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ABSTRACT 

The escalating global challenge of managing unmanaged fecal sludge (250-300 million tonnes/year) and 

organic solid waste (600-700 million tonnes/year) necessitates innovative and sustainable waste-to-energy 

solutions. Hydrothermal liquefaction (HTL) of FS & OSW to produce biocrude has been seen as a double-

edged sword to substitute fossil fuel and address the issues relating to unmanaged waste (GHG emission, 

global warming, climate change). Through this study, an approach was taken to improve the biocrude 

production and enhance the biocrude quality by introducing a two-stage heating in HTL of FS and OSW 

separately. Four different runs were comprised in this study where one run was in conventional one stage, 

at 320 ◦C for 60 min. In terms of the other three runs, in the first stage, 100, 200, and 300 ◦C were retained 

for 30 min respectively and the second stage was conducted at 320 ◦C for 30 min. Results indicate a 

substantial improvement in biocrude yield of 15% &18% through two-stage heating during HTL (30 min 

at 200 ◦C, and then 30 min at 320 ◦C) compared to conventional single-stage HTL processes of FS & OSW 

respectively with a biomass conversion rate of 70%. From the analysis of biocrude maturity & intensity of 

oil we observe a high potential for crude oil formation being classified as Kerogen type I. GC-FID shows 

that increasing heat in the first stage tends to produce a lighter fraction (at 300 ◦C in the first stage produces 

biocrude with a lighter fraction>80% from FS & OSW feedstocks) in biocrude. In addition to improving 

the overall efficiency of converting organic waste to biocrude, the two-stage system offers a more flexible 

platform that allows the biofuel composition to be customized to match the needs of individual applications. 

The results show that a two-stage HTL process is a feasible and effective technique for converting difficult 

waste streams into biofuels, with implications for both environmental sustainability and energy security. 

 

Keywords: Hydrothermal Liquefaction (HTL), Waste to energy, Fecal sludge, Organic Solid Waste, Two-

stage HTL, biocrude. 
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1. INTRODUCTION 

In this modern era of rapid urbanization & development, almost every action requires energy consumption 

one way or another. About 80% of this energy demand is met by using fossil fuels. This high consumption 

of fossil fuels causes a detrimental impact on public health and environmental pollution by emitting GHGs. 

By far, fossil fuels (coal, oil, and gas) are the largest contributor to global climate change, accounting for 

over 75% of total GHG emissions and nearly 90% of all carbon dioxide emissions (Nations, 2024; (Fayshal 

et al., 2023; Adnan et al., 2023). Besides, the reserves of fossil fuels are also limited.  

 

Despite the limited reserves, the growing energy demand and global warming issues relating to it have 

become one of the central problems of the modern-day world. The quest for sustainable energy solutions 

has gained unprecedented momentum in the face of escalating environmental concerns and the pressing 

need to transition towards cleaner, renewable resources. In this pursuit, biomass has been considered as a 

potential alternative solution as a sustainable energy source due to its renewability, huge production, and 

carbon neutrality. The application of wet waste for bio-energy production works as a two-way solution, 

mitigating GHG emissions as well as an environmental crisis by managing unmanaged waste and 

introducing a sustainable path for energy generation (Iqbal et al., 2021). Among the myriad approaches, 

hydrothermal liquefaction (HTL) stands out as a promising technology with the potential to revolutionize 

the conversion of wet waste into valuable biocrude. A study conducted by (Kabir & Khalekuzzaman, 2022) 

introduced a cost-effective way to deal with wet waste through HTL, where no energy consumption is 

necessary for sample preparation since the moisture acts both as solvent and catalyst for thermochemical 

reactions (temperature ranges from 200 to 375℃; pressure ranges from 5 to 25MPa). As the world grapples 

with the challenges of waste management and seeks alternatives to conventional fossil fuels, the 

optimization of HTL processes becomes paramount. The inherent advantages of HTL include its ability to 

process a wide array of wet feedstocks, including sewage sludge, algae, and other organic residues, and its 

potential to produce a versatile range of valuable products such as biocrude, biochar, and nutrient-rich 

aqueous phases. While the technology has demonstrated considerable potential in transforming wet organic 

feedstocks, challenges persist in achieving optimal biocrude yields and maintaining process stability(Akhtar 

& Amin, 2011). Despite the promises, challenges persist in optimizing HTL processes to achieve maximal 

biocrude yields and ensure the stability of the overall operation. The intricacies lie in understanding the 

dynamic interplay of temperature, pressure, and residence time during the HTL process, as these factors 

dictate the complex thermochemical reactions occurring within the reactor. The need for innovative 

strategies to overcome these challenges is underscored by the urgency to develop efficient and scalable 

technologies that can be seamlessly integrated into existing waste management and energy production 

frameworks. 

