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Hydrothermal carbonization (HTC) is emerging as a promising waste to energy technology for conversion of organic wastes with high water contents. There have been relatively few experiments focused on evaluating the HTC of solid waste. These experiments have provided valuable information regarding HTC feasibility and potential environmental benefits. However, the studies lack the data necessary to understand how carbonization product composition and reaction extent change with time.  The HTC is a novel thermal conversion process that may be a viable means for managing solid waste streams while minimizing greenhouse gas production and producing residual material with intrinsic value. The main objective of this study was to convert kitchen waste into hydro char through hydrothermal carbonization. The specific objectives of this study are to characterize kitchen waste from a university restaurant, to access the effect of processing parameters on hydro char, and to evaluate hydro char. The methodology for characterization for both the waste and hydro char was based on proximate analysis, ultimate analysis and calorific value. A ratio of dry sample to water of 1:9 was used to make a wet sample and was stirred in a thermal reactor at 180 rpm under controlled HTC conditions. A three-factor, five level CCD with 20 experiments was used. The HTC process parameters which included holding temperature (153-2600C), residence time (13-47 minutes), and pressure (64-736kPa) were optimized by a response surface methodology central composite design (RSM-CCD) to tailor the properties of hydro char. The results from proximate analysis of kitchen waste revealed that moisture content, volatile matter, ash content and fixed carbon content were 9.6, 65.1, 13.6 and 11.9% respectively. The proximate analysis of the hydro char showed that moisture, volatile matter, ash content and fixed carbon content were 2.5, 45.6, 16.5 and 35.4% respectively. The ultimate analysis of the hydro char showed that carbon, hydrogen, nitrogen, Sulphur and oxygen were 48.8, 0.5, 0.4, 0.5 and 45.3% respectively. Mass yield of hydro char decreases for all samples with increasing HTC reaction temperature. ANOVA confirmed the adequacy of the model which yielded R² and adjusted R² values of 0.8630 and 0.7398 respectively with a P value of 0.003 and F-value of 7.00. In conclusion, the high heating value, ultimate analysis and proximate analysis suggested that the hydro char from kitchen waste can potentially be utilized as a solid fuel. It was confirmed that valuable products can be generated from organic waste using hydrothermal carbonization.
Keywords: Hydrothermal carbonization, Hydro char, Kitchen waste
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[bookmark: _Toc89658475][bookmark: _Toc119283512][bookmark: _Toc119284478][bookmark: _Toc119285759]1.1 Background of the study
Over two billion people rely on traditional solid fuels (wood, animal dung, and agricultural waste) to supply their basic energy needs worldwide. Global warming is caused by an increase in CO2 emissions from burning fossil fuels. The worldwide reliance on fossil fuels may decline as renewable energy sources, such biomass energy, are developed.
In fact, biomass is still the most significant energy source in a number of low-income nations, where it is mostly utilized for home space heating, cooking, and water heating. More specifically, it is predicted that more than two million tons of biomass are required every day for use as fuel for cooking (Kruse & Dinjus, 2007). Therefore, the continuous cutting of live trees for household energy causes soil erosion, soil degradation, and desertification in these impoverished areas where lands are ecologically degradable (characterized by low water and nutrient retention capacity, poor texture, hardening and soon), and firewood is in short supply. As a result, low crop yield and inevitably malnutrition of people, who become more and more susceptible to diseases. (Marchetti, 2012)
Municipal Solid Waste (MSW) can be transformed into energy (combustion), fuel, and other products using a variety of thermochemical methods (pyrolysis, gasification, biochemistry, activation processes, etc.). These procedures are frequently expensive, necessitate specialized feedstock conditions (such as low water content, high carbon density, or low ash content), or may include the use of hazardous or environmentally unsound chemicals (usually from fossil fuels).
Hydrothermal Carbonization (HTC) is a thermochemical conversion method that uses hot, pressurized liquid water to react with wet organic substrates (i.e., those with moisture contents even higher than 80 wt%). Temperatures in the process range from 180°C to 250°C, and the pressures are those needed to keep the liquid state of water (10–40 bar). Hot pressured water behaves as an acid/base catalyst precursor, operating as both a solvent and a reactant, and displaying a greater ion product than at ambient circumstances. (Kruse & Dinjus, 2007)
Such unusual characteristics produce a highly reactive behavior that can encourage the transformation of organic matter and its carbon enrichment. Hydro char, a carbonaceous solid with a carbon content often higher than 80 weight percent, is the primary output of the process. Its chemical makeup is very similar to that of low rank coals like peat or lignite. The several possible applications for hydro char are also what encourage interest in it: as a fuel, solid (Lu et al., 2009); (Román et al., 2018); as a soil improver, as a sorbent (Demir-Cakan et al., 2009), as a highly functionalized carbon material ( Titirici et al., 2007), or as an activated carbon precursor (Unur, 2013). Up to now, HTC process has been widely studied by many authors ; (Román et al., 2018) (Stemann et al., 2013)
HTC is interesting for a variety of industrial applications due to the typical process parameters, including the temperatures and pressures involved, and the type of products obtained. Regarding other thermochemical procedures like supercritical water gasification (Fiori et al., 2012), a HTC plant would require much reduced investment and operating costs, as well as easier solutions to face safety issues. Moreover, if compared to common organic waste treatments (e.g., composting or anaerobic digestion), HTC involves much lower residence times, which would result into reduced volumes of the equipment. HTC is also capable of managing possible variations of the chemical and physical characteristics of the input feedstock, which would be detrimental for biochemical processes. This is a crucial aspect when dealing with waste materials, which usually present a high grade of heterogeneity. Therefore, to date, many authors have studied the possibility to exploit hydrothermal carbonization for organic waste management and treatment ((Berge et al., 2011); (Hwang et al., 2012); (Liu et al., 2013); (Lu et al., 2012).
[bookmark: _Toc119283513][bookmark: _Toc119284479][bookmark: _Toc119285760]1.2 Problem Statement
Several studies have been reported on the hydrothermal process for the upgrading of           lignocellulose biomass; however, studies on a hydrothermal process for Municipal Solid Waste are limited (Lu et al., 2011) studied the fuel quality and combustion performance of Municipal Solid Waste treated using Hydrothermal treatment. Their results showed that hydrothermal treatment improved the fuel properties of Municipal Solid Waste, in terms of reducing the water content, producing a uniform shape, and increasing the energy density of the fuel. (Hwang et al., 2012)
In the microwave-induced hydrothermal carbonization (MIHTC), the biomass is heated through microwaves, unlike conventional hydrothermal carbonization where heat is transferred through a temperature gradient, i.e., conduction or convection. The moisture content present in the biomass and distilled water used in the reaction was favorable for the MIHTC process because the water molecules that readily couple with the electromagnetic field result in microwave dielectric heating. Different studies are conducted through the MIHTC of various biomass sources including α-cellulose and pine sawdust, rapeseed husk, glucose, prosopisafricana shell, human faecal sludge and sewage sludge. (Elaigwu & Greenway, 2016) studied the MIHTC of two different lignocellulosic biomass and inspected the effects of reaction time on the yield of hydro char, but this study miss to access the effect of temperature, pressure and resident time.
Solid Waste Management is one of the most difficult and serious environmental problem in Tanzania (air pollution due to unpleasant odors, methane and other greenhouse gases emissions and water pollution caused by toxic leachate), because of lack of an adequate service coverage and poor management practices. In addition to this, an inefficient Solid Waste Management (SWM) causes negative impact on public health because uncollected solid waste provides favorable habitat for insects, vermin and scavenging animals, which proliferate and spread air- and waterborne diseases such as plague, dengue fever, diarrhea and other illness among local populations.
There have been relatively few research study focused on evaluating the HTC of solid waste in this way, the hydrothermal carbonization, thanks to its interesting properties, could be a potential and novel technology, as well as for industrialized countries (predominantly in Germany where the first pilot HTC plants have recently been implemented for treatment of problematic biomasses like industrial waste), also for developing countries, where the municipal solid waste management (MSWM) and the fecal sludge management (FSM) lead to severe health and environmental risks.
The HTC prototype reactor, used in this research, has been designed, constructed and then tested, for experimental purposes, to assess the suitability of the hydrothermal carbonization (HTC) of kitchen waste from Canteen of University of Dar es Salaam, promising and innovative technology able to transform wet biomass into a solid and sterile coal-like product under heat, water and high pressure, for decentralized especially organic waste.
1.3 [bookmark: _Toc119283514][bookmark: _Toc119284480][bookmark: _Toc119285761]Research Objectives
[bookmark: _Toc119283515][bookmark: _Toc119284481][bookmark: _Toc119285762]1.3.1 Main objective 
To produce of hydro char from kitchen waste through hydrothermal carbonization
[bookmark: _Toc119283516][bookmark: _Toc119284482][bookmark: _Toc119285763]1.3.2 Specific objective 
(i) To characterize waste (kitchen waste) based on proximate analysis, ultimate analysis, and calorific value.
(ii) To assess the effect of operating parameters (time, temperature and pressure) on hydro char yield.
(iii) To evaluate hydro char yield based on mass yield, proximate analysis, ultimate analysis, and calorific value.
[bookmark: _Toc119283517][bookmark: _Toc119284483][bookmark: _Toc119285764]1.4 Justification of the Research
The study will have a positive impact on society in quite a number of ways; converting the kitchen waste into hydro char will not only reduce pollution but also bring about sustainability and suitability of renewable energy industry.  It will also help to provide extra job opportunities as labor force will be needed to do the extraction and utilization of these municipal waste. The study will also provide a solution to the society by obtaining alternative source of energy which is also clean (non-pollutant).the study will also help in elimination of health effect of municipal waste dumping.
[bookmark: _Toc119283518][bookmark: _Toc119284484][bookmark: _Toc119285765]1.5 Scope of the Study
This study was limited to food waste from canteen of University of Dar es Salaam. Initially researcher receive all type of Kitchen Waste then sort and treat accordingly to the specific objectives. Temperature, pressure and residence time were key parameter. Hydrothermal treatment method was used to assess the effects of key parameters. Analysis was done by using central composite design and optimization by using response surface method.
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[bookmark: _Toc119283520][bookmark: _Toc119284486][bookmark: _Toc49013364][bookmark: _Toc525079687][bookmark: _Toc1022897][bookmark: _Toc119285768]2.1 Historical background
Most of the people, in rural areas of Africa and Asia, live in small houses with their family on subsistence farming, mainly rely on firewood to cover their daily energy needs. This predominant use of wood fuel causes a negative impact on the climate and the soil, determining: deforestation, loss of soil fertility, soil erosion (decrease in soil of organic matter), decrease of soil productivity and therefore food insecurity, triggering subsequently malnutrition (Kruse & Dinjus, 2007).
Moreover, a study conducted by the World Bank (2012) reports also a projection for urban municipal solid waste generation in 2025, according to the rapid growth of the population and to their income level, compared with the data of 2010. More especially, according to this projection, the growth of urbanization, from 2010 to 2025, will be much more obvious in lower income, with an increase of 333 million people, and in lower-middle income, with a growth of 787 million people, than the upper middle income and higher income with an increase of 46 and 138 million people, respectively.
In general, in developing countries biomass energy uses are characterized by low efficiency so that the biomass fuels consumed could potentially provide a much more extensive energy service than at present if these were used efficiently. For instance, modern cook-stove designs can improve the efficiency of biomass use and reduce thus the biomass consumption for cooking by a factor of 2 to 3 compared with traditional biomass fired stoves, as well as other precious benefits (reduction emissions, improvements in human health, etc.) (Sarkar & Bhattacharyya, 2012)
Therefore, hydrothermal carbonization, which is a highly efficient thermochemical process, could be an innovative solution in developing countries because it permits to use and transform abundant low-value biomass into environmentally friendly bio-coal, called precisely HTC-coal, in just few hours. By processing bio waste via HTC, a valuable renewable energy carrier would be produced and the hygienic conditions could be improved at the same time, leading thus improvements in ecological sustainability, local economic development and human health (Nwankwo & Amah, 2016). In this way, HTC-process could make an important contribution to climate protection and the efficient use of biomass/waste.
The rice industry produces a large amount of agricultural waste in the form of rice straw. According to the Food and Agricultural Organization of the United Nations, annual rice production is 600 million tons worldwide. (Kannan et al., 2017) suggested that each ton of grain harvested leaves 1.35 tons of rice straw in the field. Hence, annual global production of rice straw is of the order of 650–975 million tons. This rice straw is usually either burnt in the open atmosphere or dumped into landfills. Both disposal techniques are environmentally hazardous methods. Therefore, it is desirable to utilize a better method for utilizing this material. The utilization of rice straw may serve a double purpose the removal of an unwanted residue while producing fuels or chemicals. In terms of biofuels, rice straw can be converted into three phases of biofuels, i.e., gaseous (biogas), liquid (bio-oil) and solid (char) products. 
[bookmark: _Toc119283521][bookmark: _Toc119284487][bookmark: _Toc119285769]2.2 Definition of Key Terms
Hydro char, this is the main fraction of thermo-chemical process as the solid part, also called HTC-coal. It is an agglomeration of different chemical substances similar to natural coal products, such as lignite or sub-bituminous coal and it can easily be separated from the process-water by filtration (Mpanang et al., 2018). Moreover, it is an easy-to-handle product with good dewatering properties and an elevated higher heating value after to be dried.
When referring to char made through hydrothermal carbonization (HTC), the term "hydro char" is used to set it apart from other nomenclatures like "char," "biochar," and "charcoal." In particular, char is a solid decomposition byproduct of organic materials, whether they are natural or synthetic; bio char, which is black carbon produced by heating biomass in an oxygen-free or low-oxygen environment so that it does not burn or only partially burns, is intentionally applied to soil with the goal of improving soil properties; and charcoal, which is produced by slow dry pyrolysis/carbonization without oxygen, is typically used as a fuel.
Municipal Solid Waste, also called garbage or trash, is non-hazardous disposable material generated by households, institutions, industries, agriculture, and sewage. It is made up of Waste, organics, and Recyclable Materials, with the municipality overseeing its disposal. Typically, municipal solid Waste is collected, separate and sent to either a Landfill or municipal Recycling center for processing. (Marchetti, 2012)
Additionally, solid-phase home, commercial/retail, and/or institutional garbage is referred to as "MSW" or "municipal solid waste." Material wasted by single- and multi-family homes, hotels, motels, and other similar permanent or transient living places or facilities is included in household garbage. Garbage from stores, offices, restaurants, warehouses, non-manufacturing activities at industrial facilities, and other comparable establishments or facilities is referred to as commercial or retail waste. Institutional waste encompasses waste discarded by institutions including schools, hospitals, jails, and government buildings that is not used for production, as well as waste abandoned by other institutions with a similar purpose. Yard waste, fuel obtained from rubbish, and supplies for maintaining motor vehicles are examples of household, commercial/retail, and institutional wastes. Used oil, wood pallets, construction, renovation, and demolition wastes (including, but not limited to, railroad ties and telephone poles), paper, clean wood, plastics, industrial process or manufacturing wastes, medical waste, motor vehicle parts or vehicle fluff, or used tires that do not contain hazardous waste identified may be collected, processed, and disposed of separately from other waste streams from industrial sources. ( Lu et al., 2012)
The innovative thermo-chemical process known as hydrothermal carbonization (HTC) transforms organic material into a carbonaceous residue with a greater carbon content known as hydro char. This process takes place for several hours in the aqueous phase (wet pyrolysis) at applied moderately high temperatures (180–220 °C) and pressures. The features of the input feedstock and the process parameters determine how much of the final products are in the gas, solid, and liquid phases. (Marchetti, 2012)
[bookmark: _Toc49013365][bookmark: _Toc119283522][bookmark: _Toc119284488][bookmark: _Toc119285770]2.3 Historical Overview of HTC
Despite the fact that hydrothermal carbonization (HTC) has received a lot of detail and attention in the last ten years as a result of industrial growth, particularly in Germany and Switzerland, and with the help of clean tech companies like TerraNova Energy and AVA-CO2, the fundamental mechanism of the thermochemical conversion of biomass into coal-like materials has been understood for almost a century.
In fact, the German chemist Friedrich Bergius (Goldschmieden 1884 – Buenos Aires 1949) first described the HTC-process in the year 1913 as a method for simulating natural coalification of organic matter in the laboratory (Axelsson et al., 2012) 
Bergius explained in particular how hydrogen at high pressure and high temperature may hydrogenate coal and heavy oils (Bergius process). Therefore, he always described the hydrothermal conversion of cellulose into coal-like compounds in 1913.
Investigations into this thermochemical process were mostly neglected during the ensuing years, but in the last ten years, HTC has regained significant attention as a potential alternative energy source and method of turning biomass into a stable, solid, and sterile product.(Mpanang et al., 2018)
In fact, the German researcher Markus Antonietti, who is the director of the Max Planck Institute of Colloids and Interfaces in Golm/Postdam (MPI - Germany), examined this process in more detail in 2006 and he created, with his research team, a straightforward method, with which biomass can easily be converted into coal-like materials under increased temperature and pressure (Coal, 2006). Since then, from 2006, the hydrothermal carbonization has drawn the attention of many experts. Scientists have referred to this conversion of biomass into coal as the "black revolution" for preserving the climate.
Figure 2.1a and Figure 2.1b, the two figures that follow, depict various stages of the HTC process. Figure 2.1a shows the experimental setup utilized at the Max Planck Institute with Prof. Markus Antonietti and Anna Fischer, and Figure 2.1b shows the finished product, hydro char, which is a black powder made of coal Nano spheres.                                             
[image: ][image: ]            a                                                             b  
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[bookmark: _Toc119286057]Figure 2. 1. HTC-process at Max Planck Institute (Coal, 2006)
[bookmark: _Toc49013366]The procedure' extreme simplicity, according to Prof. Antonietti, who is credited with creating "coal from the steam cooker," is what makes it so effective. He expresses his hope that this technology will be given more consideration in the future and largely applied at the industrial level. This is due to the HTC-exceptional process's stability and efficiency, which enable the production of high-quality biological coal with a high calorific value and a CO2-neutral energy source as the final product.
[bookmark: _Toc119283523][bookmark: _Toc119284489][bookmark: _Toc119285771]2.4 Influence of Process Parameters
Similar to dry pyrolysis, the key physical variables that control hydrothermal carbonization (HTC) and affect the product distribution are temperature (T measured in °C) and pressure (p measured in bar) (Román et al., 2018)
During wet thermal conversion process, additional factors like as residence time (t), solid load, and pH level must be taken into account. Thus, by changing one of the aforementioned factors, like in the case of dry pyrolysis, a varied result is obtained, i.e., a variable concentration of the final products (solid, liquid and gas phases). However, the variety of feedstock (carbon content, moisture content, etc.) utilized in the HTC-process also affects this fluctuation.
[bookmark: _Toc49013367][bookmark: _Toc119283524][bookmark: _Toc119284490][bookmark: _Toc119285772]2.4.1 Temperature
The key process variable that has the greatest impact on the properties of the final product is temperature. High temperatures increase reaction rates because they directly affect the kinetics of the reaction conditions during the wet thermal conversion, which in turn affects how many biomass compounds may be hydrolyzed. It controls the rate of the reaction of the HTC-process to a great extent. (Mpanang et al., 2018).
In particular, the carbon content rises as the reaction temperature rises, but the solid yields (i.e., the mass ratio of the final product to the original feedstock based on dry weight) and, consequently, the energy yield as well as the H/C and O/C ratios, fall.
To maximize the solid phase, biomass is often cooked in the HTC-process to temperatures between 180 and 220 °C in a water medium (HTC-coal). In actuality, temperature affects the distribution of carbon. In particular, at higher temperatures, above 250°C, gas emergence is increased significantly due to the decarboxylation and/or volatilization of organic compounds; consequently, at lower temperatures, there is a greater retention of carbon in the solid and liquid phases (Lu et al., 2012). The reaction severity "f" has been developed to simulate how temperature and product residence time affect each other. The severity of the reaction is increased by both higher temperatures and longer residence times. The HTC-coal created has a larger carbon content the more severe the reaction is. (Demir-Cakan et al., 2009).
The reaction severity “f” is expressed with the following formulaf = 50.t0.2. e . 3500/T = (Ofeed – Ot) / (Ofeed – 6)


