial phase of the simulated distillation curves indicates the formation of lighter 

components in the renewable diesel product. This is due to lower catalyst activity as more 

cracking, cyclisation or aromatization reactions have occurred. This is due to poisoning of the 

catalyst from the oxidation of active sites on the catalyst and/or coke formation. This is detrimental 

as the renewable diesel will have a lower diesel content. The simulated distillation curves of the 

respective renewable diesel products can be seen in Figure 5.1 below. 
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Figure 5.1: Simulated distillation curves of the renewable diesel produced from the different feedstocks, (  Extracted 
bio-oil renewable diesel,  HTL biocrude renewable diesel)    

From Figure 5.1it can be seen that the simulated distillation curves of the extracted bio-oil 

renewable diesel and the HTL biocrude renewable diesel are quite similar. Both have a sharp “S” 

shape indicating that the catalyst performed well, as very little of the sample was recovered below 

or above 180 °C and 360 °C, respectively. It can also be seen that a significant amount of the 

product has a boiling point within the diesel range. However, from the simulated distillation curve 

of the HTL biocrude diesel product, it can be seen that a higher percentage was recovered at 316 

°C than that of the extracted bio-oil. This indicates that a larger fraction of C15 and C17 was 

produced as a result of the increased decarbonylation/decarboxylation reactions. This is due to 

the significantly higher rate of catalytic deactivation that was observed with the HTL biocrude. 

This is as a result of coke formation, which significantly decreases catalyst activity as it blocks the 

active sites on the catalyst (Dufresne, 2007). 

The HTL biocrude would cause significant coking in the reactor in a relatively short time. The 

severe coking would greatly restrict the flow through the reactor after approximately 12 hours. 

This was observed as the pressure drop over the packed bed reactor would exceed 10 bar. 

Although the HTL biocrude was diluted with acetone (C3H6O), which could have contributed to 

the rapid deactivation, earlier attempts to pump the non-diluted HTL biocrude failed very early 

into the run. Thus, the HTL biocrude would not be a good option for upgrading to renewable diesel 

as it is difficult to handle, has a high water content and causes significant coking. 

On the other hand, the extracted bio-oil was much easier to work with and had a lower water 

content. It also had a significantly lower catalytic deactivation rate, as the catalyst was still 

performing well after 3 days of continuous operation. 
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Also, from Figure 5.1 it can be seen that the simulated distillation curve showed that the extracted 

bio-oil produced a better product, as a larger part of the curve falls within the boiling point range 

for diesel. However, both of the renewable diesel products pass the minimum requirements SANS 

342 standard, as the percentage recovered at 250 °C was significantly lower than the maximum 

of 65 %. The maximum temperature at which 90 % of the renewable diesel is recovered 

(approximately 312 °C) was also significantly lower than the SANS 342 standard of 362 °C. 

The results obtained in this study was comparable to the batch hydrotreatment of SCG oil by 

Phimsen et al. (2016). However, a much higher recovery below 200 ° was obtained as batch 

reactors typically yield lighter components due to an increase in cracking. Soybean oil was also 

hydrotreated by means of a NiMo/Al2O3 catalyst where the renewable diesel product had a very 

similar distillation profile to that obtained in this study (Veriansyah et al., 2012) 

5.2.2 Comparison of the renewable diesel product quality 

The first step towards the successful commercial implementation of a product is ensuring that it 

complies with the qualitative requirements of the relevant standard. The renewable diesel 

products were thoroughly analysed to determine which feedstock yielded the highest quality 

product. The qualitative properties of the renewable diesel products that were produced at the 

optimal temperature are summarised in Table 5.1 below.  
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Table 5.1: Qualitative properties of the renewable diesel products 

  Feedstock  

Properties Units Extracted bio-
oil 

HTL biocrude SANS 342 

Optimal temperature  °C 390 390 - 

Density at 20 °C  kg/L 0.798 ± 0.0007 0.819 0.800, min. 

HHV  MJ/kg 46.54 ± 0.24 45.73 - 

Flash point  °C 56.2 ± 7 61.7 55, min. 