 

Multiple studies were conducted for the optimization of the HTL process by using different solvents and 

catalysts. (Khalekuzzaman et al., 2024) found low phenolic naphtha-rich biocrude by using water-ethanol 

co-solvent. (Kabir et al., 2022) worked with temperature variation in the HTL process to get better yield. 

In hydrothermal liquefaction, the temperature is a crucial factor that dictates biocrude production and 

properties as well as affects reaction routes, product distributions, and overall process efficiency(Kohansal 

et al., 2021). Because biomass liquefaction is exothermic at high temperatures but endothermic at low ones, 

it is thermodynamically unfavorable at low temperatures. The influence of temperature on the yield of 

liquefaction products seems sequential. Initially, the rise in temperature triggers bio-oil yield. After 

reaching a maximum yield for the oil yield, a further increase in temperature inhibits biomass liquefaction 

(Akhtar & Amin, 2011). Several studies have been conducted on different biomass to find optimum 

temperatures. Studies conducted by Yin et al. (2010), Zhang et al. (2009), and Zhou et al. (2010) show 300–

315℃  range of temperature was suitable for the efficient production of liquid oils from loosely constructed 

biomass feedstocks of Enteromorpha prolifa, cattle manure, grassland perennials, and eucalyptus. An 

increasing temperature from 260 to 340℃  increased the amount of bio-oil from the liquefaction of manure 

(Xiu et al., 2010). In case of co-HTL of fecal sludge and organic solid waste, the biocrude yield increases 
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from 38% to 52% with increasing temperature from 280 ℃ to 320℃ but decreases while further increasing 

the temperature to 340℃  (Kabir & Khalekuzzaman, 2022). However, in case of liquefied microalgae 

Dunaliella tertiolecta cake 360℃  was found as the optimum temperature for yield production (Shuping et 

al., 2010). So, it can be presumed that the useful temperature range for hydrothermal liquefaction can range 

from 300 to 350℃, and in addition to that, feedstock types also influence the optimum temperature required 

for HTL. However, heating rates have a very low impact on the product yield in hydrothermal liquefaction 

than in pyrolysis. The reason behind this is the better dissolution and stabilization of fragmented species in 

hot compressed water (solvent) medium (Demirbas, 2011). Residence time has an essential impact on the 

product quality. Longer residence times suppressed the bio-oil yield except for very high biomass-to-water 

ratios (Boocock & Sherman, 1985). Kabir & Khalekuzzaman (2022) followed 60 minutes of residence time 

to ensure biocrude quality and production. 

 

Extensive biomass depolymerization happens when the temperature is high enough to exceed the activation 

energies for the bond cessation. This raises the likelihood of fragmented species repolymerizing as well as 

the concentration of free radicals. The interaction of fragmentation, re-polymerization, and hydrolysis 

reactions determines the temperature's function in pyrolysis (Akhtar & Amin, 2011). Depolymerization of 

biomass is a dominant reaction during the initial stages. Re-polymerization becomes active at later stages 

which leads to the formation of char. Intermediate temperature usually yields higher amounts of bio-oil 

(Collard & Blin, 2014). Different temperature regimes may favor specific reactions and enhance the overall 

conversion of wet waste into biocrude. However, there are limited studies regarding multi-stage heating. 