                                                                        ………….......……….Equation 1 “Where:
f = severity of the reaction factor, t = carbonization time, i.e. total time above 180°C (s); T = maximum temperature (K16); O feed = percentage of oxygen in biomass; O t = percentage of oxygen in coal; 6 = assumption that 6% of O in coal shows complete conversion of biomass”
According to this semi-empirical model, a similar HTC-coal can be created by altering the residence time so that it is longer if an HTC reaction is conducted at a lower temperature.
[bookmark: _Toc49013368][bookmark: _Toc119283525][bookmark: _Toc119284491][bookmark: _Toc119285773]2.4.2 Residence time
After temperature, residence time is a crucial carbonization parameter that affects the properties of the final product. The duration of the biomass conversion inside the reactor is determined by this parameter. Due to the lack of a complete understanding of reaction rates, its range cannot yet be restricted. However, average residence times range from a few hours to several days, or between 1 and 72 hours.
Many experiments have routinely changed the residence times, but the effects of doing so have not been thoroughly studied. As a result, more thorough explorations and investigations are needed to fully comprehend the impact of resident time on the development of the final product. A significant rise in the heating value of the produced HTC-coal has also been observed in experiments with short residence times, less than an hour. (Demir-Cakan et al., 2009).
A longer exposure period, in particular, enables the achievement of a "full" reaction and, thus, a higher reaction intensity. It also reduces the quantity of organic losses in the wastewater because a higher percentage of organic compounds condense to HTC-coal. Last but not least, recirculating the process water would be an efficient technique to extend the residence period as much as feasible. (Axelsson et al., 2012).
[bookmark: _Toc49013369][bookmark: _Toc119283526][bookmark: _Toc119284492][bookmark: _Toc119285774]2.4.3 Pressure
High pressures, around 20 bar, are used during hydrothermal carbonization to keep water in the liquid phase throughout the entire thermo-chemical conversion process. During the HTC-process, the pressure must be kept at or above the vapor pressure in order to keep the water in the liquid condition.
The rise in temperature causes an increase in pressure in a closed pressure vessel, which means that pressure inside the reactor rises isothermally as temperature rises. (Titirici et al., 2007). In particular, if the temperature exceeds 100°C, the vapor pressure that results is the saturated pressure of water, which indicates that any additional water evaporation will result in condensation of the same amount of water vapor (reaction equilibrium).(Smith et al., 2020)
For example, with temperature from 180-220°C, the resulting water vapor pressure (saturated vapor pressure) ranges between 9 -22 bar (Ramke et al., 2009). However, the pressure will be more than the saturated steam pressure due to the generation of gases if the reactor, which is heated above 100°C, also contains biomass. In reality, about this, (Glasner et al., 2011) report that during the wet thermal conversion of biomass, the pressure in a reactor heated to 185°C can rise to 22–24 bars.
Last but not least, it's crucial to remember that higher pressure, obtained with higher temperature, results in higher equipment investment costs for pressure. (Lohri et al., 2018). 
[bookmark: _Toc49013370][bookmark: _Toc119283527][bookmark: _Toc119284493][bookmark: _Toc119285775]2.4.4 pH
Numerous studies and experiments have shown that during the hydrothermal carbonization process, the pH value naturally drops dramatically. Because alkaline conditions produce a distinct result, the pH value should be below seven. However, the HTC-reactions may be inhibited by an excessively low pH value. (Axelsson et al., 2012).
The original mixture's acid addition suggests an impact on both the reaction's kinetics (reaction rate) and the features or distribution of the result. This means that while catalysts can speed up chemical reactions, they can also change the final product's makeup. (Robbiani, 2013). Particularly, mildly acidic circumstances boost the HTC's overall rate and raise the carbon yield and content of HTC-coal.
Mildly acidic conditions in particular increase the HTC's overall average and raise the carbon yield and subject matter of HTC-coal. (Axelsson et al., 2012). Despite this, more research is required to fully comprehend the part that catalysts and acids play in the HTC process, particularly with regard to the makeup of the HTC coal.
[bookmark: _Toc119283528][bookmark: _Toc119284494][bookmark: _Toc119285776]2.4.5 Summary of process parameters for HTC-process
[bookmark: _Toc103157386][bookmark: _Toc103171917]All the process parameters discussed thus far are listed in Table 2.1 along with their typical ranges.
[bookmark: _Toc119285949]Table 2. 1 Summary of process parameters for HTC-process (researcher, 2020)
	Parameter
	Range