Water content  ppm 309.1 ± 72.1 253 350, min. 

Viscosity at 40 °C  cSt 3.576 ± 0.29 4.426 2.2-5.3 

Oxidative stability  hr >12 >12 -. 

C17/C18 % 0.39 ± 0.1 0.73 - 

C15/C16 % 0.36 ± 0.1 0.66 - 

 

From Table 5.1 it can be seen that the continuous hydrotreatment of the different feed oils 

produced good quality renewable diesel products. However, the extracted bio-oil produced 

renewable diesel is of slightly better quality as it had a slightly better HHV. The HHV of both 

renewable diesel products showed a significant increase from the feed oils. The significant 

increase in the HHV is due to the deoxygenation of the feed oils, as this allows for the combustion 

of more carbon and hydrogen atoms.  

To determine whether the renewable diesel produced by the feed oils could be used in a 

commercial application, it needs to adhere to the requirements set forth by the SABS in the SANS 

342 standard. Both feed oils produced a renewable diesel product which adhered to the density, 

flash point and viscosity requirements. The oxidative stability did not reach the conductivity limit 

after 12 hours at 110 °C. The renewable diesel thus has a high oxidative stability which is 

expected due to the high concentration of alkanes. However, the water content of the extracted 

bio-oil produced renewable diesel was just over the limit. A slight difference in the viscosity was 

observed for the two renewable diesel products, however, both were well within the required 

range. Phimsen et al. (2016) obtained similar results from the batch hydrotreatment of SCG, 

however, the density and viscosity of the renewable diesel were slightly lower. 
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The C15/C16 and C17/C18 ratios for both renewable diesel products were less than one. This 

indicates that hydrodeoxygenation was the dominant deoxygenation pathway as 

decarbonylation/decarboxylation deoxygenation reactions result in the loss of carbon atoms due 

to CO and CO2 formation. The HTL biocrude did, however, produce significantly more C15 and 

C17 alkanes as the ratio was much closer to one. This is due to the rapid decrease in catalyst 

activity as a result of the moisture which was still present on the HTL biocrude. Phimsen et al. 

(2016) reported that the decarbonylation/decarboxylation reactions were dominant. However, this 

is again as a result of the batch conditions as lower H2:oil ratios are maintained which result in a 

lower selectivity towards the hydrodeoxygenation reaction pathway. 

One of the biggest hurdles for the commercial implementation of renewable diesel is the poor cold 

flow properties. This was also observed as the samples would freeze solid inside the refrigerator 

which was operated at 4 °C. Although the cloud point was not determined, the renewable diesel 

samples still had a relatively high cloud point. This is due to the high long-chain alkane content, 

which is typical of renewable diesel. However, isomerisation reactions or blending with petroleum-

derived diesel could alleviate this issue, as it will lower the melting point significantly (Kovács et 

al., 2011; Patel & Kumar, 2016). 

5.3 Effect of temperature 

5.3.1 Diesel fraction 

The hydrotreatment of the HTL biocrude and extracted bio-oil over the NiMo/Al2O3 catalyst yielded 

a very high diesel fraction for both feed oils. From Figure 5.2 it can be seen that the diesel fraction 

was above 90 % for almost all of the temperatures. This is expected, as continuous 

hydrotreatment reactors have shown conversions higher than 99 %. As can be seen in Figure 

5.2, an increase in temperature resulted in an increase of the diesel fraction. This is due to the 

increased performance of the catalyst at higher temperatures.  

It can also be seen that the extracted bio-oil performed slightly better across the temperature 

range than the HTL biocrude. However, both of the feed oils performed optimally at 390 °C where 

the diesel fraction was nearly identical. This further substantiates the fact that the catalyst 

performs better at higher temperatures. The increasing trend in the diesel fraction suggests that 

390 °C might not be the true optimal operating temperature of the catalysts. According to Chen 

et al. (2013) and Kim et al. (2013), some catalysts have an optimal operating temperature above 

390 °C. 
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Figure 5.2: Diesel fraction at different temperatures (  Extracted bio-oil,  HTL biocrude) 

Comparing the results obtained from the continuous hydrotreatment of the extracted oil to that of 

the batch experiments obtained by Phimsen et al. (2016), the continuous method had a much 

higher conversion at lower temperatures. The gasoline fraction in the continuous product is also 

significantly lower, resulting in a higher quality renewable diesel product. The higher 

temperatures, however, could further aggravate the coke formation during the hydrotreatment of 

the HTL biocrude. 

