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A B S T R A C T

In this study, biocrude was successfully produced by the hydrothermal liquefaction of municipal
solid waste collected from the landfill site of Lahore, the capital of Punjab, Pakistan, boasting a
population of 12 million and an annual waste collection of 10 million tons. The hydrothermal
liquefaction process was performed at reaction parameters of 350 ◦C and 165 bars with 15 min of
residence time. The solid waste was found to have 78 % dry matter, 22 % moisture contents, 22.2
% ash, 22.69 MJ/kg higher heating value, 52.062 % C, 8.007 % H, 0.764 % N, and 39.164 % O.
Non-catalytic process only produced 10.57 % oil, however when using the catalytic process, the
biocrude yield improved to 17.61 %, with 22.61 % energy recovery for biocrude and 12.14 % for
solids, when using 2 g dose of K2CO3. The resultant biocrude has a 28.61 MJ/kg higher heating
value, having 60.28 % C and 9.28 % H. In contrast, the aqueous phase generated had 4.43 pH,
71.5 g/L TOC, and 1.35 g/L Total Nitrogen. TGA indicated that biocrude contains approximately
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80 % of volatile fractions of different fuels. The organic compounds having the six highest peak
areas in GC-MS were Ethyl ether 25.74 %, 2-pentanone, 4-hydroxy-4-methyl 9.08 %, 2-propa-
none, 1,1-dimethoxy 5.62 %, Silane, dimethyl (docosyloxy) butoxy 5.08 %, 1-Hexanol, 2-ethyl
4.53 %, and. Phenol 4.07 %. This work makes the first-ever successful use of indigenous solid
waste from a landfill dumping site in Lahore to successfully produce useful biocrude with aims of
waste reduction and management, circular economy, and energy recovery.

1. Introduction

Climate change is resulting in the gradual rise of the temperature of our planet, and greenhouse gases (GHGs) are believed to be
primarily responsible for this phenomenon [1]. One of the reasons for this is excessive resource consumption; if our current con-
sumption patterns continue, we will need more than the equivalent of two Earths’ worth of natural resources by 2030 and three
planets’ worth by 2050 [2]. Increased resource consumption is primarily caused by increase in the population, urban development and
industrialisation, which consequently causes an increase in municipal waste and industrial waste generation, improper management of
which may adversely impact human and environmental health [3]. As per the World Bank, municipal waste will increase to 3.4 billion
tons by 2050 [4]. Considering the world, 70 % of solid waste is disposed of in landfills, 11 % is used for waste to energy, and 19 % is
recycled [5]. It is pertinent to mention that out of the worldwide population of 7.6 billion, waste management facilities are not
available for 3.5 billion people [6]. By 2050, around 5.6 billion population will be without waste management services [7]. Mean-
while, efforts have been taken to improve the waste management sector, which involves source segregation, where recyclable ma-
terials, organics, and non-recyclable items are sorted at the original source. This reduces the amount of waste going to landfills and
allows for properly treating each waste stream [8].

Almost every country is trying to reduce GHG emissions to comply with the requirements of the United Nations Framework
Convention on Climate Change (UNFCCC) [9]. Most landfill sites worldwide are not designed correctly, so these cannot minimise
contamination. These landfills are the sources of land, water and air pollution [10]. Municipal Solid Waste (MSW) in landfills is
arguably a very, if not the most, important origin of fine particulate matter known as PM2.5, which is the main reason due to which
smog badly influences the air quality, and it also serves as a cause for a variety of heavy metals that degrade the probable risks for
public health [11]. MSW comprises of organic and inorganic components. Inorganic fractions primarily consist of metals, paper,
textiles, wood and plastic, whereas organic waste consists of biodegradable waste, which is more than 50 % of total waste [12]. The
MSW composition is different worldwide, but for the most the part it is biodegradable primarily, and non-biodegradable parts include
kitchen glass, electronics, metal, and other materials [13].