	Temperature 180-220°C
	180 – 220

	Residence time
	1 – 72h

	Pressure around
	20 – 35 bar

	pH
	< 7 (acid conditions)


[bookmark: _Toc49013371][bookmark: _Toc119283529][bookmark: _Toc119284495][bookmark: _Toc119285777]2.5 Typologies of Feedstock for HTC
The HTC-process is ideally suited for a wide range of various biomass sources. The fact that the biomass does not need to be pre-dried is actually one of its greatest benefits, as this avoids the need for intricate drying processes and expensive procedures. (Titirici et al., 2007). As a result, it permits expanding the field of possible biomass to materials with higher moisture content, often between 75 and 90 percent or even higher, in contrast to classic dry pyrolysis. (Román et al., 2018). Therefore, in theory, any feedstock, wet or dry, can be hydrothermally carbonized in a matter of hours. (Axelsson et al., 2012).
In general, the HTC reaction works best with biomass rich in hydroxide anions such as sugars, cellulose or hemicelluloses (any type of biomass made of carbohydrates) and less with feedstock poorer in the same hydroxide anions, such as protein (present in the meat) or lignin, because their structure remains stable in the rather mild conditions of HTC. Thus, the protein and lignin are carbonized less under hydrothermal conditions than cellulose; nevertheless, literature reports that it is acceptable to include up to 20% meat waste in an otherwise vegetal feedstock.
Because their structures remain stable under the relatively benign conditions of HTC, biomass rich in hydroxide anions, such as sugars, cellulose, or hemicelluloses (any type of biomass made of carbohydrates), performs best in the HTC reaction. Conversely, feedstock poorer in the same hydroxide anions, such as protein (found in meat), or lignin, performs less well in the reaction. The literature claims that it is safe to use up to 20% meat waste in an otherwise vegetative feedstock, despite the fact that protein and lignin are carbonized less quickly than cellulose under hydrothermal conditions.
[bookmark: _Toc119283530][bookmark: _Toc119284496][bookmark: _Toc119285778]2.5.1 Animal manure
Animal manure characteristics can vary widely, depending to the animal and the feeding. However, manure is mainly used for fertilization of local field and should be used for other purposes only if plentiful, to avoid, in this way, enrichment of surface and ground waters with nitrogen and phosphorus compounds or also ammonium content, leading to eutrophication  (Robbiani, 2013). In particular, in a recent research study, horse manure gave a positive results, a higher heating value and nutrient contents, mainly thank to the high undigested cellulose content present in it; therefore, it can be used for energy carrier and soil improvement. (Lilliestråle & Lilliestråle, 2007).
[bookmark: _Toc119283531][bookmark: _Toc119284497][bookmark: _Toc119285779]2.5.2 Human waste (faecal sludge) and Sewage sludge: 
Faecal sludge volume keeps increasing as a result of improved wastewater treatment in rich nations and the use of new sanitation services in developing nations. (Titirici et al., 2011). However, to date, the sanitation coverage of sewage systems are unfortunately very low;; human waste is frequently dumped in open spaces or small, unlined pits known as "pit latrines," which has a negative impact on both the environment and human health by polluting the air, groundwater, and soil and spreading diseases like typhoid fever, malaria, and diarrhea. Due to this, it is urgent to implement an adequate sanitation system that will enhance human living conditions and provide other significant advantages, including increased soil fertility (soil texture, nutrient retention, and water retention capacity), which will increase productivity and lower greenhouse gas emissions. (Marchetti, 2012). Additionally, these modern sanitation systems allow for concentrated and very homogenous waste streams, requiring little to no pre-treatment before HTC-processing because to their segregated waste streams and lower water use. (Titirici et al., 2011).
[bookmark: _Toc119283532][bookmark: _Toc119284498][bookmark: _Toc119285780]2.5.3 Municipal solid waste (MSW) 
This is a significant issue and concern in low-income and emerging nations, as the rapid population growth increases garbage output without providing enough service coverage, management, or disposal. In fact, the majority of MSW in developing nations is burned in backyards or dumped on land, streets, or drains in a more or less uncontrolled manner, which contributes to air and water pollution, the growth of pests (such as flies, mosquitoes, and rodents), the spread of disease, and the emission of greenhouse gases like methane. (Lohri et al., 2018).
In terms of generation and composition, the MSW can change depending on place, whether it be a hamlet or a city, and notably according on the average income, which affects lifestyle, the intensity of institutional and commercial activity. Thus, the MSW volume ranges from less than 0.1 tons per person per year in low-income countries to more than 0.8 tons per person per year in high-income countries. (M. Titirici et al., 2011). In general, compared to the lesser percentages of plastics, glass, and metals, the majority of the created MSW has significant fractions of organic and paper. In actuality, up to 70% of MSW in developing nations is biodegradable. (Lohri et al., 2018); For this reason, even while the heterogeneous character of MSW (composition and chemical properties) makes using HTC-process with this kind of feedstock difficult, it can be a suitable technology in small communities. Therefore, it would be wise to implement proper waste management so as to collect only the organic part, or bio waste, separately.
[bookmark: _Toc119283533][bookmark: _Toc119284499][bookmark: _Toc119285781]2.5.4 Algae and aquaculture residues
These are aquatic biomass that, depending on the species, typically contains proteins, carbs, lipids, and nucleic acids in various amounts. There is no published still work, therefore it is unclear how they might be used in HTC process. However, in areas with extensive aquaculture, they would be a fascinating idea. (Robbiani, 2013).
Therefore, municipal solid waste (for the final one solely the organic fraction/bio waste) is the main type of biomass that this study considers suited for the HTC-process. This is so that with the HTC treatment of this problematic biomass, the sanitary conditions are improved because the high temperatures of hydrothermal carbonization ensure the production of a solid product that is sterile.
The initial moisture level of the feedstock is another crucial factor for hydrothermal carbonization, as feedstock with a water content below 40% is unlikely to have any energy advantages over dry pyrolysis (in terms of heat input). (Titirici et al., 2011). Therefore, it is essential to understand the physical and chemical properties of the starting biomass (elemental analysis (in%) in terms of C, H, O, N - moisture content - total solids - energy content), as they affect the effectiveness of the conversion and, as a result, the unique qualities of the finished HTC-coal.
Last but not least, it is crucial to remember that the HTC-process has only been explored and applied on a restricted number of feedstocks, ranging from simple compounds like glucose and cellulose to slightly more complicated biomass. (Román et al., 2018). Because of this, additional research is required to comprehend the true distinctions between the feedstock and, ultimately, to determine the optimum typology of biomass.
[bookmark: _Toc103157387][bookmark: _Toc103171918][bookmark: _Toc119285950]Table 2. 2 Feedstock properties 
	Feedstock
	Wood
	Grasses
	Manures
	Sewage Sludge
	Municipal solid waste