5.3.2 Alkane composition 

The alkane composition of the different renewable diesel products, at the different temperatures 

investigated, can be seen in Figure 5.3 and Figure 5.4. The feed oils reacted similarly to an 

increase in temperature, with the higher temperatures favouring the hydrodeoxygenation reaction 

pathway. However, the HTL biocrude produced renewable diesel had a higher C15/C16 and C17/C18 

ratio, compared to the extracted bio-oil produced renewable diesel. This indicates that the 

decarbonylation/decarboxylation reaction pathways were more dominant for the HTL biocrude. 

This could be due to the compositional differences between the two feed oils, as different feed 

oils react very differently at the same conditions. Another possibility could be that the catalyst 

activity was decreased slightly due to some moisture still present in the HTL biocrude after the 

drying step.  
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Figure 5.3: Effect of temperature on the component fraction of the extracted bio-oil produced renewable diesel (   
C15 alkane fraction,   C16 alkane fraction,   C17 alkane fraction,   C18 alkane fraction,   Total alkane fraction) 

 

 

 

Figure 5.4: Effect of temperature on the component fraction of the HTL biocrude produced renewable diesel (   C15 
alkane fraction,   C16 alkane fraction,   C17 alkane fraction,   C18 alkane fraction,   Total alkane fraction) 
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The hydrodeoxygenation reaction pathway was dominant at all of the temperatures that were 

investigated with the extracted bio-oil as seen in Figure 5.3 However, for the HTL biocrude, the 

decarbonylation and decarboxylation reaction pathways were dominant at 350 °C and 360 °C. 

Both of the feed oils reacted abnormally as the catalytic selectivity increasingly favoured the 

hydrodeoxygenation reaction pathway at higher temperatures. This can be seen from the higher 

C16 and C18 fraction as the temperature was increased from 350 °C to 390 °C. This is abnormal 

as catalyst selectivity tends to decrease as the temperature is increased (Bezergianni et al., 2010; 

Phimsen et al., 2016). 

However, a study conducted by Coumans and Hensen (2017) on the hydrotreatment of oleic acid 

in a fixed bed reactor, reported that the C18 fraction increased as the catalyst was left on stream 

for a longer duration. This is due to secondary esterification reactions which occur during the 

hydrotreatment of the oleic acid. This could have been due to the decrease in catalyst activity 

which resulted in a decrease of the secondary esterification reactions. The fatty acid esters 

favoured the decarbonylation/decarboxylation deoxygenation reactions resulting in the formation 

of C15 and C17 hydrocarbons. This could explain the increasing selectivity towards the production 

of C16 and C18 as the 350 °C and 390 °C samples were taken approximately 16 hours apart. The 

alkane composition of the renewable diesel products can be seen in Figure 5.5 below. 

 

Figure 5.5: Component fraction of the renewable diesel products produced from the respective feed oils at the 
optimal temperature (390 °C). (   C15 alkane fraction,   C16 alkane fraction,   C17 alkane fraction,   C18 alkane 

fraction,   Total alkane fraction) 

From Figure 5.5 it can be seen that the extracted bio-oil produced renewable diesel has a much 

higher C16 and C18 fraction than the HTL biocrude produced renewable diesel. This indicates that 
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the catalyst selectivity towards the hydrodeoxygenation reaction pathway was much higher for 

the extracted bio-oil, at the optimal temperature of 390 °C. However, both renewable diesel 

products had similar total alkane fractions (between 96 % - 97 %). Thus, the extracted bio-oil 

performed better with the NiMo catalyst, as less of the feed mass was lost as results of 

decarbonylation/decarboxylation reactions caused by the lower catalytic selectivity in the 

hydrotreatment of the HTL biocrude. 
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Chapter 6: Conclusions and 

recommendations  

6.1 Introduction 

This chapter will cover the conclusions derived from the results obtained in this study. The 

conclusions will highlight whether the complicated and expensive continuous HTL process is 

better than the extractive method by looking at the start to finish production of renewable diesel 

from the raw SCG. A brief  

6.2 Conclusion 

The focus of this study was to determine whether low-value SCG could be used in a continuous 