This study apprises to evaluate the effect of two-stage heating on HTL. By carefully designing two distinct 

temperature stages within the HTL process, we seek to harness synergistic effects that promote the efficient 

breakdown of complex organic molecules and enhance the yield of biocrude. The first stage (at 100, 200, 

and 300 ◦C with 30 min retention time) aims to initiate the breakdown of the feedstock into intermediate 

products, while the second stage (320◦C with 30 min retention time) facilitates the conversion of these 

intermediates into high-quality biocrude. This study comprises to evaluate and quantify the influence of the 

two-stage heating strategy on biocrude yields, comparing the results with conventional single-stage heating 

(320◦C with 60 min retention time) processes, asses the stability and robustness of the two-stage heating 

using different feedstocks (FS, OSW) as well as aspires to make significant contributions to both academic 

knowledge and practical applications in the realm of hydrothermal liquefaction. The insights gained from 

this study can inform the design and operation of HTL systems, providing a foundation for the development 

of more efficient, sustainable, and economically viable processes. Additionally, the potential for enhanced 

biocrude production through the utilization of two-stage heating holds promise for advancing the integration 

of bioenergy solutions into mainstream energy production. 

2. MATERIALS & METHODS 

2.1 Biomass Characterization 

A two-stage HTL technique was employed to create biocrude using FS and OSW. On the residential area 

of the Khulna University of Engineering & Technology (KUET) campus, FS was taken from the second 

chamber of the septic tank. The FS sample was then promptly kept for the night at 4 ◦C. To create a uniform 

combination, the raw FS was lastly mixed and kept for this investigation. The organic solid waste (OSW) 

includes food scraps, paper, etc. which was gathered from the waste management plant of Khulna 

University of Engineering & Technology (KUET). It was then sorted, mixed, and screened through a 2-

millimeter screen. After being combined to create a homogenous mixture, the sample was lastly kept at 4 

◦C in a lab refrigerator. To understand the characteristics of the biomass, proximate, and ultimate 

compositions of the two feedstock is illustrated in Table 1.  
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Table 1: Proximate, and functional group analysis of fecal sludge (FS) and organic solid waste (OSW) 

 

Fixed carbon, (%) = 100 – sum of (moisture + volatile matter + ash content) 

 

2.2 Hydrothermal Liquefaction (HTL) Process 

The Hydrothermal Liquefaction (HTL) experiments were carried out in a specialized stainless steel (SS 

304) batch reactor with a 25 mL capacity, containing 10 mL of working volume. Biomass was fed directly 

into the reactor for each HTL run, and the reactor was hermetically sealed with a carbon and copper gasket. 

After that, the sealed reactor was put in a furnace to undergo additional processing. Primarily the HTL 

experiment ran for thirty minutes at 320°C (Haider et al., 2020). 

 

In this experiment, the temperature was controlled with a two-stage hydrothermal liquefaction process. This 

two-stage heating approach involved a series of batch experiments carried out at three different temperature 

levels: 100°C, 200°C, and 300°C, each for 30 min, representing the first stage. Subsequently, in the second 

stage, a hydrothermal liquefaction experiment was conducted at the target temperature of 320°C for 30 

minutes within the same reactor. Moreover, a full HTL was conducted for each biomass at 320°C for 60 

minutes of reaction time. To sum up, the reaction conditions were set as 100◦C-30 min-320◦C-30 min, 

200◦C-30 min-320◦C-30 min, and 300◦C-30 min-320◦C-30 min, labeled as Run 1, Run 2, and Run 3 

respectively. Without the first stage HTL, the experiment with a residence time of 60 min at the reaction 

temperature of 320◦C was the blank group (labeled as Run 0). After the completion of the HTL reaction, 

the reactor was allowed to cool down for 10 minutes, facilitated by tap water circulation. During this cooling 

phase, any compressed gases within the reactor were vented to ensure safety. 

 

The mixture produced by the reaction, the HTL effluent, was dissolved in a dichloromethane (30 mL) 

solution (Dandamudi et al., 2020). The combined slurry was then cautiously poured into 15 mL 

polypropylene centrifuge tubes. The tubes were vortexed for five minutes to allow the organic phase to 

dissolve in the DCM solvent and to guarantee complete mixing. The subsequent phase comprised separating 

the HTL products into three separate layers: the aqueous phase was represented by the top layer, biochar 

was present in the middle layer, and DCM-dissolved biocrude or oil was present in the bottom layer. A 

NUVE NF 800/800R multipurpose benchtop centrifuge was employed, running at 4000 rpm for 10 minutes 

to accomplish this separation (Khalekuzzaman et al., 2021; Adnan et al., 2023). Following that, a 3 mL 

syringe was used to gently separate the aqueous phase from the biocrude layer that had been dissolved by 