	
	
	
	
	Primary
	Digested
	Total
	Organic

	Elemental analysis (% daf)
	C
	50-55
	46-51
	52-60
	53.3
	54.4
	27-55
	47-52

	
	H
	5-6
	6-7
	6-8
	7.2
	7.7
	3-9
	0.63

	
	O
	39-44
	41-46
	26-36
	32
	29
	22-44
	40-42

	
	N
	0.1-0.2
	0.4-1.0
	3-6
	5.3
	5.6
	0.4-44
	0.16-0.25

	
	S
	0-0.1
	<0.02-0.08
	0.7-1.2
	2.1
	3.2
	0.04-018
	0.002-0.003

	Moisture content (%fresh weight)
	5-20d.w
35 60g.w
	NR
	21-99.7
	90-95              
	88
	15-40                   
	45-70

	Energy content (MJ/kg) bd
	19-22
	18.3-20.6
	13-20
	23-29
	9-14
	2-14
	8.9-11.5


[bookmark: _Toc49013372]Daf: dry ash-free   bd: dry weight    NR: not reported    d.w: dried wood     g.w: green wood
[bookmark: _Toc119283534][bookmark: _Toc119284500][bookmark: _Toc119285782]2.6 Products of HTC
The final products of HTC are present in three different states after the conclusion of hydrothermal carbonization: solid, liquid, and gaseous. Particularly, the input material (carbon content and moisture content) and the process parameters affect their respective proportions and features (mainly temperature and residence time).
Generally speaking, the main product of the HTC reaction, is the solid phase (50-80% weight), also known as HTC-coal or also hydro char in literature. This is followed by the liquid phase (5- 20% weight), which is typically referred to as process water. Additionally, a negligible amount of gas, primarily CO2, is produced (2–5% weight).
[bookmark: _Toc119283535][bookmark: _Toc119284501][bookmark: _Toc119285783]2.7 Research gaps
[bookmark: _Toc119283536][bookmark: _Toc119284502][bookmark: _Toc119285784]2.7.1 Gaps in kitchen wastes 
A number of researches have dealt with converting municipal solid waste into energy as the major balancing problem, while other have considered the other solid bio waste. Consideration of only one aspect of treating bio waste does not fully capture the real-world system of thermochemical process. The other method of thermochemical treatment is hydrothermal carbonization which should also be put into consideration. Another gap that exist is the number and type of design parameters considered in model development. A number of researchers have studied the effect of varying one or two design parameters on the product analysis. The most commonly varied design parameters for hydrothermal carbonization are number of temperatures, pressure and residence time. However, hydrothermal carbonization has a number of parameters to vary in order to obtain realistic results. Lastly, a few numbers of researchers have tried to address the production of hydro char from kitchen waste through hydrothermal carbonization problem using direct simulation-based optimization (CCD).
[bookmark: _Toc119283537][bookmark: _Toc119284503][bookmark: _Toc119285785]2.7.2 Gaps in experimental design
 A number of studies on simulation experiment has been considered as ill-design experiment. The common ill-design experiment includes; scenario-oriented (trial and error) experiment and one-factor at a time experiment. These ill-design experiments consume much time, many important factors can be left out and cannot uncover the interaction effects between factors. Therefore, the present study used design of simulation experiment in order to analyze effects of many factors and also to uncover the interaction effects in case there are interactions between factors.








[bookmark: _Toc89658477][bookmark: _Toc119283538][bookmark: _Toc119284504][bookmark: _Toc119285786]CHAPTER THREE
[bookmark: _Toc119285787] RESEARCH METHODOLOGY
[bookmark: _Toc119283539][bookmark: _Toc119284505][bookmark: _Toc1022898][bookmark: _Toc89658478][bookmark: _Toc119285788]3.1 Materials and Methods
The kitchen waste which are food waste and paper waste were obtained from the canteen of University of Dar es Salaam. The sorting, treatment and analysis were done at laboratory of University of Dar es Salaam, in the Department of Analytical Chemistry with the aim to improve sanitation conditions and develop methods to make it simpler to implement new ideas and technology, particularly in the areas of solid waste management and water supply.
[bookmark: _Toc119283540][bookmark: _Toc119284506][bookmark: _Toc119285789]3.2 Summary of materials and equipment
Food waste, Paper waste, Pressure reactor, Temperature sensors, Nitrogen, Energy meter, External temperature sensor, Timer, Sulphuric acid, Electrical heater and Freezer, Bomb calorimeter, elemental analyzer, furnace, analytic weigh measure.
[bookmark: _Toc119283541][bookmark: _Toc119284507][bookmark: _Toc119285790]3.3 Characterization of KSW	
The University of Dar es Salaam's restaurants periodically gathered their food trash. All waste was weighed and then divided into four groups: (1) food items (apart from those with bones), (2) food with bones (such as chicken wings), (3) packaging materials (such as paper, plastic, condiment containers, and paper/plastic cups), and (4) others (e.g., plastic utensils, glass bottles). To determine the waste composition, each segregated fraction of the waste was weighed by using analytic weight measure. The garbage appears to be made up of a mix of prepared foods (such as chicken, seafood, French fries, and vegetables), uncooked foods (such as vegetables, seafood), and condiments, according to visual examination of the food that was gathered (e.g., salad dressing, ketchup, cocktail sauce). Food containing bones (such as chicken bones) could not be used due to processing restrictions.
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[bookmark: _Toc89833631][bookmark: _Toc103168969][bookmark: _Toc103169240][bookmark: _Toc119286058]Figure 3.1. Prepared waste       
a – sorting, b – blended samples, c – blending 
From the first specific objective, researcher proceeded with preparation (pretreatment), which involved combining all of the gathered biomass in a professional blender to create a homogeneous slurry.
The entire amount of bio waste collected was blended (without the addition of water) in a professional cooking blender, with the organic fraction being divided into tiny buckets (approximately 2-3 kg) in order to create a uniform slurry composition. 
For comparison with the final HTC-coal, obtained in the various tests, the elemental analysis (C, H, O, and N) was performed, to allow thus a comparison with the final HTC-coal, obtained in the different tests. The purpose is to note the increase of carbon content in the hydro char compared to the original feedstock, namely the initial bio waste. 
Proximate analysis test
The proximate analysis is an important characterization method to determine the grade and fuel quality of coal and biomass (García et al., 2013). A deviation from the ASTM standard (ASTM D 7582-10, 2012) should be mentioned here for the proximate analysis outcome: In this investigation, the burning tests were conducted in an atmosphere without purge gas. The majority of the processes are the same in both standards, although there are some differences in the test protocols for the proximate and ultimate analysis of coal vs. biomass, such as heating duration in the moisture test and set temperature in the ash test.
[bookmark: _Toc119283542][bookmark: _Toc119284508][bookmark: _Toc119285791]3.3.1 Moisture content test
According to ASTM D3173, this test was conducted to determine the sample's moisture content (Moisture in the Analysis Sample of Coal and Coke) (ASTM International, 1997). A higher moisture level reduces the fuel's ability to heat up and can weaken a sample's physical stability.
The following equation was used to determine the sample moisture:
Wm (%) =  *100     ………………………………………………. Equation 3.1
Where Wi is the starting weight of the sample utilized (g), Wd is the weight of the sample after drying at 1050C for 1 h, and Wm is the percent moisture in the analytical sample (%) (g). Three samples conditions were examined as-produced, to obtain the average value.
[bookmark: _Toc119283543][bookmark: _Toc119284509][bookmark: _Toc119285792]3.3.2 Ash test
According to ASTM D3174, the ash content test was conducted to evaluate any residue that remained after burning the samples (Ash in the Analysis Sample of Coal and Coke from Coal)(ASTM Internacional, 2002). The residual ash weight fraction was determined using the following equation:
WA (%) =  *100 ..........................................................................…...Equation 3.2	  
Where Wb is the weight of ash after burning the sample at 7200C for 3 hours after heating it progressively to 4200C over 1 hour, and Wi is the initial weight of the sample utilized, and WA is the percent ash in the analysis sample (%) (g). 
[bookmark: _Toc119283544][bookmark: _Toc119284510][bookmark: _Toc119285793]3.3.3 Volatile matter test
According to ASTM D3175, the weight loss from burning the samples in an oxygen-starved environment while covering them with a cover to prevent any contact with oxygen below the atmosphere was used to calculate the fraction of volatile matter (Volatile Matter in the Analysis Sample of Coal and Coke) (ASTM International, 1997) The weight loss percent was calculated as follows:
WL (%) =  *100 …………………………………………………. Equation 3.3
Where Wi is the initial weight of the sample utilized (g), Wl is the weight loss percentage in the analysis sample (%), and Wh is the weight of the sample after heating at 9250C for 7 min (g). From the sample protocols created, three samples of each condition were tested, and the average value was chosen. Using both the weight loss percent and moisture percent, the volatile matter percent was calculated as follows:
Wv (%) = WL - WM   ……………………………………………..……. Equation 3.4
Where WV is the volatile matter percent in analysis samples (%). 
[bookmark: _Toc119283545][bookmark: _Toc119284511][bookmark: _Toc119285794]3.3.4 Fixed carbon value 
The fixed carbon value will be determined using the proximate analysis test results mentioned above and ASTM D5142 (Proximate Analysis of the Analysis Sample of Coal and Coke by Instrumental Procedure) (ASTM D 7582-10, 2012) for proximate analysis of sample using the following equation:
[bookmark: _Toc49013379]Fc (%) = 100 – (Wm + Wa + Wv) ………………………………………. Equation 3.5
Where Fc is the analysis samples fixed carbon percent (%).
[bookmark: _Toc119283546][bookmark: _Toc119284512][bookmark: _Toc119285795]3.4 Ultimate analysis
The measure of ultimate analysis and energy content of the original bio waste was recorded as follows.
[bookmark: _Toc103157388][bookmark: _Toc119285951][bookmark: _Toc119285952]Table 3.1. Characteristics of bio waste before HTC-reaction
	Organic substrate
	HHV (MJ/kgdb)
	C (%)
	H (%)
	O (%)
	N (%)