HTL pilot plant for the production of a biocrude, which would then be upgraded to a high-value 

product by means of continuous hydrotreatment. Furthermore, it had to be determined whether a 

renewable diesel product, compliant with the minimum requirements for commercial diesel (SANS 

342), could be produced. The continuous HTL process was compared to the extractive method 

to determine the best process for producing a feed oil, which could subsequently be upgraded in 

a continuous hydrotreatment reactor to renewable diesel. The feed oils were then upgraded in a 

continuous flow packed bed reactor over a sulphided NiMo/Al2O3 catalyst, designed for the 

hydrotreatment of bio-oil feeds. The renewable diesel products were then analysed to determine 

which feed oil would produce the highest quality product.  

Comparatively, the HTL biocrude yield was substantially higher than the extracted bio-oil at 28.5 

wt.% ± 4.7 and 11.7 wt.% ± 0.2 respectively. However, the much higher moisture content in the 

HTL biocrude meant that it would need intensive drying before upgrading it to renewable diesel. 

This is imperative, as the moisture would rapidly deactivate the sulphided NiMo/Al2O3 catalyst. 

The extracted bio-oil also had a slightly higher HHV and oxidative stability than the HTL biocrude. 

The extracted bio-oil was much simpler to work with as it was fluid at room temperature and 

therefore did not need to be diluted with acetone. Both products saw a substantial increase in 

HHV from the raw SCG biomass.  

The optimal conditions for the continuous HTL were first determined where the biomass loading 

(3-5 vol.%) and residence time (10-20 min) was varied. The results indicated that the optimal 

conditions for the continuous HTL pilot plant were a 3 vol.% biomass loading and 10-minute 

residence time. The biomass loading was however very low compared to other studies. The 

results indicated that the residence time did not have a significant impact on the quality of the 
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biocrude and biochar products. However, it greatly influenced the yields, as the longer residence 

times resulted in lower yields, consistent with the results obtained by Yang et al. (2016). 

The highest yields were obtained at the lowest residence time (15.2 wt.% ± 6.8 and 28.5 wt.% ± 

4.7 for the biochar and biocrude, respectively). The yields are comparable to that obtained by 

other studies, however, the quality of the biochar and biocrude was very high. The biochar had a 

much higher HHV than the higher rank South African Highveld mined sub-bituminous coal, it was 

also of similar rank to sub-bituminous coal from China and Argentina, as seen in the van Krevelen 

diagram (Figure 4.5) (Buonomo & Cukierman, 2007; Shui et al., 2011; Wagner & Hlatshwayo, 

2005).  

Hydrotreating the feed oils produced renewable diesel products with very high diesel fraction The 

conversion from the catalyst was very high for both oils, as the simulated distillation curves 

indicated diesel fractions of approximately 98%.at the optimal temperatures The HHV of the 

renewable diesel saw a substantial increase from 39.2 MJ/kg and 37.0 ± 1.8 MJ/kg to 46.54 ± 

0.24 MJ/kg and 45.73 MJ/kg for the extracted bio-oil and HTL biocrude respectively. The quality 

of the renewable diesel did not differ significantly with both complying a majority of the SANS 342 

standard’s quality guidelines. However, the renewable diesel produced from the extracted bio-oil 

was slightly above the maximum allowed water content. As expected, the renewable diesel had 

poor cloud point properties due to the high melting point of the long chain alkanes (Kovács et al., 

2011).  