DCM. The biocrude samples were removed using a rotary evaporator after the DCM, which acted as the 

organic phase's solvent, evaporated. These biocrude samples were kept for additional examination in a lab 

refrigerator. Furthermore, the samples of biochar were dried for a whole night in an oven that was preheated 

Parameter Unit FS OSW 

Proximate Analysis 

Total solid (TS) 

Moisture content (MC) 

% 

% 

10.78 ± 0.34 

89.22 ± 0.59 

13.49 ± 0.58 

86.51 ± 0.22 

Volatile Solids (VS)  % 5.14 ± 0.66 8.76 ± 0.43 

Ash  % 4.77 ± 0.69 3.79 ± 0.22 

Fixed Carbon (FC) c % 0.87 ± 0.23 0.94 ± 0.19 

    

Biochemical composition    

Carbohydrate % 30.42 27.79 

Protein % 22.19 23.67 

Lipid % 25.39 21.44 



7th International Conference on Civil Engineering for Sustainable Development (ICCESD 2024), Bangladesh 

 

 

 ICCESD 2024_0929_5 

to 65°C. The biochar samples were also kept in the freezer after drying, where they remained until further 

examination. A visual representation of the complete process is given in Figure 1. 

Figure 1: Experimental flow diagram of two-stage hydrothermal liquefaction of fecal sludge and organic 

solid waste 

2.3 Analytical methods 

2.3.1 Yield Calculation 

Dry basis calculations were used to determine the experimental HTL products (biocrude, biochar, aqueous 

phase, and gas phase). Using equations (2) to (7), the % weight yields of each sample for gas, aqueous 

phase, biocrude, and biochar were determined (Chopra et al., 2019; Feng et al., 2020). Water-soluble 

compounds (WSC) were defined in equation (5) as the total dissolved solids of the aqueous phase. 

 

Biocrude yield (%) = (mass of biocrude) / (mass of biomass) ×100%                                                       (2) 

 

Biocrude yield (%) = (mass of biochar)/ (mass of biomass) × 100%                                                         (3) 

 

Aqueous phase (%) = (mass of aqueous phase)/ (mass of biomass) × 100%                                             (4) 

 

Gas yield (%) = 100 % - (Ybiocrude +Ybiochar +WSC)                                                                                    (5) 

2.3.2 Fourier transform infrared spectroscopy (FTIR) Analysis 

FTIR analyses were performed on the biomass, biocrude, and biochar samples of OSW, and FS to determine 

the presence of functional groups, chemicals, and vibrations (Hasan et al., 2024). A Shimadzu (IRTracer-

100) spectrophotometer was used to perform FTIR analysis at room temperature for spectra with a 

resolution of 2 cm-1 and a range of 800 cm-1 to 4000 cm-1 (El-Hendawy, 2006). The transmittance device 

gathered the infrared data, which were subsequently converted into absorbance (%) and analyzed using MS 

Excel, irAnalyze-RAMalyze (Lab-Cognition GmbH & Co. KG), and OriginPro 2018. 
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2.3.3 Biocrude Oil Quality and Thermal Property 

The A-Factor (aliphatic/aromatic bands) and C-Factor (carbonyl/aromatic bands) of biocrude samples of 

OSW, P, and FS were assessed using the Ganz and Kalkreuth technique based on FTIR spectra (Ganz & 

Kalkreuth, 1991). Based on absorbance (%), OriginPro 2018 was used to choose the peak heights of 2930 

cm-1, 2860 cm-1, 1705 cm-1, and 1630 cm-1 for this analysis. The A-Factor and C-Factor were determined 

using equations (6) and (7) (Adedosu & Sonibare, 2005).  