	Food waste (wb)
	
	
	
	
	


HHV = higher heating value   wb = wet basis db = dry basis
[bookmark: _Toc119283547][bookmark: _Toc119284513][bookmark: _Toc119285796]3.5 Gross calorific value
[bookmark: _Toc118940692][bookmark: _Toc118948899][bookmark: _Toc118949375][bookmark: _Toc119283548][bookmark: _Toc119284514]Calorimetry, as opposed to temperature measurement, is the science of measuring amounts of heat. Calorimeters are the devices used to make these measurements. The industry-standard tools for determining the calorific values of flammable liquid and solid samples are oxygen bomb calorimeters. The amount of heat units released by a unit mass of a sample when burned with oxygen in a container of constant volume is referred to as the calorific value (heat of combustion) of a sample.
[bookmark: _Toc119283549][bookmark: _Toc119284515][bookmark: _Toc119285797]3.5.1 Apparatus used
1180P Oxygen Combustion Bomb, Bomb head support stand, Parr 6200 Oxygen Bomb Calorimeter, distilled water
[image: ]
[bookmark: _Toc89833632][bookmark: _Toc103168970][bookmark: _Toc103169241][bookmark: _Toc119286059]Figure 4. 1 Apparatus used 
a – bio waste sample , b – crucible, c - grinder, d – sample grinded, e – bomb calorimeter, f – analytic weight measure
[bookmark: _Toc119283550][bookmark: _Toc119284516][bookmark: _Toc119285798]3.5.2 Procedure for analyzing gross calorific value 
Sample was dried for 24 hours at 105°C in a crucible (Figure 4.1a). The dried sample was gridded to a powder form (Figure 4.1 b).  A gram of sample was weighed and put into the sample vial (0.5- 1.2g).
Oxygen gas cylinder was opened and the flow rate was set to (400 kpa-3000 kpa). The distilled water chamber was filled to the bomb calorimeter. The calorimeter was turned on with the pump and heater activated for 20 minutes and the jacket temperature stabilized at 29°C. The calorimeter bucket was filled with 2L of distilled water and a prepared sample of 1.16 g 24 hours at 105°C dried blended sample into capsule was put into the bucket. The vessel was then placed in the calorimeter and the testing sequence was initiated. The results were recorded after each three tests.
[bookmark: _Toc49013380][bookmark: _Toc119283551][bookmark: _Toc119284517][bookmark: _Toc119285799]3.6 Effect of operating parameters
[bookmark: _Toc119283552][bookmark: _Toc119284518][bookmark: _Toc119285800]3.6.1 Hydrothermal process
All HTC tests from the second specific aim were carried out in a 2000 mL Parr 4526 reactor (Parr Instrument Company, Moline, IL, USA). With an accuracy of +/- 30C, a Parr 4843 proportional-integral-derivative controller (PID) controller was used to regulate the reactor's temperature. Since the reactor was a closed system, the pressure of the reaction was monitored in addition to the pressures exerted by the gases that were created.
The ratio of dry sample to de-ionized (DI) water in the reactor was 1:9. The reactor stirrer was set at 180 +/-2 rpm once the reactor was sealed. From that point until the HTC process was complete, the reactor mixes were stirred. The hydro chars were made at reaction temperatures between 1800°C and 2600°C, pressures between 200 and 600 kpa, and residence times between 20 and 40 minutes. The following steps were used to heat the reactor: The reactor's contents were heated to the desired reaction temperature at an average rate of 80C per minute. After reaching the target reaction temperature, the reactor temperature was maintained for 30 minutes. Following the 30-minute residence period, the reactor was immersed in an ice-water bath until it reached 300C, which typically takes 10 minutes. Reactor stirring was halted once 300C was reached.
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[bookmark: _Toc119286060]Figure 4. 2 Running procedures of the reactor 
a – weigh the sample, b – temperature controller, c – pressure controller, d – heating, e – cooling, f – filtering, g - char
Produced gases were vented in a fume hood, and vacuum was used to separate the process liquid from the solid hydro char by using filtration and a Whatman 41 filter (20 µm). With DI water, hydro char was rinsed until the pH of the water reached that of the DI water. The wet hydro chars were dried in a 1050C oven for 24 hours before being placed in a Ziploc bag for later analysis.
[bookmark: _Toc119283553][bookmark: _Toc119284519][bookmark: _Toc119285801]3.6.2 RSM modeling and optimization
In this study, a response surface methodology was used to analyze process factors (temperature, pressure, and residence time) that affect the yield of hydro char (RSM). To avoid laying-off (unnecessary repetition of experiments), a central composite design (CCD) which renders an equitable distribution of the experimental points was adopted by means of Minitab 17.0 statistical software package. The total experimental runs conducted are computed by Equation 6 (Bayuo et al., 2020)(Sadhukhan et al., 2016). 
       ........................................................................ Equation 3.6
Where N is the total number of experimental runs, nc is the number of center points, and n is the number of independent variables (factors). This showed that the modeling procedure and investigating the impact of the 3 selected factors on the solid fuel yield required 20 experimental runs with 8 factorial points, 6 axial points, and 6 center points. The data repeatability is determined by the center point replicates, which also help to reduce error.
[bookmark: _Toc103157389][bookmark: _Toc119285953]Table 3.2 displays the range of parameters that were looked at. Process parameters included pressure, which ranged from 64 to 736 kPa, residence time, which ranged from 13 to 47 minutes, and temperature, which was evaluated over a range of 153 to 2870C. Axial points were inserted (axial distances; = 1.683) for design orthogonality after three input parameters were examined at low (1), middle (0), and high (+1) values.

[bookmark: _Toc119285954]Table 3.2. Experimental factors that were in the CCD for the hydro char process.
	Factors
	Coded factors
	Levels with coded and actual values

	
	
	-α
	-1
	0
	1
	-α

	Temperature (0C)
	T
	153
	180
	220
	260
	287

	Pressure (kPa)
	P
	64
	200
	400
	600
	736

	Residence Time (Min)
	R
	13
	20
	30
	40
	47


To evaluate the proposed model's fit issues and pure errors, six center points were used. To fit the coefficients of the quadratic model of the response, multiple regression was used. In Equation 3.7, the fitted model is displayed.
 … Equation 3.7                   
[bookmark: _Toc49013381]Where Y is the response (HHV),   and  are the coded factors, , , , and  are constant (intercept on the response axis), linear, quadratic and interaction coefficients respectively and k is the number of factors. Quality of the fitted quadratic model was evaluated by using the significances test and analysis of variances (ANOVA).  ANOVA based on 5% significance level (alpha-value) was conducted to test the significance effects of each factor and their interactions on HHV. The effect of the parameter under consideration was significant and stayed in the model if the significance is less than 0.05 (P-value 0.05), which is in the region of the hypothesis rejection. On the other hand, the effect of the parameter under consideration is not significant when the significance is more than 0.05 (P-value > 0.05). To find the best combinations of the three process input variables to maximize HHV, a response optimizer was used. The inputs variable was set in the range considered in this study, and the HHV was set to maximum. The RSM module's desirability function was used to look for ideal settings that produced the highest possible HHV.
[bookmark: _Toc119285802]3.7 Characterization of Hydro chars
The third specific objective researcher was able to characterize hydro char yield based on mass yields, proximate analysis, ultimate analysis and calorific value.
[bookmark: _Toc119283554][bookmark: _Toc119284520][bookmark: _Toc119285803]3.7.1 Mass yields 
Mass yields was calculated using equation 3.8 and they show how much of the initial feedstock was converted into solid (hydro char), liquid and gas.
Solid Mass Yield (%) =................ Equation 3.8
[bookmark: _Toc119283555][bookmark: _Toc119284521][bookmark: _Toc119285804]3.7.2 Ultimate analysis
A Flash 2000 Organic Elemental Analyzer was used to estimate the amount of carbon, hydrogen, nitrogen, and sulfur (Thermo Scientific, Grand Island, NY, USA). By deducting the percentages of ash, carbon, hydrogen, nitrogen, and sulfur from 100%, the oxygen content was estimated. For the oxidation column of the analyzer, electrolytic copper and copper oxide were utilized, and 2, 5-Bis (5-tert-butyl-benzoxazol-2-yl) thiophene (BBOT) was used for calibration.
[bookmark: _Toc119283556][bookmark: _Toc119284522][bookmark: _Toc119285805]3.7.3 Proximate analysis
The content of samples' volatile matter, fixed carbon, and ash was assessed by thermo gravimetric analyses (TGA) on a TGA Q500. All gas flow rates were set to 50 mL min-1, and the sample heat rate was 200C min-1. The proximate analysis was conducted in a nitrogen environment. Samples were heated to a temperature of 9000C for 5 minutes after being heated to a temperature of 250C to 1050C. The remaining sample was then heated to 9000C for 10 minutes with the introduction of air. Moisture was defined as the mass that was lost in the nitrogen atmosphere at 1050C. Volatile substances were defined as mass loss between 1050 C and 9000 C. Ash is the mass that is left over after combustion has finished. By deducting the percentages of moisture, volatiles, and ash from 100%, fixed carbon was calculated.
[bookmark: _Toc119285806]3.7.4 Calorific value
A Parr 6200 adiabatic oxygen-bomb calorimeter (Parr Instrument Company, Moline, IL, USA) calibrated with benzoic acid will be used to estimate the higher heating value (HHV) for hydro chars.