Lahore City is one of Pakistan’s oldest cities and the capital of the Punjab province, which covers an area of 1,772 square kilo-
metres. The population is about 12.642 million, the second largest in the country, and the population growth rate in 2020 was 3.73 %
[14]. Thirty years of land use change classification maps from 1990 to 2020 have shown a significant increase in built-up area and
decreased open area and vegetation land in Lahore [15]. Based on the population and average household waste production (0.65
kg/person/day), the daily amount of household waste is estimated at 7,150 tons per day [16]. Lahore faces environmental issues,
including solid waste and air pollution [17]. Currently, a total of 40,948 tons of CO2, 9855.7 tons of CH4 and 0.2693 tons of NO2 are
released to the environment, combined with a Global Warming Potential (GWP) of approximately 248,000 tons for MSWmanagement
in Lahore City [18]. TheMSW is collected in Lahore by LahoreWaste Management Company (LWMC) and transported to the Lakhodair
landfill site having location coordinates 31.626647◦ N, 74.419218◦ E, situated in Lahore, Punjab, Pakistan. Solid waste and its

Fig. 1. Annual population and waste collection in Lahore, Punjab, Pakistan.
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management are the main issues among the other problems in Lahore and Pakistan [19]. The waste management facilities are not well
managed in Pakistan, which is also causing an increase in multiple diseases and environmental pollution [20]. Fig. 1 compares
population growth and waste collection in Lahore district from 1991 to 2021. Lahore’s population has continuously increased to 13.1
million in 2021 from 4.1 million in 1991, displaying a growth of 3.2 times. The waste collection increased continuously from 1991 to
2012. Then, it decreased in 2012 and 2013 because, at that time, the Lahore Waste Management Company (LWMC), the first waste
collection company in Pakistan, was barely established. From 2013 to 2018, the waste collection increased, and after 2018, the LWMC
stopped collecting construction and demolition waste due to high costs, and waste collection decreased. After 2020, waste collection
increased again due to the restructuring of LWMC.

As the MSW in landfills is a significant source of GHGs, different waste reduction policies are implemented worldwide to cut these
emissions [21]. Various waste minimization methods practised worldwide have their strengths and weaknesses. Harnessing energy
from waste by incineration has the advantages of combined power and heat, a small footprint with low noise and odour generation,
continuous supply, high yield, and system installation within city limits, thus significantly reducing transportation costs and the
amount of waste going to landfills [22]. However, it also has certain drawbacks, such as potentially high concentrations of metals in the
ash, maintenance requirements, increased operations, and particulate emissions [23]. Pyrolysis leads to the generation of gaseous or
liquid fuels and its significant advantages are reduced flue gas treatment, production of higher quality fuels (coal, bio-oil, syngas), low
NOx and SOx emissions, up to 80 % energy recovery, high-quality solid residue removal from syngas, high calorific value product (38
MJ/kg), and convenient transportation [13,24]. The principal negatives are coke generation from liquid products due to water, the
high pyrolytic viscosity, the high cost of working capital, and increased fuel maintenance and water contents [25]. Gasification’s
benefits include fuel gas production, easy scalability, tailoring to any garbage, and removing up to 90 % of waste volume [26]. The
disadvantages include high operating and investment costs, tar generation, immature and rigid technology, a significant failure risk,
and corrosion of metal pipelines during intense reactions [13]. Anaerobic digestion is mainly suitable for biomass that contains a lot of
water, produces more methane (CH4) and much less carbon dioxide (CO2), and is ideal for the production of organic materials and
fertilisers [9,20]. The chief disadvantage is the slow degradation of lignin for a very long time, making it unsuitable for garbage
containing little organic content [27].

In this article, Hydrothermal Liquefaction (HTL) has been selected for treating MSW and producing biocrude from it. The signif-
icant advantages of HTL are its suitability for wet biomass with low and high cell density and reduced water and oxygen contents of the
final product, compared to that obtained from pyrolysis [28]. For wet feedstocks, the HTL process is considered as a favorable option
because it reduces the requirement of fresh water for the process. However, the releasing of water i.e., organic loading water termed as
aqueous phase is also a challenge that needs to be treated accordingly. Previously, the authors reported the utilization of aqueous phase
for recycling within the process and consequently obtained the higher yield [29,30]. The latest work in HTL explores the use of
different and innovative catalysts, promotion of continuous process, recycling of aqueous phase, introduction of machine learning, and
upgrading the product fuels; nevertheless understanding and researching the changed feedstock remains one the most important
aspect of HTL [31]. Samples of unsegregated MSWwere collected from the actual Landfill site of the Metropolitan City of Lahore to get
bio-crude and solid residue at optimised parameters of the HTL process. Furthermore, Acetone is used as a co-solvent to prevent the
re-polymerisation of broken down compounds and monomers in MSW and for bettering the yield and quality of biocrude obtained
from HTL. To the authors’ best of the knowledge, this is the first-ever study performed to produce HTL biocrude from the Municipal
Solid waste (MSW) of Lakhodair Landfill site, Lahore which is considered as metropolitan city (about 11 million populations). It is
pertinent to mention that the daily generation capacity of MSW is more than 5500 tons/day in Lahore, and the disposal of MSW is core
issue for Lahore Waste Management Company. Till to date, number of biomass materials have been used for the conversion to
advanced biofuels via HTL process route. Lignocellulosic biomass, algae, and dry as well as wet feedstocks are used for said process. In
light of that, our study – Conversion of indigenous MSW to biocrude through HTL process may play an important role for academia and
stakeholders to put this renewable approach for waste minimization as well as energy recovery. This work can also be considered a
parametric study to gain the baseline data for the transformation of MSW into oil or for energy recovery before the commissioning of a
plant at the pilot scale, thus contributing towards the initial stages of such processes."