The effect of temperature on the hydrotreatment of feed oils was also studied. The HTL biocrude 

and extracted bio-oil reacted similarly where higher temperatures resulted in an increase in the 

alkane fractions. This follows the general trend as catalysts tend to perform better at higher 

temperatures. The composition of the alkane fraction was also studied where the higher 

temperature yielded higher C16 and C18 fractions. This is contradictory to what is usually observed 

when using other types of bio-oil. However, this could have been due to the decrease in catalyst 

activity which resulted in the decrease of secondary esterification reactions which favoured the 

decarbonylation/decarboxylation deoxygenation reactions and thus the formation of C15 and C17 

hydrocarbons.  

Overall the continuous HTL appears to be the better option, as it had a much higher biocrude 

yield with similar qualitative properties as the extracted bio-oil while simultaneously producing a 

second high-value product. The renewable diesel produced from the biocrude is also of similar 

quality than that of the extracted bio-oil. However, as the biocrude had to be diluted with acetone, 

the yields would be lower as the acetone would not contribute to the production of renewable 

diesel. The biocrude was also more difficult to handle, rapidly deactivated the NiMo/Al2O3 catalyst 

and required intensive drying before it could be hydrotreated.  
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Both feed oils thus had benefits and disadvantages, but the main aim of this study was to 

determine whether continuous HTL could be used in conjunction with continuous hydrotreatment 

to produce a high-quality renewable diesel product from a low-value waste product. Therefore, it 

can be concluded from the results in this study that it is possible to produce high-quality renewable 

diesel from raw SCG by means of continuous HTL and continuous hydrotreatment.  

The commercial viability of HTL can be improved by the continuous application thereof as much 

higher production rates can be obtained. However, there are reasons for the hesitance towards 

adopting continuous HTL for commercial use. The high pressure and temperature as well as the 

very low biomass loadings, which in turn result in very low yields per kg of slurry, make HTL an 

uneconomical option for the production of renewable diesel from SCG. The very high capital cost 

is attributed to the high operating conditions of the HTL process as well as the acidic nature of 

the product stream as it necessitates the use of expensive materials such as 316 stainless steel. 

Thus, the low overall yields obtained from the research conducted on pilot and bench scale 

reactors coupled with the high capital and operating cost makes commercialising HTL a risky 

investment. Future research towards decreasing the cost of HTL is thus required in order to 

increase the viability of a commercial size continuous HTL plant. 
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Appendix A : Experimental data 

A.1.1 Reactor temperature profiles 

A.1.1.1 Residence time: 10 min 

 

Figure 6.1: Reactor temperature profile operating at a flow rate of 120 L/h (  HTO,  Reactor outlet,  Pre-heater 
outlet) 
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A.1.1.2 Residence time: 15 min 

 

Figure 6.2: Reactor temperature profile operating at a flow rate of 90 L/h (  HTO,  Reactor outlet,  Pre-heater 
outlet) 

A.1.1.3 Residence time: 20 min 

 

Figure 6.3: Reactor temperature profile operating at a flow rate of 60 L/h (  HTO,  Reactor outlet,  Pre-heater 
outlet) 
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A.1.2 Continuous HTL Yields 

A.1.2.1 Biochar yields 

Table 6.1: Biochar yields and error calculations 

  Residence time (min) 

Biochar Yield (g) 10 15 20 

Run 1 270.6 209 224.4 

Run 2 389.4 - - 

Run 3 343.2 - - 

Avg. 334.4 - - 

Stdev. 48.89744 - - 

Error (±) 121.5 - - 

Error (%) 36.3 - - 

 

Table 6.2: Biochar yields and error calculations 

  Residence time (min) 

Biochar Yield (%) 10 15 20 

Run 1 12.3 9.5 10.2 

Run 2 17.7 - - 

Run 3 15.6 - - 

Avg. 15.2 - - 

Stdev. 2.7 - - 

Error (±) 6.8 - - 

Error (%) 44.5 - - 

 

A.1.3 Biocrude yields 

Table 6.3: Biocrude yields and error calculations 

  Residence time (min) 
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Biochar Yield (g) 10 15 20 