 

A-Factor = (2930+2860) cm-1/ (2930+2860+1630) cm-1                                                                           (6) 

C-Factor = 1705 cm-1 / (1705+1630) cm-1                                                                                                  (7) 

A vitrinite reflectance equivalent grid diagram was used to classify the biocrude oil source type, parent 

kerogen type, and thermal maturity in terms of A-Factor vs. C-Factor (Awadh and Al-Ankaz, 2016). Among 

the four, type I kerogen is believed to be the most prone to oil buildup. Type II indicates moderately oil-

prone crude, type III indicates low oil-prone crude, and type IV indicates no likely presence of petroleum 

hydrocarbons, according to Awadh and Al-Ankaz (2016). To further classify the biocrude development 

phases, vitrinite reflectance (VR%) was employed. Based on the thermal maturation criterion (VR%), 

McNeil et al., (2015)categorized biocrude as immature (biogenic gas zone), premature (heavy oil zone), 

peak mature (light oil zone), and postmature (thermogenic/dry gas zone). The relationship between biocrude 

oil maturity and atomic molar ratios (H/C and O/C ratios) was shown by Peters et al., (2019). Peters et al., 

(2019) demonstrated the connection between biocrude oil maturity and atomic molar ratios (H/C and O/C 

ratios). An increase in biocrude quality and maturity was linked to a high H/C ratio and a low O/C ratio. 

Based on VR (%), the paleotemperature (Tpeak fluids temperature and Tburial temperature of biocrude oil) 

was calculated using equations (8) and (9) (Barker & Pawlewicz, 1994). The estimation of paleotemperature 

is essential to support the use of biocrude or oil that has been thermally fractured into bitumen. 

  

Tpeak fluids = [ln (VR%) + 1.19] / 0.00782                                                                                                     (8)       

Tburial = [ln (VR%) + 1.68] / 0.0124                                                                                                            (9) 

2.4. Gas chromatography-flame ionization detector (GC-FID) analysis 

The petroleum fractionation (C6 to C40: naphtha (C6–C10), kerosene (C10–C16), diesel (C16–C20), lube 

oil (C20–C30), and fuel oil (C30–C40)) was assessed using a GC-FID (Biobase BK-GC112A, China) on 

the biocrude samples. A capillary column (30 m × 0.320 mm x 0.25 μm) manufactured by DB-5 (Agilent, 

USA) was installed on the GC and ran at a pressure of 46.6 Kpa and a flow rate of 1.2 mL/min. The GC-

FID was initially calibrated using a petroleum hydrocarbon window (C8–C40) defining standard (DRH-

008S-R2, AccuStandard, USA) in order to ascertain the retention duration for hydrocarbon ranges C8 to 

C40. After the sample was dissolved in hexane for each run, it was filtered using a 0.2 μm PTFE filter. The 

column was then injected with a 1 μL sample. The carrier gas, N2, flowed at a speed of 0.9 mL/min, whereas 

the H2 flow rate was 30.6 mL/min. The FID sensitivity was 10e9. The detector's temperature was 320 ◦C 

with a makeup flow of 22 mL/min and a compressed airflow of 332.4 mL/min. The injector temperature 

was maintained at 280 ◦C at a speed of 24.2 cm/s. The GC was programmed to run at 40 °C for two minutes, 

then ramp up to 320 °C at a rate of 15 °C per minute, holding that temperature for 30 minutes. The GC data 

was coordinated using N2000 Chromatography software. 
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3. RESULTS & DISCUSSION 

3.1 HTL of fecal sludge (FS) & organic solid waste (OSW) 

The HTL of FS resulted in biocrude, biochar, gas, and losses as its end products. Figure 2 shows the 

percentage yield of the products and biomass conversion rate. The maximum biocrude output for Run 2 

(200oC for 30 minutes and 320oC for 30 minutes) was 38% and 41.2% for FS and OSW, respectively. This 

was 5.1% and 6.3% greater than when FS and OSW were not preheated (Run 0). Moreover, the yield of 

biochar was observed to be declining (29.5 % for FS & 31.1 % for OSW during Run 2) while the biocrude 

yield was increasing. The rate of hydrolysis and solubility of organic substances, such as proteins, 

carbohydrates, and lipids, from the solid matrix is accelerated in hydrothermal liquefaction when the 

temperature is raised (Du et al., 2012). As a result, as temperatures increased, less residual solid matter and 

more biocrude were formed from these compounds. Furthermore, in Run 2, the biomass conversion rate 

was higher at about 70% for both FS and OSW, showing that preheating the biomasses had a positive effect. 