2. Materials and methods

2.1. MSW collection and pretreatment

The MSW samples were obtained from the dumping site at location coordinates 31.626647◦ N and 74.419218◦ E in Lahore, a
metropolitan city of Punjab, Pakistan. LWMC is the government-owned organisation that manages this dumpsite. The samples of MSW
employed in this investigation for HTL were collected from the above-mentioned LWMC dumping site using a simple random sampling
technique. Solid waste of selected sites was mixed thoroughly from different time periods. The sample size (quantity) of solid waste was
1 kg. This collected sample was sealed in plastic packing and was kept at room temperature for lab analysis [32,33].

Most of the bio-organics, especially large sized, were separated through size-based separation from the other portion i.e., bio-
inorganic, of the MSW [34]. Visual inspection showed that this MSW has noteworthy quantities of plastic packaging waste, garden
waste, fabric remnants, inorganic materials (such as glass), and inert materials (such as stones and construction debris). The MSWwas
sieved so that the ash contents and inorganic matter were reduced to minimum possible levels. Thereafter, it underwent shredding into
smaller pieces in the 4.75 mm–1.5 mm size range.

S.I. Hussain Shah et al.
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2.2. MSW characterization

MSW’s CHNS contents were analysed using a Thermo-Flash 2000 elemental analyser. The proximate analysis of MSW was per-
formed in an automatic multi-sampler Thermogravimetric Analyzer (TGA-2000A, Navas Instruments) by drawing 0.8 g as sample,
according to ASTM E1131-08 method (ASTM 2021). The mass loss profiles for MSW and the HTL bio-crude were attained using an
SDTQ-600 TGA (TA Instruments) at a heating rate of 10 ◦Cmin− 1 in inert (N2) ambience (100mLmin− 1). IKA C2000 bomb calorimeter
was used for determing the higher heating value (HHV) of MSW.

2.3. Solvents and chemicals

Distilled water and water with other co-solvents, such as glycerol and tetralin, have been used as solvents in this study. All
chemicals were of analytical grades obtained from Sigma Aldrich.

2.4. Experimental setup

All experiments and sample analysis for MSW and HTL biocrude were performed by the authors during the research AAU. Energy
Laboratory, Aalborg University Denmark. The HTL experimentation was done using four exactly similar high-pressure cylindrical
autoclaves operating in batch mode [33]. The picture of the experimental setup for the HTL process is given in Fig. 2. Each device had
been designed at reaction pressure and temperature of 220 bar and 400 ◦C, respectively. All cylinders were designed at interval
volumes of 200 mL, and were fabricated from stainless steel (SS-304). Each cylinder’s main body was firmly closed, sealed and covered
using a bolted steel flange. Full details of the HTL experimental setup can be found in another of our published works [35].

2.5. Experimental procedures

Hydrothermal liquefaction (HTL) of municipal solid waste (MSW) was conducted at 350 ◦C and at approximately 165 bar pressure.
The holding time, excluding heating process, lasted 15 min, and it was chosen to meet specific experimental objectives. Typically,
lignocellulosic feedstocks are processed under subcritical (350 ◦C) and supercritical (400 ◦C) conditions, with intermediate