Run 1 587.4 532.4 433.4 

Run 2 666.6 - - 

Run 3 651.2 - - 

Avg. 635.1 - - 

Stdev. 34.3 - - 

Error (±) 85.2 - - 

Error (%) 13.4 - - 

 

 

 

Table 6.4: Biocrude yields and error calculations 

  Residence time (min) 

Biochar Yield (%) 10 15 20 

Run 1 26.7 24.2 19.7 

Run 2 30.3 - - 

Run 3 29.6 - - 

Avg. 28.9 - - 

Stdev. 1.6 - - 

Error (±) 3.9 - - 

Error (%) 13.4 - - 

 

A.1.4 HHV 

A.1.4.1 Biochar 

Table 6.5: Biochar HHV with error calculations 

  Residence time (min) 
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Biochar HHV 
(MJ/kg) 

10 15 20 

Run 1 29.7 30.28 31.11 

Run 2 32.26 - - 

Run 3 29.8 - - 

Avg. 30.6 - - 

Stdev. 1.2 - - 

Error (±) 2.9 - - 

Error (%) 9.6 - - 

 

 

A.1.4.2 Biocrude 

Table 6.6: Biocrude HHV with error calculations 

  Residence time (min) 

Biocrude HHV 
(MJ/kg) 

10 15 20 

Run 1 37.91 37.37 37.46 

Run 2 36.1 - - 

Run 3 37.46 - - 

Avg. 37.2 - - 

Stdev. 0.8 - - 

Error (±) 1.9 - - 

Error (%) 5.1 - - 

 

A.1.4.3 Renewable diesel 

Table 6.7: Renewable diesel HHV with error calculations 

 Feed oil 
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Renewable diesel 
HHV (MJ/kg) 

Bio-oil HTL biocrude 

Run 1 46.59 45.73 

Run 2 46.63 - 

Run 3 46.41 - 

avg 46.5 - 

stdev 0.1 - 

error (MJ/kg) 0.2 - 

error (%) 0.5 - 
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A.1.5 Proximate analysis 

A.1.5.1 Biochar and SCG 

Table 6.8: Proximate analysis of the biochar at different residence times with calculations 

Content Residence 
time (min) 

Crucible + lid 
(g) 

Sample 
weight (g) 

Total (g) After moisture 
(g) 

Moisture 
removed (g) 

Moisture 
content (%) 

Before 
volatiles (g) 

Biochar 10 27.446 1.085 28.531 28.515 0.016 1.5 28.515 

Biochar 15 28.638 1.025 29.663 29.652 0.011 1.1 29.652 

Biochar 20 39.175 1.066 40.241 40.212 0.029 2.7 40.212 

SCG - 39.76 1.01 40.77 40.135 0.635 62.9 40.135 

 

After volatiles 
(g) 

Volatiles (g) Volatile 
content (%) 

After ashing 
(g) 

Fixed carbon 
weight (g) 

Fixed carbon 
content (%) 

Ash weight 
(g) 

Ash Content 
(%) 

27.953 0.562 51.8 27.46 0.493 45.44 0.014 1.29 

29.09 0.562 54.8 28.647 0.443 43.22 0.009 0.88 

39.655 0.557 52.3 39.191 0.464 43.53 0.016 1.50 

39.801 0.334 33.1 39.771 0.03 2.97 0.011 1.09 
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A.1.5.2 Biocrude 

Table 6.9: Proximate analysis of the biocrude at different residence times with calculations 

Content Residence 
time (min) 

Crucible + lid 
(g) 

Sample 
weight (g) 

Total (g) After moisture 
(g) 

Moisture 
removed (g) 

Moisture 
content (%) 

Before 
volatiles (g) 

Biocrude 10 40.144 1.016 41.16 40.894 0.266 26.2 40.894 

Biocrude 15 42.261 1.028 43.289 43.065 0.224 21.8 43.065 

Biocrude 20 39.767 1.011 40.778 40.487 0.291 28.8 40.487 

 

After volatiles 
(g) 

Volatiles (g) Volatile 
content (%) 

After ashing 
(g) 

Fixed carbon 
weight (g) 

Fixed carbon 
content (%) 