[bookmark: _Toc89658480][bookmark: _Toc119283557][bookmark: _Toc119284523][bookmark: _Toc119285807]CHAPTER FOUR
[bookmark: _Toc119285808]RESULTS AND DISCUSSIONS
[bookmark: _Toc119283558][bookmark: _Toc119284524][bookmark: _Toc119285809]4.1 Characteristics of KSW
[bookmark: _Toc103157390][bookmark: _Toc103167416]The garbage appears to be made up of a mix of prepared foods (such as chicken, seafood, French fries, and vegetables), uncooked foods (such as vegetables, seafood), and condiments, according to visual examination of the food that was gathered (e.g., salad dressing, ketchup, cocktail sauce). Food containing bones, such as chicken bones, was not used in these tests due to processing restrictions. Then, the packaging materials were divided into three more groups: paper, cardboard, and plastics.
[bookmark: _Toc119285955]Table 4. 1 Collected food waste composition
	Categories 
	Composition by volume %

	Food waste (without bones)
	52

	Food waste (with bones)
	1.6

	Paper 
	3.5

	Cardboard 
	6.5

	Plastic 
	3.2

	Others 
	33


Using a professional culinary blender, the entire volume of bio waste was blended (without the addition of water) to create a uniform mixture that resembled a thick soup. The organic fraction was divided into small portions (approximately 2-3 kg), which were then placed into buckets. The food waste combination was then poured into small buckets and placed in the freezer so that its basic composition would not alter throughout the course of the trials.
[bookmark: _Toc119283559][bookmark: _Toc119284525][bookmark: _Toc119285810]4.1.1 Moisture content 
A higher moisture level reduces the fuel's ability to heat up and can weaken a sample's physical stability.
[bookmark: _Toc103157391][bookmark: _Toc103167417]A sample's physical stability may be weakened and the fuel's capacity to heat up is reduced at increased moisture levels.
Table 4. 2 Moisture content
	Sample
	Before drying (g)
	After drying (g)
	% Moisture

	Sample 1
	34.85
	32.16
	7.77

	Sample 2
	23.04
	20.31
	11.85

	Sample 3
	28.06
	25.45
	9.3

	Average 
	                                                                9.64%


The moisture content of kitchen waste was 9.64%
[bookmark: _Toc119283560][bookmark: _Toc119284526][bookmark: _Toc119285811]4.1.2 Volatile matter
[bookmark: _Toc103157392][bookmark: _Toc103167418][bookmark: _Toc119285956]Table 4. 3 Volatile matter
	Sample
	Before burning (g)
	After burning (g)
	% Volatile

	Sample 1
	5.00
	1.90
	62.0

	Sample 2
	5.04
	1.521
	69.8

	Sample 3
	5.10
	1.858
	63.56

	Average
	                                                       65.12%


The volatile matter of kitchen waste was 65.12%
[bookmark: _Toc119283561][bookmark: _Toc119284527]

[bookmark: _Toc119285812][bookmark: _Toc103157393][bookmark: _Toc103167419]4.1.3 Ash content  
[bookmark: _Toc119285957]Table 4. 4 Ash content
	Sample
	Before burning (g)
	After burning (g)
	%  Ash

	Sample 1
	32.16
	4.15
	12.9

	Sample 2
	20.31
	2.78
	13.7

	Sample 3
	25.45
	3.59
	14.1

	Average 
	                                                             13.56%


The ash content of kitchen waste was 13 56%
[bookmark: _Toc119283562][bookmark: _Toc119284528][bookmark: _Toc119285813]4.1.4 Fixed carbon
The fixed carbon value was determined using the proximate analysis test of sample using the following equation:
Fc (%) = 100 – (Wm + Wa + Wv) ……………………………. Equation 4.1
           = 100 – (9.46 + 65.12 + 13.56)
     Fc = 11.86
Where Fc is the fixed carbon percent in the analysis sample (%).
[bookmark: _Toc119283563][bookmark: _Toc119284529][bookmark: _Toc119285814]4.1.5 Calorific Value
[bookmark: _Toc103157394][bookmark: _Toc103167420]The value of gross calorific value was calculated by using the formula. The average of all three samples of different mass was calculated as shown in table 4.5.



Table 4. 5 Calorific value
	Sample no
	Temperatures
	mass
	Gross Heat (MJ/kg)

	
	initial
	final
	
	

	1
	27
	28.98
	1.21
	17.02

	2
	28
	29.95
	1.16
	17.5

	3
	29
	30.6
	0.98
	17.02

	
	
	Average 
	17.15


Therefore, the gross calorific value of original bio waste is 17.15 MJ/kg
[bookmark: _Toc119283564][bookmark: _Toc119284530][bookmark: _Toc119285815]4.2 Experimental results of HHV
[bookmark: _Toc103157395][bookmark: _Toc103167421]Experiments were designed and conducted to evaluate the effect of temperature, pressure and residence time on the higher heating value (HHV). The results from the experiments showed in Table 4.6
[bookmark: _Toc119285958]Table 4. 6 Experimental design matrix and response data
	Runs
	Factors
	
	Response

	
	Temperature (0C)
	Pressure (kPa)
	Residence time (Min)
	
	HHV (MJ/kg)

	1
	180
	600
	40
	
	31.04

	2
	260
	600
	40
	
	32.26

	3
	260
	600
	20
	
	32.52

	4
	180
	200
	40
	
	33.09

	5
	180
	200
	20
	
	31.89

	6
	260
	200
	20
	
	33.69

	7
	180
	600
	20
	
	32.71

	8
	260
	200
	40
	
	31.54

	9
	153
	400
	30
	
	32.96

	10
	260
	200
	40
	
	32.67

	11
	287
	400
	30
	
	30.75

	12
	220
	64
	30
	
	30.69

	13
	220
	736
	30
	
	30.33

	14
	220
	400
	13
	
	30.52

	15
	220
	400
	47
	
	30.11

	16
	220
	400
	30
	
	31.59

	17
	220
	400
	30
	
	32.22

	18
	220
	400
	30
	
	32.61

	19
	220
	400
	30
	
	32.63

	20
	220
	400
	30
	
	32.63


[bookmark: _Toc119283565][bookmark: _Toc119284531][bookmark: _Toc119285816]4.2.1 RSM modeling of HHV
Using RSM-CCD approach, the quadratic regression model as illustrated in Equation. 4.2 was generated to demonstrate the relationship between HHV and factors of temperature (T), pressure (P) and residence time (R). In the model T, P and R, are linear terms, TR, TP and PR interaction terms and T2, P2 and R2 are quadratic terms. In the model expression, the positive sign before the coefficient indicates the synergistic effect of the model term towards the response, while the negative sign indicates the antagonistic effect.
     …………………………………. Equation 4.2
The accuracy and confidence level of the model were determined by R-sq. and adjusted R-sq. that their values were 0.8630 and 0.7398 respectively. This suggests that the factors analyzed explain 86.30% of the HHV variability and that the model could not explain only 13.7% of the variation of the response. Analysis of variance (ANOVA) was used to determine the adequacy of the model. Table 4.7 presents the results of the quadratic response surface model fitting in the form of ANOVA. ANOVA divides the complete variation of the results into two variations (Hong & Shi, 2020)s: one associated with the model and the other with experimental errors so as to determine whether the variation from the model is significant or not (Sharma et al., 2017). This is determined by evaluating the F-value expressed as the square to residual error ratio of the mean model. The model F-value is the ratio of mean square for the individual term to the mean square for the residual (Sadhukhan et al., 2016). If the determined/calculated F-value is found to be greater than that of the tabulated F-value, then the model is a strong experimental data predictor (Umar et al., 2020). The F-value obtained in the present study was 7.00 (Table 4.7) while critical F-value was 3.2 which suggested the fitness of the response surface model. More so, the significance of each of the model terms was evaluated using the probability of error value (P values). In Table 4.7, the p-values less than 0.050 showed that the terms are significant.
[bookmark: _Toc103157396][bookmark: _Toc103167422][bookmark: _Toc119285959]Table 4. 7 ANOVA for HHV
	Source
	DF
	Adj SS
	Adj MS
	F-value
	P-value
	Remark

	Model
	9
	63.8299   
	7.0922      
	7.00    
	0.003
	Significant

	   Linear
	3
	42.7906  
	14.2635     
	14.08
	0.001
	Significant

	       T
	1
	31.7794
	31.7794
	[bookmark: _Hlk89316284]31.37
	0.000
	Significant

	       P
	1
	1.1708
	1.1708
	1.16
	0.308
	Non-Significant

	       R
	1
	9.8404   
	9.8404   
	9.71   
	0.011
	Significant

	  Square
	3
	19.7865   
	6.5955      
	6.51    
	0.010
	Significant

	      T2
	1
	13.1351  
	13.1351  
	12.97    
	0.005
	Significant

	      P2
	1
	5.7030   
	5.7030   
	5.63    
	0.039
	Significant

	      R2
	1
	4.4476   
	4.4476   
	4.39    
	0.043
	Significant

	   2-way interaction
	3
	11.2528   
	3.4176      
	3.41    
	0.038
	Significant

	      TP
	1
	0.7045   
	0.7045   
	0.70    
	0.424
	Non-Significant

	      TR
	1
	5.2941   
	5.2941   
	5.29    
	0.041
	Significant

	      PR
	1
	0.2542   
	0.2542   
	0.25    
	0.627
	Non-Significant

	Error
	10
	10.1306   
	1.0131
	
	
	Significant

	   Lack-of-fit
	5
	10.1300   
	2.0260  
	0.39    
	0.412
	Non-Significant

	   Pure Error
	5
	0.0005   
	0.0001
	
	
	