Fig. 2. Experimental setup for the HTL process.
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temperatures generally yielding higher biocrude yields [30,33,36].
However, at higher temperatures such as under supercritical conditions, increased depolymerization occurs due to higher reaction

rates. This enhanced depolymerization results in higher quality biocrude characterized by higher heating values, lower oxygen con-
tent, and reduced viscosity. A 400 mL autoclave was loaded with 100 g of feed consisting of 25.65 g dry biomass and 74.35 g distilled
water. K2CO3 was chosen as the catalyst for this experimental study. In HTL processes, two main categories of catalysts have been
extensively studied: homogeneous and heterogeneous. Homogeneous catalysts, including alkali salts like K2CO3, NaCO3, and potas-
sium bicarbonate, significantly enhance biocrude yield by favourably accelerating the water-gas shift reaction. Moreover, these cat-
alysts are considered environmental friendly and economically viable. Literature indicates that during HTL, K2CO3 reacts with water to
form bicarbonate and hydroxide, which in turn enhances the biocrude yield. Potassium salts also promote biocrude repolymerization,
thereby increasing its non-polarity and facilitating separation from water. Additionally, K2CO3 does not cause corrosion and is suitable
for commercial-scale HTL plants, especially considering its widespread availability.

It has been reported that K2CO3 catalysts contribute to higher product yields and improved biofuel quality during rapid hydro-
thermal liquefaction, particularly in processes involving CO2-tolerant microalgae [37] Examples include the conversion of phycocy-
anin to biocrude through integrated isothermal/fast HTL and aqueous phase recirculation [38], as well as the efficient and fast HTL of
microalgae and sludge with waste aqueous phase recycling for microalgal growth [39].

After the reaction, the relevant separation methods, as shown in Fig. 3 were used to recover the bio-crude, solid, gas, and residual
aqueous phases. Specifically, During the HTL experiment procedure, acetone was used to rinse the reactor for the collection and
separation of the products by adopting the methodology mentioned by researchers [29,40,41].

The collected mixture and filtered and then processed by drying the solids in an oven at 105 ◦C until constant weight was achieved
for mass balance determination. Subsequently, acetone was removed via vacuum evaporation using a rotary evaporator. Dichloro-
methane was added to the remaining mixture to extract the biocrude, which was then evaporated to yield the final product, i.e.,
biocrude. The weight of the biocrude was measured to calculate the yield. Gas and water phases were collected for further analysis, and
for complete mass balance closure. Throughout the reaction, main operational paramaters of temperature and pressure were closely
examined. After the completion of HTL process, the autoclave was cooled down to achieve room temperature.

This study investigates the impact of catalyst specifically alkali catalyst on the conversion of indigenous municipal solid waste
biomass to biocrude by using HTL process. Use of alkali catalyst results in enhancing biocrude yield in terms of lignocellulosic
feedstocks, however, the evaluation of reaction environment in case of mixture of Municipal solid waste in presence and absence of
alkali catalyst is objective of this study [29,30,32,42–48].

2.6. Products analysis

GCMS of make Shimadzu, model Tracera GC – 2010 Plus, was used to determine gas phase composition. In which, the GC had a
micro-packed column of make having length 2.0 m and ID 0.53 mm using a BID (barrier discharge ionisation) detector. The tem-
perature in oven was maintained at 85 ◦C. The total flow of solvent is 803 mLmin− 1, with 1: 200 as the split ratio, and the pressure was
set as flow control mode (400 kPa). The injection volume was 0.1 mL. Total organic carbon (TOC) measurements and total nitrogen
(TN) analysis in the aqueous phase were determined using appropriate kits and a spectrophotometer of make Hach & Lange, model

Fig. 3. Steps involved in products recovery from solid waste.
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DR3900. Elemental compositions of solids and biocrude were determined using an elemental analyser (PerkinElmer, 2400 Series II
CHNS/O). Gas chromatography-mass spectrometry (GC-MS) also qualitatively characterised several solids and crudes. Analyses were
measured on a Thermo-Scientific gas chromatograph (trace 1300) that had been equipped with a capillary column of make Agilent
Technologies, 30 m length, 0.25 mm ID, and 0.25 μm film thickness, and connected to a mass spectrometer (ISQ QD). TA Discovery
TGA was used to determine the oil samples’ degradation extent. To check degradation, the oil samples at room temperature were
heated to 775 ◦C at a heating rate of 10 ◦C min− 1.