Ash weight 
(g) 

Ash Content 
(%) 

40.232 0.662 65.2 40.145 0.087 8.56 0.001 0.10 

42.303 0.762 74.1 42.264 0.039 3.79 0.003 0.29 

39.846 0.641 63.4 39.771 0.075 7.42 0.004 0.40 
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A.1.6 Elemental analysis 

 Elemental content (%) 

Sample 
Carbon 

(Determined) 
Hydrogen 

(Determined) 
Nitrogen 

(Determined) 
Rest                

(By difference) 

Raw SCG 52.1 6.98 2.25 38.67 

Biochar: Run 1 
(120 L/h) 

67.70 5.57 4.25 22.48 

Biochar: Run 2 
(120 L/h) 

69.80 6.47 3.33 20.40 

 

A.1.7 BET analysis on the biochar 

Table 6.10: BET analysis of the biochar at different residence times 

 Residence time (min)  

BET analysis 10 15 20 Units 

BET surface area 0.484 7.651 6.369 m²/g 

Langmuir surface area 2.864 24.096 22.080 m²/g 

BJH Adsorption cumulative surface area of pores 1.350 16.746 14.363 m²/g 

BJH Desorption cumulative surface area of pores 1.645 19.751 17.443 m²/g 

BJH Adsorption cumulative volume of pores 0.005 0.154 0.138 cm³/g 

BJH Desorption cumulative volume of pores 0.005 0.155 0.141 cm³/g 

Median pore width 15.228 13.280 12.767 Nm 

 

A.1.8 Aqueous phase 

A.1.8.1 COD 

Table 6.11: COD analysis of the aqueous phase at different residence times with calculations 

  Residence time (min) 
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COD (mg/L) 10 15 20 

Run 1 27900 26095 23272 

Run 2 20091 - - 

Run 3 20546 - - 

Avg. 22846 - - 

Stdev. 3579 - - 

Error (±) 8891 - - 

Error (%) 39 - - 

A.1.9 Continuous HTL gas GC results 

Table 6.12: Continuous HTL gas analyses at different residence times 

 Residence time (min) 

Gas composition (%) 10 15 20 

FID    

FID_CH4 0 0.0039 0.0036 

FID_CO 0.0059 0.0257 0.0219 

FID_CO2 0.0409 0.1274 0.1241 

FID_ethylene 0 0.0017 0.0018 

FID_ethane 0 0 0 

FID_propane 0.0039 0.0024 0.0013 

TCD 2    

TCD_H2 0.002 0.011 0.0151 

TCD 1    

TCD_O2 0.8608 0.763 0.9342 

TCD_N2 90.6217 96.653 97.9771 

TCD_CO2 0.2155 0.9783 1.0703 

Total (%) 91.75 98.57 100.15 
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A.1.10 Extracted bio-oil yields 

Table 6.13: Extracted bio-oil yields with error calculations 

 Extracted bio-oil(g) Extracted bio-oil (%) 

Run 1 59.2 11.84 

Run 2 59.4 11.88 

Run 3 58.1 11.62 

Run 4 57.8 11.56 

Run 5 58.8 11.76 

Run 6 53.3 10.66 

Run 7 53.6 10.72 

Run 8 52.8 10.56 

Run 9 52.9 10.58 

Run 10 53 10.6 

Avg 55.9 11.2 

Stdev 2.8 0.6 

Error (g) 2.0 0.4 

Error (%) 3.6 3.6 
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A.1.11 Simulated distillation curves 

A.1.11.1 Extracted bio-oil: Run 1 – 350 °C 

 

Figure 6.4: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 1 – 350 °C 

A.1.11.2 Extracted bio-oil: Run 1 – 360 °C 

 

Figure 6.5: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 1 – 360 °C 



88 

A.1.11.3 Extracted bio-oil: Run 1 – 370 °C 

 

Figure 6.6: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 1 – 370 °C 

 

A.1.11.4 Extracted bio-oil: Run 1 – 380 °C 

 

Figure 6.7: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 1 – 380 °C 
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A.1.11.5 Extracted bio-oil: Run 1 – 390 °C 