Again, during the preheating phase, Run 2 exhibited minimal gas and losses, while Run 1 experienced 

maximum gas and losses, mainly because of the increased biomass conversion rate resulting from 

preheating at 200 °C for 30 minutes (Sintamarean et al., 2017). Hence, this study’s high biocrude yield 

suggested that the FS and OSW feedstocks for HTL with preheating were conducive to a sustainable 

biocrude production system. 

 

a) FS 

 

 

 

 

 

 

 

 

b) OSW 

 

 

 

 

 

 

 

 

Figure. 2: Effects of two-stage thermal variation on HTL Products yield and conversion rate  



7th International Conference on Civil Engineering for Sustainable Development (ICCESD 2024), Bangladesh 

 

 

 ICCESD 2024_0929_8 

3.3 FTIR analysis of biocrude 

The FTIR analysis has been carried out for biomass (FS and OSW) and biocrude. For biocrude FTIR, blank 

sample (Run 0) and the two-stage optimized sample (Run 2) has been considered for comparison and in-

depth discussion. By using FTIR spectroscopy, the presence of functional groups and the mode of vibration 

of biocrude samples were examined, as presented in Figure 3.  

Figure 3:  (a) Biomass FTIR spectra of fecal sludge (FS) and organic solid waste (OSW) (b) Biocrude 

FTIR spectra of FS and (c) Biocrude FTIR spectra of OSW on two stage HTL 



7th International Conference on Civil Engineering for Sustainable Development (ICCESD 2024), Bangladesh 

 

 

 ICCESD 2024_0929_9 

The biocrude samples contained a broad and intense peak in the range of wavelengths (2800-3000) cm-1 (-

CH3) and (1350-1460) cm-1 (-CH2) indicating the existence of long-chain aliphatic hydrocarbons (Li et al., 

2018). Additionally, the absorbance peaks in the 1024 cm-1 to 1100 cm-1 (C-O) range showed the existence 

of phenolic and alcohol-containing chemicals in biocrude (Ogunkanmi et al., 2018). These are formed as a 

result of the hydrolysis or depolymerization of the lignin and carbohydrates found in biomass cells 

(Nandiyanto et al., 2019). Carbonyl functional groups C=O (1650-1750) cm-1, which represented 

substances like carboxylic acids, ester, and a ketone group, formed as a result of the amino acid 

deamination, fatty acid hydrolysis, and esterification mechanism (Lu et al., 2018). The spectra range of 

1250 cm-1 to 1340 cm-1 (C-N) revealed the existence of aromatic primary amine (Nandiyanto et al., 2019). 

3.5 Analysis of biocrude oil maturity and intensity of oil 

The thermal maturity of FS and OSW were assessed for two conditions: one without preheating (Run 0) 

and the other with preheating, which resulted in the highest biocrude yield (Run 2), using the FTIR spectrum 

data from Table 3. Multiple factors, including the A-Factor, C-Factor, and VR%, affect the maturity of 

biocrude oil. As shown in Table 4, samples from FS and OSW with an A-Factor of 0.90 or higher indicated 

high-grade biocrude. On the other hand, as demonstrated in Table 2 and Figure 4, the lower C-Factor of the 

FS and OSW samples showed a rise in oil maturity (premature) with VR (%) ranges (0.45-0.65) (Oilfield 

Glossary, 1998). 

 

The average fluid temperatures (Tfluid ºC) for biocrude obtained from FS samples were 2.41oC in Run 0 and 

17.93oC in Run 2. Additionally, for biocrude derived from OSW samples, the Tfluid values were 63.54 ºC in 

Run 0 and 10.40oC in Run 2. Moreover, the average burial temperatures (Tburial ºC) for FS biocrude were 

41.73 ºC in Run 0 and 50.82oC in Run 2, while for OSW biocrude, they were 79.58 ºC in Run 0 and 46.08oC 

in Run 2. These temperature measurements suggest that the biocrude samples are more suitable for 

conversion into diesel and lubricating oils rather than bitumen (Awadh & Al-Ankaz, 2016). The biocrude 

sample demonstrated a high potential for crude-oil formation rather than gas because of its highly oil-prone 

character and they are classified as kerogen type I (Figure 4). 