3. Results and discussion

3.1. MSW characterization

MSW obtained from the Lahore dump site was used as raw material in this work. After preliminary screening, the proportion of the
sand and dirt particles was around 5 %, the plastic part (mainly polyethene bags, LDPE) around 25.85 %, and the textile part
(especially cotton cloth) was 7.63 %. In contrast, the major proportion of biodegradable material (paper, garden waste, fruit and
vegetable residues) was 61.52 %. The source material was crushed and shredded into smaller pieces, as visible in Fig. 4, and then
comminuted into slurries. The general composition of biomass such as Dry matter, Moisture content, Ash, and Higher Heating Value
are considered as the primary indicators generally used for Biomass when performing HTL process [42,43,45]. However, the organic
composition of biocrude has been highlighted in Table 6 and the characterization of bio-oil is also reflected by TGA analysis reported in
Fig. 6. The proximate analysis, i.e., moisture and ash content and HHV of MSW determined using oven, furnace and bomb calorimeter,
respectively, are given in Table 1. Additionally, the ultimate or elemental analysis of the MSW in terms of percentages of Carbon,
Hydrogen, Nitrogen and Oxygen is shown in Table 2.

3.2. HTL of Lahore municipal solid waste

The potential and analysis of biocrude are dependent on the type of solid waste utilised [49]. Fig. 5 shows the yield of crude and
solid after the HTL process at 350 ◦C. Oil and solid results differ for non-catalytic (NC) and catalytic (CAT) processes, while using
K2CO3 of 2 g dose for 100 g slurry. It can be seen from Fig. 5, that the solid yields for NC and CAT are 54.17 %, and 37.80 %,
respectively. On the other hand, the oil yields for NC are CAT are 10.52 %, and 17.6 %, respectively. It has been observed that solid
yield decreased from 54.17 % to 37.80 % with CAT, and oil yield increased from 10.52 % to 17.61 % with CAT. The yields and
corresponding Standard Deviations are summarised in Table 3. So, the Lahore MSW has the potential of 18 % biocrude, which is well
within the range of yields found in literature for MSW, i.e., 15–24 % [31]. As reported in section 3.2, Fig. 5. And Table 3, the oil yield
reported as (10.572%- without Cat) and (17.615-with Cat). That seems that alkali catalyst enhances the biocrude yield and reduce solid
yield [30,50–52].

However, overall low yield may be due to high ash containing available in biomass that was 22.20 % reported in Table 1. Another
probable reason that may have decreased the biocrude yield is the incidence of the condensation reaction in the solid phase of residue,
that enhanced overall solid concentration and declined biocrude oil yield, as well as the presence of inorganics or trace materials that
may act as barrier for migration of carbon content resulting in low biocrude yield. Furthermore, It may also be indicating a higher
degree of repolymerization, so that we get more solids at product stream. Wang et al. also reported that maximum quantities of solid
were formed in deoxyliquefaction during the conversion of biomass to biocrude via HTL process [53].

Fig. 4. MSW Feedstock before (left side) and after (right side) crushing for slurry.
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Table 1
Proximate analysis and HHV of MSW.

Parameter Value

Dry matter (%) 78.00
Moisture content (%) 22.00
Ash (%) 22.20
Higher heating value (MJ/KG) 22.69

Table 2
Elemental analysis of municipal solid waste.

Elemental analysis in Percent % Value

Carbon (C) 52.062
Hydrogen (H) 8.007
Nitrogen (N) 0.764
Oxygen (O) 39.164

Fig. 5. Oil and solid yield on a dry, ash-free basis for 350-NC and 350-CAT processes.

Fig. 6. TGA curves of the feedstock, and H.T.L. biocrudes and solids.

S.I. Hussain Shah et al.
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3.3. Elemental composition of biocrude and solids

The elemental composition, atomic ratios, and higher heating values of biocrude and solids obtained at both catalytic and non-
catalytic are mentioned in Table 4. It was observed that the carbon content in biocrude, as well as solids, was increased in the case
of the non-catalytic condition. In connection with that, the oxygen percentage was found to be slightly higher with the addition of a
catalyst. However, recovery of energy in the CAT biocrude was higher than the biocrude produced without catalyst. It was concluded
that the presence of a catalyst could enhance the overall energy recovery in the biocrude [54]. The maximum energy recovery in the
biocrude in case of the addition of catalyst was also reported by other researchers by converting the different feedstocks through HTL,
for example, higher energy recovery (77.7 %) in biocrude at 350 ◦C catalytic condition is noted as compared to non-catalytic condition
(74.3 %) at same process temperature during the HTL of sewage sludges [43,46]. In connection with that, energy recovery in the
biocrude can also be increased by utilising the organic-rich water (aqueous phase) within the process during the HTL of bio-pulp [55],
or performing Co-HTL of wet feedstocks at different mixture ratios [56].