	Total
	19
	73.960
	
	
	
	

	[bookmark: _Hlk89315838]R2
	0.8630
	
	
	
	
	

	Adj-R2
	0.7398
	
	
	
	
	


It was found that with the exception of the linear effect of pressure (P) and interaction effects of TP and PR, all model terms were are statistically significant. The temperature (T) had the highest F-value of 31.37 implying that it had the most significant influence on the HHV in comparison with residence time (R) and pressure (P) which had 9.71 and 1.16 respectively. In Table 4.7, the lack of fit p-value of 0.415 showed the lack of fit is not significant relative to the pure error. Non-significant lack of fit, however, is good because the model is geared towards perfect fitness. It implied that a good correlation between the factors and responses could be drawn by the developed model. 
[bookmark: _Toc119283566][bookmark: _Toc119284532][bookmark: _Toc119285817]4.3 Effect of process variables on the HHV
The studied input hydro char process parameters are seen to have an influence on HHV as illustrated in Figure 4.1. However, processing temperature and residence time are significant as evidenced by respective p-values <0.05 in Table 4.7 while pressure is not significant. Besides, temperature is more significant than residence time. This is as well depicted from Figure 4.1 with temperature covering a wide range of mean response
[image: ]       P
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[bookmark: _Toc89833633][bookmark: _Toc103168971][bookmark: _Toc103169242][bookmark: _Toc119286061]Figure 4. 1 Main effect plot
To further understand the fitted model, three-dimensional surface plots were plotted. The surface plots suggest that the linear and interaction terms plus the quadratic term explain just about all of the variability in the HHV. The need for a quadratic term in each factor was mandatory as dictated from the fold in the surface on each factor. The graphical representation of three-dimensional response surface plots is a function of two factors keeping the third variables at the middle (mean) level. The purpose of these plots is to simultaneously create understanding of the main effects and interactions among the factors for the selected response. The combined effects of the three process variables investigated on the HHV of the hydro char are visualized in Figures 4.2-4.4.
[bookmark: _Toc119283567][bookmark: _Toc119284533][bookmark: _Toc119285818]4.3.1 Temperature and residence time
Figure 4.2 shows the response surface and contour plots of the interactions between processing temperature and residence time with regard to the hydro char's high-temperature volatility (HHV) at a fixed pressure of 400 kPa. The maximum HHV, 33.61 MJ/kg, is shown by the combined plots of temperature and residence time at 2500C and 40 min. The two main factors affecting the HHV are temperature and residence time. This could be explained by the fact that higher temperatures and longer residence times result in a greater degree of intermediate dissolution. (Raja & Brahmbhatt, 2021a) and further transformations via polymerization that result in the creation of secondary char. This is the main process by which hydro char is created. Because low solid loading causes a sluggish polymerization rate in the liquid phase and limits the development of secondary hydro char, the HHV of the hydro char falls at a lower processing temperature and shorter residence time (Lucian et al., 2018). However, the higher temperature decreases intramolecular hydrogen bonding in cellulose (Li et al., 2021) and increases the polarity of the CH2OH group. It also encourages the solid-solid process that breaks down polysaccharides to generate hydro char. (Chen et al., 2021).
[image: ]
[image: ]
[bookmark: _Toc89833634][bookmark: _Toc103168972][bookmark: _Toc103169243][bookmark: _Toc119286062]Figure 4. 2 Interaction plot, Contour plot (a) and response surface plot (b) for TR
[bookmark: _Toc119283568][bookmark: _Toc119284534][bookmark: _Toc119285819]4.3.2 Effect of temperature and pressure
Figure 4.3 shows the interactions between processing temperature and pressure on the hydro char's HHV at a constant 30 minute residence time. The HHV increases from 26.88 to 32.64 MJ/kg when the temperature rises from 153 to 2400C, according to the response surface and contour plot, whereas at a constant temperature of 2400C and a 30 minute residence period, the HHV slightly rises with pressure from 31.23 to 32.17 MJ/kg. The hydro char HHV is little impacted by the temperature and pressure interactions during processing.
[image: ]
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[bookmark: _Toc89833635][bookmark: _Toc103168973][bookmark: _Toc103169244]Figure 4. 3 Interaction plot, Contour plot (a) and response surface plot (b) for TP
[bookmark: _Toc119283569][bookmark: _Toc119284535][bookmark: _Toc119285820]4.3.3 Effect of residence time and pressure
Figure 4.4 depict the response surface and contour plots of the residence time and pressure with respect to HHV at a constant temperature of 2200C. HHV is a vital parameter that indicates a correlation of how much of the waste is transformed into solid fuel during HTC. This interaction exhibited the lowest influence on the HHV. [image: ]
[image: ]
[bookmark: _Toc89833636][bookmark: _Toc103168974][bookmark: _Toc103169245]Figure 4. 4 Interaction plot, Contour plot (a) and response surface plot (b) for RP
[bookmark: _Toc119283570][bookmark: _Toc119284536][bookmark: _Toc119285821]4.3.4 Diagnostic plots for residuals
Diagnostic plots for scatter of the residuals such as normal probability plot of residual plot and   plot of residuals versus fits and order were applied. The assumptions of normality, randomness and independence of the residuals were suitable, satisfied and matched as illustrated in Figure 4.5. Thus, lack of fit of the model was insignificant. The normality assumption was also satisfied as the normal probability plot (Figure 4.5) approximated along a straight line.
[image: ]
[bookmark: _Toc89833637][bookmark: _Toc103168975][bookmark: _Toc103169246][bookmark: _Toc119286063]Figure 4. 5 Residual plots
[bookmark: _Toc119283571][bookmark: _Toc119284537][bookmark: _Toc119285822]4.4 Optimization
Optimal points for the temperature, pressure and residence time were established to attain the maximum of HHV. The second order polynomial models developed in this analysis were utilized for the responses in demand to obtain specific optimum input factors. 
[bookmark: _Hlk102838248]…………………………………………………….Equation 4.3
Because the simulation model includes some probabilistic input variables, like the processing time, etc., the optimization problem taken into account in this study is stochastic in nature. Due to the interplay of several components in the objective function, it is a nonlinear optimization problem (TR). The discrete values of the model control factors make it a discrete optimization issue. Furthermore, since just one answer (HHV) is maximized, the problem is a single objective optimization problem.
According to equation 4.3, the ideal HHV of 33.59 MJ/kg was attained at 251.940C, 505.32 kPa of pressure, and 36.97 minutes of residence time. The ideal input settings for the hydro char's HHV are shown in Figure 4.6. Therefore, the crucial conditions are 251.940C, 505.32 kPa, and 36.97mns in order to achieve the highest HHV.
[image: ]
[bookmark: _Toc89833638][bookmark: _Toc103168976][bookmark: _Toc103169247]Figure 4. 6 Optimization plot
[bookmark: _Toc119283572][bookmark: _Toc119284538][bookmark: _Toc119285823]4.5 Characteristics of hydro char yield  
[bookmark: _Toc119283573][bookmark: _Toc119284539][bookmark: _Toc119285824]4.5.1 Proximate analysis
The proximate analysis, which compares the energy content of biomass and fuels by comparing the ratio of combustible to non-combustible materials, is a key feature of both. It calculates the samples' fixed carbon, moisture, volatile matter, and ash contents. Table 4.8 lists the findings of the proximate analysis of the optimized hydro char made from kitchen trash, and the values are contrasted with those of several coals. Generally speaking, fuel with low moisture, low volatiles, and high fixed carbon is regarded as a good fuel since more fixed carbon increases HHV while higher volatile matter lowers fuel combustion performance. (Liu et al., 2013). When coal and biomass are burned directly together, the presence of more volatile matter in the biomass significantly affects the performance of the combustion process and the number of pollutants released. Given that hydro char has less volatile matter than coal, it can be a good choice for co-combustion with coal because it will have superior combustion qualities and release less pollutants. Additionally, solid biofuels will increase the stability of the flame and offer better control over the burning process. (Gao et al., 2019).
According to Table 4.8, the moisture content and volatile matter of kitchen waste were respectively 9.64% and 65.12%, however in the optimized hydro char, these values dropped to 2.5% and 45.6%. Additionally, rice straw had a fixed carbon content of 11.86%, which climbed to 35.4% for the improved hydro char. The reaction temperature affects both a rise in fixed carbon and a decrease in volatile matter since biomass degrades rapidly at higher temperatures, which causes a drop in volatile matter and ultimately an increase in fixed carbon content. (Liu et al., 2013). A rise in the value of fixed carbon is indicated by a release of volatile matters taking place during the HTC. (Nizamuddin et al., 2018) observed an increased in fixed carbon after the MIHTC of rice husk and suggested that it is attributed to the release of the higher amount of volatile matters during the MHTC of rice husk. According to (Liu et al., 2013) At higher temperatures, biomass degrades significantly, causing a decrease in volatile substances and an increase in the fixed carbon content. The same study showed that the volatile matter was reduced and the fixed carbon content was raised in the products, converting maize stalk into a high-quality fuel. While the increased amount of volatile matter in fuel reduces its combustion performance, a rise in fixed carbon enhances the HHV.
The ash content increased from 13.56% of kitchen waste to 16.5% in kitchen waste hydro char, which is in agreement to previous literature (Gao et al., 2019). (Reza et al., 2013) It was found that the rice hull's 21% ash concentration rose to 29.8% in the rice hull biochar, which is explained by the reaction temperature. The results of the optimized hydro char's proximate analysis resemble those of different kinds of coal, as shown in Table 4.8.
[bookmark: _Toc103167423]Table 4. 8 The proximate analysis of kitchen waste, the optimized hydro char and different types of coals
	Materials                               moisture       fixed carbon          volatile                ash           references
                                                   (%)              (%)                     matter (%)          (%)

	kitchen waste                              9.64             11.86                65.12                13.56            (this study)
kitchen waste hydo char               2.5               35.4                45.6                  16.5             (this study)
Australian bituminous coal         3.8           33.0                    39.6         23.6   (Sarkar &    Bhattacharyya, 2012)
Indonesian Subbituminous Coal    -                  46.8                     50.2            28.7         (Buratti et al., 2015)
Chinese Lignite Coal                     8.1               26.7                     50.1           23.2        (Fu & Wang, 2014)
Chinese Bituminous Coal              13.5             59.7                     31.4            8.9            (Becker et al., 2015)
South African Coal                         -                  56.1                     25.8           18.0           (Ofori-Boateng et al., 2014)