 

Figure 4: Generation phase of oil, maturity and kerogen type of biocrude samples using Vitrinite 

Reflectance (VR %). 
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Table 2: A-factor, C-factor and Paleotemperature from FTIR spectra of fecal sludge (FS) and organic 

solid waste (OSW) 

3.6 Petroleum Fractionation Analysis 

As illustrated in Figure 5, GC-FID was used to analyze the biocrude generated by the HTL process with 

preheating in order to fractionate petroleum hydrocarbons. The biocrude samples are separated into a lighter 

fraction (naphtha (C6-C10), jet fuel (C10-C16), and diesel (C16-C20)) and a heavier fraction (lubricating 

oil (C20-C30), fuel oil (C30-C40), and asphaltene (>C40)) based on the findings of the GC-FID analysis 

(ASTM D-2887-02, 2013). Figure 6(a) clearly illustrates that the most significant increase in the lighter 

fraction (>80%) in the FS feedstock is achieved in Run 3, where 69% constitutes naphtha. This observation 

suggests a direct correlation between higher preheating temperatures and an enhanced production of lighter 

fractions. Whereas for OSW (Fig. 6(b)) the lighter fractions are almost same for both Run 2 and Run 3 

(80%>) with 63% and 73% naphtha fraction respectively. In Run 3 for the FS feedstock, the asphaltene 

content dropped to 9%. Meanwhile, for the OSW feedstocks, Run 2 and Run 3 showed asphaltene contents 

of 8% and 9%, respectively. Thus, the results indicated that preheating biomass during HTL improves the 

lighter fraction, lowers the asphaltene concentration of biocrude for both FS and OSW feedstock, and 

enhances. 

 

Figure 5: (a) Petroleum fractionation of biocrude/oil derived from HTL of fecal sludge (FS) 

Sample 

Type 

Sample 

ID 

Peak height (absorbance%) (cm-1) Parameters 
Tfluids Tburial 

2930 2860 1705 1630 A factor C factor 

FS Run 0 19.92 15.96 5.75 1.9 0.95 0.31 2.41 41.03 

 Run 2 8.73 7.54 4.27 1.58 0.91 0.32 17.93 50.82 

OSW Run 0 23.65 14.56 5.73 2.95 0.92 0.35 63.54 79.58 

 Run 2 28.42 17.33 3.00 2.58 0.94 0.50 10.40 46.08 
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 Figure 5: (b) Petroleum fractionation of biocrude derived from HTL of organic solid waste (OSW) 

4. CONCLUSION 

The two-stage (HTL) approach investigated in this study demonstrates significant efficiency in the 

conversion of FS and OSW into biofuels. Optimum biocrude yield (38% and 41.2% for FS and OSW 

respectively) was observed in the Run where at the first stage feedstock was heated at 200oC for 30 minutes 

and then in the second stage heated at 320oC for 30 minutes. The yield was 15% and 18% greater than that 

of conventional one-stage HTL of FS and OSW with high potential oil-prone Kerogen type I crude. The 

OSW feedstock being preheated at 200 and 300oC showed higher lighter fractions in biocrude (80%>) with 

63% and 73% naphtha fractions respectively, whereas FS feedstock being preheated at 300oC showed 

lighter fractions in biocrude (80%>) with 69% naphtha fraction. The asphaltene content dropped by 8-9% 

for both the feedstocks while the sample was preheated at 200 & 300oC which indicates higher biocrude 

production with improved lighter fraction. Moreover, the biomass conversion rate is high around 70% for 

both feedstocks during preheating being conducted at 200oC for 30 min implying the positive impact of 

two-stage heating in HTL of FS & OSW feedstock. The higher output of biofuel not only supports 

sustainable waste management techniques but also improves waste-to-energy efficiency. The present study 

offers a significant contribution towards mitigating the urgent problems related to the disposal of organic 

solid waste and fecal sludge, while also producing a sustainable energy source. Further refinement of the 

two-stage HTL process and investigation of substitute feedstocks to increase the process's scope are 

anticipated future directions of this research. Conducting comprehensive techno-economic evaluations and 

life cycle assessments is necessary to examine the developed process's viability from an economic and 

environmental standpoint on a broader front. In addition, this technology's potential for decentralized 

applications and interface with current waste management systems should be taken into account for 

practical implementation. 
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