3.4. Characterisation of aqueous phase

The hydrothermal liquefaction process famously utilizes water as a reaction medium, yielding an aqueous phase downstream [57].
This aqueous phase is recognized as an additional energy source due to its content of total organic carbon (TOC), total nitrogen (TN),
and other nutrients, which require efficient treatment. Analysis of the aqueous phase from both HTL conditions included pH, TOC, and
TN measurements, detailed in Table 5. The pH of the aqueous phase exhibited significant variation, consistently showing an acidic
nature under both conditions. This acidity likely stems from the hydrolysis of sugar compounds during the process, leading to the
production of monomeric sugars that subsequently decompose into organic acids. Variations in pH are also influenced by operating
conditions and the composition of the feedstock used in the process [58,59]. It was observed that the loss of TOC was higher (71.5 g/L)
in the case of a catalyst’s addition, which may be due to the shifting of more carbon in the presence of a catalyst [29,60,61]. Pedersen
et al. also reported a higher value of TOC in the aqueous phase by the co-HTL of lignocellulosic biomass [62]. At the other end, TN in
the aqueous phase was found between 1.35 and 2.78 g/L. That may be because, in actuality, the feedstock used in this study, i.e., MSW,
has low nitrogen content, as mentioned in Table 2. Low TN is favorable in the aqueous phase so that organic-rich water can be
recirculated. For the scale-up of the HTL plant, a detailed study is recommended to investigate the effect of aqueous phase recirculation
by using MSW so that organic-rich water can be utilised efficiently and reduce the demand for freshwater consumption. Other re-
searchers have also suggested using HTL’s aqueous phase for recirculation to enhance the process efficiency [63].

3.5. TGA of MSW solid waste feedstock and products

TGA was used to analyse the weight loss and estimate the quantity of organic matter that was to be converted into biocrude. The
thermogravimetric curves of MSW feedstock and biocrudes obtained are illustrated in Fig. 6. It was observed from these curves that the
MSW used in this study contains about 20–30 % carbon along with 70–80 % volatile matter, which reflects the presence of organic
matter, which will be transformed into biocrude and other products. This indicates the opportunity for processing MSW to produce
biocrude via the HTL route. TGA revealed that biocrude obtained at both catalytic and non-catalytic conditions contains approximately
80–82 % of volatile fractions of different fuel cuts comprising gasoline, jet fuel, diesel, and maritime fuel. The reductions are based on
the volatility and temperature co-relation reflected during the TGA. Volatile fraction below 180 ◦C shows the proportion of gasoline
fuel, and 180–260 ◦C indicates the jet fuel fraction. However, obtained volatile fractions at 260–350 ◦C reflect the identification of

Table 3
Product yield of oil and solids in HTL.

Title 350 without CAT. 350-CAT

Average Oil Yield (wt.%) 10.572 17.615
Average Solid Yield (wt.%) 54.175 37.804
SD. Oil 1.846 2.138
SD. Solid 1.025 1.498

Table 4
Elemental composition, heating values and energy recovery of H.T.L. products.

Sample C (%) H (%) N (%) O (%) H/C O/C HHV (MJ/kg) ER (%)

C.A.T.
Biocrude

60.28 9.20 3.36 27.17 0.34 1.83 28.61 22.21

NON-CAT
Biocrude

62.82 9.39 2.94 24.86 0.30 1.79 30.15 14.05

MSW CAT
Solid

31.03 4.24 1.38 63.36 1.64 1.54 6.46 12.14

MSW NC
Solid

43.12 6.21 1.10 49.57 1.73 0.86 15.49 20.45

S.I. Hussain Shah et al.
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diesel fuel. After 350–575 ◦C, the curve shows maritime fuel fractions.
Additionally, after 575 ◦C, the remaining fractions are considered as properties of asphalt, residue, etc. A similar identification of

fuel cuts using TGA technique can be found elsewhere in the literature [64,65]. Furthermore, a large amount of heavy residue, asphalt,
was noticed by analysing the curves of solids at both conditions. The amount of this heavy residue can be minimised by improving the
quality of HTL biocrude by applying the upgrading stage.