 

Figure 6.8: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 1 – 390 °C 

A.1.11.6 Extracted bio-oil: Run 2 – 350 °C 

 

Figure 6.9: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 2 – 350 °C 
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A.1.11.7 Extracted bio-oil: Run 2 – 360 °C 

 

Figure 6.10: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 2 – 360 °C 

A.1.11.8 Extracted bio-oil: Run 2 – 370 °C 

 

Figure 6.11: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 2 – 370 °C 
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A.1.11.9 Extracted bio-oil: Run 2 – 380 °C 

 

Figure 6.12: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 2 – 380 °C 

A.1.11.10 Extracted bio-oil: Run 2 – 390 °C 

 

Figure 6.13: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 2 – 390 °C 



92 

A.1.11.11 Extracted bio-oil: Run 3 – 350 °C 

 

Figure 6.14: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 3 – 350 °C 

A.1.11.12 Extracted bio-oil: Run 3 – 360 °C 

 

Figure 6.15: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 3 – 360 °C 
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A.1.11.13 Extracted bio-oil: Run 3 – 370 °C 

 

Figure 6.16: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 3 – 370 °C 

A.1.11.14 Extracted bio-oil: Run 3 – 380 °C 

 

Figure 6.17: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 3 – 380 °C 
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A.1.11.15 Extracted bio-oil: Run 3 – 390 °C 

 

Figure 6.18: Simulated distillation curve of the renewable diesel produced from the extracted bio-oil: Run 3 – 390 °C 

A.1.11.16 HTL biocrude: Run 1 – 350 °C 

 

Figure 6.19: Simulated distillation curve of the renewable diesel produced from the HTL biocrude: Run 1 – 350 °C 
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A.1.11.17 HTL biocrude: Run 1 – 360 °C 

 

Figure 6.20: Simulated distillation curve of the renewable diesel produced from the HTL biocrude: Run 1 – 360 °C 

A.1.11.18 HTL biocrude: Run 1 – 370 °C 

 

Figure 6.21: Simulated distillation curve of the renewable diesel produced from the HTL biocrude: Run 1 – 370 °C 
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A.1.11.19 HTL biocrude: Run 1 – 380 °C 

 

Figure 6.22: Simulated distillation curve of the renewable diesel produced from the HTL biocrude: Run 1 – 380 °C 

A.1.11.20 HTL biocrude: Run 1 – 390 °C 

 

Figure 6.23: Simulated distillation curve of the renewable diesel produced from the HTL biocrude: Run 1 – 390 °C 
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A.1.12 Renewable diesel density and viscosity 

 

A.1.13 Renewable diesel flash point 

Table 6.14: Renewable diesel flashpoint with error calculations 

 Feed oil 

Flash Point (°C) Extracted bio-
oil 

HTL biocrude 

Run 1 53.8 61.7 

Run 2 57  

Run 3 60.1  

Avg. 57  

Stdev 2.57  

Error (°C) 6.4  

Error (%) 11.2  

 

  

Feed oil Density at 20 °C (Kg/L) Viscosity at 40 °C (cSt) 

Extracted bio-oil: Run 1 0.7983 3.4674 

Extracted bio-oil: Run 2 0.7983 3.5247 

Extracted bio-oil: Run 3 0.7977 3.7344 

HTL Biocrude 0.8188 4.4259 
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A.1.14 Renewable diesel moisture content 

Table 6.15: Renewable diesel moisture content with error calculations 

 Feed oil 

Moisture Content 
(ppm) 

Extracted bio-
oil 

HTL biocrude 

Run 1 285.6 253 

Run 2 296  

Run 3 312  

Avg. 298  

Stdev 11  

Error (ppm) 27  

Error (%) 9  

 

A.1.15 Renewable diesel oxidative stability 

Table 6.16: Renewable diesel oxidative stability 

 Feed oil 

Oxidative stability @ 
110.5 °C (hr) 

Extracted bio-
oil 

HTL biocrude 

Run 1 >12 >12 

Run 2 >12  

Run 3 >12  

 