[bookmark: _Toc119283574][bookmark: _Toc119284540][bookmark: _Toc119285825]4.5.2 Ultimate analysis
The CHNS/O analysis describes the elemental composition (carbon, hydrogen, oxygen, nitrogen and sulphur) of a material(Nwankwo & Amah, 2016). The final analysis determines the composition and can be used to calculate how much gas will likely be emitted during combustion as well as how much oxygen will be required to burn fuels or biomass. (Chang, 2014). Less carbon and more oxygen in biomass or biofuels is not a good thing since a high oxygen content decreases the hydrogen hydrogen value (HHV), damages the metallic reactor vessels and their joints, and makes the biofuel more unstable.(Lu et al., 2009). Figure 4.7 displays the final analysis of kitchen trash and the optimized hydro char. Kitchen waste had a carbon value of 37.19%, however an optimized hydro char increased that value to 48.8%. On the other hand, after going through the HTC process, the optimized hydro char's oxygen content dropped from 57.6% of kitchen trash to 45.3%. Higher carbon and lower oxygen concentrations are thought to improve hydro char's ability to burn. (Sevilla et al., 2011). The deoxygenation reactions (decarboxylation and dehydration) that occur during the MIHTC, which are affected by the process parameters (reaction temperature and reaction time), are responsible for a rise in the carbon content and a decrease in the oxygen content following the MIHTC process (Kang et al., 2012). A bigger increase in carbon concentration and a decrease in oxygen content are caused by the higher temperature and duration..(Kannan et al., 2017) observed that changing the reaction time from 60 minutes to 120 minutes caused the carbon content to rise from 37.0% to 49.0% while the oxygen percentage fell from 50.67% to 39.31%. Another study looked at the MIHTC of fish waste and discovered that by extending the reaction time from 60 minutes to 120 minutes, the carbon content increased from 27.0% to 50.0% and the oxygen level reduced from 65.0% to 37.0%.(Kannan et al., 2017)

[bookmark: _Toc103168158][bookmark: _Toc103168977][bookmark: _Toc103169248][bookmark: _Toc119286064]Figure 4. 7 The ultimate analysis of kitchen waste and the optimized hydro char
After the HTC procedure, a little rise in the nitrogen content of hydro char products was seen. Kitchen garbage had a nitrogen concentration of 0.2%, which rose to 0.4% in the hydro char, showing that the nitrogen is not eliminated by dissolution in hot water but is instead held in the hydro char. The less reactive protein fraction during the process could be the cause of an increase in the nitrogen concentration of hydro chars.(Liu et al., 2013)
[bookmark: _Toc119283575][bookmark: _Toc119284541][bookmark: _Toc119285826]4.5.3 Mass yield
Mass yields was calculated using Equations below and they show how much of the initial feedstock was converted into solid (hydro char).
Solid Mass Yield (%) =    ...…….Equation 4.4
Study was done on how residency time affected yield. Figure 4.8 displays the results of the hydro char yield test. The consistent yield displayed an increased trend from 20 to 40 minutes. The solid yield peaked at 44.95% when the residence period beyond 40 minutes. The increase in solid yield is primarily to blame for the rise in residence time. Longer residence times in the experimental group may have given the hydrothermal reaction more time, increasing the hydro char's pore structure and allowing for the adsorption of additional liquid, which may have contributed to the rise in solid yield.
[bookmark: _Toc103168978][bookmark: _Toc103169249][bookmark: _Toc119286065]Figure 4. 8 Effect of residence time (220°C)
The HTC was impacted by the reaction temperature. Figure 4.9 displays the results of the hydro char yield test. The solid yield grew initially, then declined, and eventually steadied as the reaction temperature rose. With the temperature rising from 180°C to 260°C. A higher reaction temperature may have caused the raw material to further dissolve into a liquid phase, resulting in a lower solid yield, as the solid yield peaked at 51.1% at that temperature. The primary variables in the HTC process are reaction temperature, residence duration, and material characteristics. (Nizamuddin et al., 2019)

[bookmark: _Toc103168979][bookmark: _Toc103169250][bookmark: _Toc119286066]Figure 4. 9 Effect of temperature (30 minutes)
Numerous studies have evaluated the HTC of MSW. (Heilmann et al., 2011) examined the HTC of distiller's grains under a 1.72 MPa initial reaction pressure. The results showed that at a temperature of 190°C and a residence duration of 2 hours, the greatest hydro char production was 45.6%. The lowest hydro char yield measured 30.2% at 210°C and 0.5h of residence time.(Kannan et al., 2017). (Elaigwu & Greenway, 2016) At a reaction pressure of 1.80 MPa, the HTC of lignocellulosic waste material was examined. According to the findings, the best hydro char yield occurred at a temperature of 200°C and a 2-hour residence duration. The lowest hydro char production was 30.6% at 200°C and 20 minutes of residence time.(Elaigwu & Greenway, 2016)



[bookmark: _Toc119283576][bookmark: _Toc119284542][bookmark: _Toc119285827]CHAPTER FIVE
[bookmark: _Toc119285828] CONCLUSIONS AND RECOMMENDATIONS
[bookmark: _Toc119283577][bookmark: _Toc119284543][bookmark: _Toc119285829]5.1 Conclusions
This study demonstrated that organic/food solid waste from University of Dar Es Salaam restaurants can be converted into solid fuel (hydro char) through HTC as well improving on organic waste management and treatment. Characterization of kitchen waste as wells as hydro char based on proximate analysis, ultimate analysis, calorific value and mass yield was elucidated. Further, the effect and response surface optimization (RSM-CCD) of the HTC process parameters (residence time, temperature and pressure) was also conducted to maximize the hydro char yield. 
The proximate analysis of food waste highlighted acceptable ranges of moisture, volatile matter, ash content and fixed carbon content with respective values of 9.64%, 65.12%, 13.56% and 11.86%. These supported the fuel heating value of the hydro char as well as the physical stability of the sample. 
Additionally, 251.940C, 505.32 kPa, and 36.97 minutes of residence time were the ideal processing parameters predicted by the model, which produced an HHV of 33.59 MJ/kg. Experimental validation revealed that these settings were within 0.0097% of the anticipated outcome. Temperature and residence time were found to be the two factors that have the greatest impact on hydro char yield by the ANOVA test. Additionally, temperature is more important than length of stay.
Furthermore, the proximate analysis, ultimate analysis and mass yield of the hydro char has also been reported. The proximate analysis of hydro char highlighted acceptable ranges of moisture, volatile matter, ash content and fixed carbon content with respective values of 2.5%, 45.6%, 16.5% and 35.4%. In a similar perspective, ultimate analysis presented carbon and oxygen elemental contents of 48.8% and 45.3% respectively. On the other hand, maximum mass of 44.95% at a residence time of 40 minutes and 51.1% at a holding temperature of 1800C.
As reported in other works (Stemann et al., 2013), temperature greatly influences the yield of solids. As obtained from the micro-GC analyses, at higher temperatures decarboxylation and decarboxylation reactions are more pronounced, bringing to higher CO2 and CO production, while lowering the hydro char yields. Moreover, an enhancement of the temperature promotes the dissolution of carbonaceous products into the aqueous phase, further decreasing the solid yields. As it was also found by (Lu et al., 2009), at higher temperatures larger fractions of carbon are measured within the liquid and more gases are produced. Conversely, the influence of the residence time on the hydro char yield seems to be less important, in agreement with previous results (Kruse & Dinjus, 2007). This could be a clue that most reactions involved in HTC take place in the first hours of residence time. Similar results concerning product distribution within the three phases were obtained by several authors (Sevilla et al., 2011). It is worth noticing that solid yield values were affected by a remarkable scattering, due to the heterogeneous nature of the OSC. Gas yield scattering was much lower than solid yield scattering, and almost negligible.

[bookmark: _Toc119283578][bookmark: _Toc119284544][bookmark: _Toc119285830]5.2 Recommendations
These findings imply that hydro char made from food waste can be converted into energy. As a result, this procedure may be employed as an additional food waste valorization approach to supplement the existing food waste valorization technologies. Such a comprehensive strategy would allow for the total and efficient exploitation of food wastes. Because the carbon emissions from using hydro char as a fuel source are lower than those from incineration, HTC might be a better option for the environment than incineration.
For a better understanding of the environmental effects of HTC, more research analyzing the conversion of wastes by HTC is still needed. Additionally, greater knowledge is required regarding the energy properties of the gas and liquid phases. A life cycle evaluation of each activity is important when the appropriate data have been collected and will provide you a better understanding of the system's overall environmental impact.
An excellent way to confirm the potential magnitude of the improvement and choose the ideal process settings would be to do additional study on the ignition of the hydro char produced at various HTC process temperatures and residence times. Additionally, further investigation into the potential benefits of using hydro char as an adjuvant for the anaerobic digestion process appears promising. Investigating the relationships between the process parameters and the modifications to the treated material's porosity appears to be a reasonable place to start in this instance.
It is also recommended that data be gathered seasonally for future studies. Solid waste should be classified according to a larger spectrum of elements rather than just being divided into combustible and non-combustible garbage. Future models will be better able to forecast heating values from various sources thanks to more information and a larger variety of waste categorization.
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