3.6. Analysis of oil by GCMS

The presence of organic compounds in obtained biocrudes was identified using the GCMS technique at boiling point under 300 ◦C.
The comprehensive information regarding the produced compounds’ names, retention times (RT), and peak area contributions of
biocrude samples under both conditions is provided in Table 6. The compounds were classified into six classes namely ketones, al-
dehydes, oxygen aromatics, alkanes, alcohols, and nitrogen containing compounds. The feedstock i.e., MSW used in this study contains
higher amount of oxygen (39.164 %), which may be the one of reasons having higher number of ketones and oxygen aromatics [66]. It
was also evident that the peak area of ketones at 350 ◦C is boosted by addition of catalyst. Among ketones, 2-Propanone, 1, 1-dime-
thoxy and 2-Cyclopenten-1-one, 3,4,4-trimethyl covered the higher area. The feedstock (MSW) is a mixture containing variable ma-
terials, which may also contain carbohydrates that start to degrade and turn into acetic acid and other different acids, visible in
biocrude through GCMS data [67]. GCMS did not detect carboxylic acid and ester after adding catalyst. However, phenol and p-Cresol
were found in comparatively higher concentrations among phenolic compounds. The GCMS results showed that the biocrudes at both
conditions have low nitrogen-containing compound concentrations. The reasonmay be a lower percentage of nitrogen (0.764%) in the
feedstock. The nitrogenous compound 9-Octadecenamide was only found in biocrude at non-catalytic conditions. The decreased
concentration of N-containing compounds reflects one of the excellent quality aspects of HTL biocrude. The higher concentration of
nitrogen-containing compounds is unfavourable because, at one side, it contaminates the atmosphere through the emissions of
nitrogenous gasses during biocrude combustion. On the other side, it leads to increase in viscosity, creating instability of HTL biocrude
[68]. Therefore, upgrading HTL biocrude reduces the concentration of heteroatoms and transforms the biocrude into a drop-in fuel.

4. Conclusions

This study investigates the hydrothermal liquefaction (HTL) of indigenous municipal solid waste (MSW) as a promising method for
biofuel production and waste management. The experimentation was conducted at 350 ◦C and 165 bar with a residence time of 15min.
When experimenting without a catalyst, biocrude yield and energy recovery were suboptimal. However, the addition of 2 g K2CO3 as a
catalyst dramatically enhanced the biocrude yield to 17.61 %, with energy recovery reaching 22.61 % for biocrude and 12.14 % for
solids. The resultant biocrude exhibited a higher heating value of 28.61 MJ/kg, and consisted 60.28 % carbon and 9.28 % hydrogen.
Moreover, the aqueous phase produced had a pH of 4.43 and total organic carbon (TOC) concentration of 71.5 g/L. The biocrude
contained approximately 80–82 % volatile fractions akin to conventional fuels like gasoline and kerosene, underscoring its potential as
a viable alternative. The study also highlighted the effectiveness of aqueous phase recirculation in boosting biocrude yield while
reducing freshwater consumption, thereby enhancing the overall process efficiency and economic viability of continuous HTL plants.
Critical operational parameters including temperature, catalyst presence, retention time, and composition significantly influenced
process performance in terms of biocrude quality and yield.

Challenges such as the pumpability of the dry lignocellulosic feedstock and management of chlorine to mitigate reactor slagging
were identified for future investigation. Additionally, the necessity for post-HTL treatments like hydrotreating to further enhance
biocrude quality was emphasized. The research proposes a dual benefit: addressing waste management issues and contributing to
renewable biofuel production. It suggests potential economic benefits for stakeholders, particularly in urban sectors of developing
countries like Pakistan, where MSW management remains a pressing concern. Future research directions include exploring aqueous
phase recirculation and co-HTL of MSW to optimize biocrude production in terms of yield, quality, and energy recovery. Ultimately,
this technology aligns with Sustainable Development Goals (SDGs), particularly SDG 7 (Affordable and Clean Energy) and SDG 12
(Responsible Consumption and Production), by converting waste into energy and reducing reliance on imported crude oil, thus
fostering a circular economy approach to resource utilization. This study lays the groundwork for scaling up HTL processes and
warrants detailed techno-economic evaluations to facilitate broader implementation and impact assessment.
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Characterisation of hydrothermal liquefaction-aqueous phase.

NC. C.A.T.

pH 3.85 4.43
Total organic carbon (g/l) 36.8 71.5
Total nitrogen (g/l) 2.78 1.35
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Table 6
Main organic compounds detected in the biocrude, as identified by GC-MS.

No RT (min) Compounds Name Peak area %

350 non-CAT 350 CAT

Ketones Aldehydes
1 2.07 2-Propanone, 1,1-dimethoxy 5.45 5.62
2 8.92 2-Cyclopenten-1-one, 2-methyl ND 2.17
3 9.59 Cyclopentanone, 2-ethyl ND 1.24
4 10.12 2-Cyclopenten-1-one, 3-methyl ND 1.37
5 10.65 2-Cyclopenten-1-one, 3,4-dimethyl ND 1.26
6 10.74 2-Cyclopenten-1-one, 2,3-dimethyl 1.62 3.29
7 11.49 2-Cyclopenten-1-one, 2,3-dimethyl 1.94 ND
8 11.50 2-Cyclopenten-1-one, 2,3-dimethyl ND 3.76
9 11.91 2-Cyclopenten-1-one, 2,3,4-trimethyl ND 1.16
10 12.35 5-Ethyl-2-furaldehyde 2.69 ND
11 12.37 2-Cyclopenten-1-one, 3,4,4-trimethyl ND 3.97
12 13.07 2-Cyclopenten-1-one, 3-(1-methylethyl)- ND 1.22
13 14.00 2-Cyclopenten-1-one, 2,3,4,5-tetramethyl 2.36 ND
14 14.01 2-Cyclopenten-1-one, 2,3,4,5-tetramethyl ND 2.84
15 16.11 1(2H)-Naphthalenone ND 1.09
16 20.48 2-Nonadecanone 1.64 ND
17 22.05 2-Pentadecanone, 6,10,14-trimethyl 1.77 ND
18 22.63 2-Heptadecanone 2.31 ND
19 29.52 4,11-Dispiro(2′-cyclobutanone) tricyclo, hexamethyl 1.73 ND
Carboxylic acid, Ester
20 22.85 Hexadecanoic acid, methyl ester 1.38 ND
21 23.23 n-Hexadecanoic acid 6.82 ND
22 24.96 trans-13-Octadecenoic acid 3.67 ND
23 26.27 cyclic butylboronate 2.04 ND
Aromatics
24 10.45 Phenol 2.71 ND
25 10.47 Phenol ND 4.07
26 11.75 Phenol, 2-methyl 1.49 ND
27 11.77 Phenol, 2-methyl ND 1.47
28 12.09 Phenol, 4-methyl 2.46 ND
29 12.11 p-Cresol ND 2.48
30 13.14 Phenol, 2-ethyl ND 1.07
31 13.57 Phenol, 2-ethyl 3.11 ND
32 13.58 Phenol, 4-ethyl ND 2.51
33 14.49 Phenol, 4-(1-methylethyl)- 1.59 1.54
34 16.74 Benzoic acid, pentadecyl ester/1,3-Benzenediol, 4-ethyl 1.31 ND
35 16.81 1H-Indole, 6-methyl 1.38 ND
36 16.82 1H-Indole, 3-methyl ND 1.63
37 18.05 Benzonitrile, 2,4,6-trimethyl ND 1.23
38 18.17 1H-Indole, 2,3-dimethyl 1.87 ND
39 18.18 1H-Indole, 2,3-dimethyl ND 1.74
40 18.34 Phenol, 2,4-bis(1,1-dimethylethyl)- ND 1.13
41 26.15 cyclic phenylboronate 7.31 ND
Alkanes
42 2.18 Ethyl ether 24.44 25.74
43 27.10 Heptacosane 2.46 ND
44 27.90 Octacosane 1.7 ND
45 28.67 Heptacosane 2.45 ND
46 29.38 Silane, dimethyl(docosyloxy)butoxy ND 2.4
47 29.42 Hentriacontane 1.98 ND
48 29.44 Silane, dimethyl(docosyloxy)butoxy ND 5.08
Alcohols
49 7.53 2-Pentanone, 4-hydroxy-4-methyl ND 9.08
50 11.28 2-Ethyl-1-hexanol 3.1 ND
51 11.29 1-Hexanol, 2-ethyl ND 4.53
52 22.06 1-Dodecanol, 3,7,11-trimethyl ND 1.17
Nitrogen containing compounds
53 17.56 Bicyclo [2.2.2]oct-5-ene-2-carbonitrile ND 1.66
54 25.31 Hexadecanamide, Dodecanamide 1.32 ND
55 26.89 9-Octadecenamide, (Z)- 3.87 2.47
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