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Hydrothermal carbonization is a thermochemical process, under which biomass material is 

converted into a lignite–like hydrochar. Hydrochar has better physical and chemical properties 

compared to the original feedstock and it has been utilized in various applications. 

A new correlation between operational conditions (temperature, time and water : biomass ratio) 

and the hydrochar’s mass and energy yield for the case of defective coffee beans and corncobs 

has been developed. The analysis results of experimental data suggest that the behaviours of 

these biomass feedstocks differ from that of the reference material (woodchips), and thus new 

correlation equations should be proposed. 
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1. INTRODUCTION 

Biomass is the organic material that originates either from plants (fuelwood, grass, sugarcane 

bagasse, etc.) or from animals (cow manure, animal waste during food processing etc.) 

(Eurostat, 2017). Biomass serves many applications in our life, one of which is as a fuel for 

combustion to produce heat and/ or electricity. In term of emissions, biomass combustion puts 

less pressure on the environment compared to fossil fuels. This is because it is carbon neutral: 

the CO2 released during combustion process is absorbed back by the plants when they grow. 

However, utilizing raw biomass feedstocks for combustion raises certain challenges. Due to the 

naturally high moisture content and low fixed carbon content, the fuel usually has low heating 

value, which results in a low thermal efficiency. In addition to that, raw material often has low 

bulk density, thus requiring more storage space and increasing transportation costs. Therefore, 

a suitable pretreatment process to improve the fuel properties before utilization is essential. 

Different methods have been developed for this purpose, one of which is hydrothermal 

carbonization. 

Hydrothermal carbonization (HTC) is a thermochemical treatment that takes place in aqueous 

environment. The process produces mainly a solid product, so called hydrochar, and a small 

amount of gases and liquids. Hydrochar has better physical and chemical properties compared 

to the original biomass. The method, however, favors lignocellulosic materials due to their 

chemical structure, which will be discussed further later in this thesis. 

It has been found that the product yield in HTC is dependent on the process parameters, mainly 

temperature, residence time and water : biomass ratio. The correlation equations between mass 

and energy yield and the above parameters have been made for woodchips by Sermyagina et al. 

(2015a). The scope of this thesis work is to expand the knowledge in this area by analyzing 

other types of biomass, including defective coffee beans and corncobs. In more detail, HTC 

laboratory experiments are performed with these two biomass materials, then the obtained 

results will be compared with the woodchips (reference) to evaluate whether their behavior is 
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similar enough to use the same correlation equations. Otherwise, the new equations will be 

proposed.    

This thesis report consists of 7 sections. The next section, section 2, discusses biomass formation 

and classification, its physical and chemical properties as a fuel, chemical structure of 

lignocellulosic biomass, information about defective coffee beans and corncobs, and the role of 

bioenergy in EU. Section 3 explains in more details the HTC process, reaction mechanisms, 

products, effects of operational parameters on product yield, hydrochar applications, and 

industrial HTC plants development. Section 4 describes the experimental set up, including the 

equipment and the procedure. Section 5 presents the experimental results and Section 6 analyzes 

the obtained data. The last section, section 7, summarizes the most important findings and 

concludes the work. 
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chlorophyll 

2. BIOMASS 

In this section, formation and classification, and typical characteristics of biomass will be 

presented. In addition, information about defective coffee beans and corncobs will be provided. 

Also, the role of bioenergy in EU and the contribution of these two biomass materials to 

bioenergy production will be discussed.  

2.1.  Formation and classification 

Plant biomass is formed through the photosynthesis process: the plant converts the absorbed 

water and CO2 into glucose and releases O2 as a by–product in the presence of sunlight (Figure 

1). CO2 absorption is promoted by chlorophyll.  

 

Figure 1. Photosynthesis (Photosynthesis Education, n.d.) 

The process can be summarized in the following equation:  

Living plant + CO2 + H2O + Sunlight                        Glucose + O2 – 480 kJ/mol  

The energy stored in the plants is later passed onto animals when they eat these plants.  

Depending on where they come from, biomass is classified into 2 major groups, namely virgin 

and waste biomass. Virgin biomass, i.e. primary biomass, includes those that come directly from 
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plants or animals. Waste biomass, i.e. derived biomass, includes those that come from biomass–

derived products. (Basu, 2010). The two major groups and their subclassifications are presented 

in Table 1. 

Table 1. Biomass groups and their subclassifications (Basu, 2010) 

Virgin Terrestrial biomass  Forest biomass 

Grasses 

Energy crops 

Cultivated crops 

Aquatic biomass Algae 

Water plant 

Waste Municipal waste Municipal solid waste 

Biosolids, sewage 

Landfill gas 

Agricultural solid waste Livestock and manures 

Agricultural crop residue 

Forestry residues Bark, leaves, floor residues 

Industrial wastes Demolition wood, sawdust 

Waste oil or fat 

 

In the next section, typical characteristics of biomass will be discussed. 

2.2.  Characteristics of biomass 

2.2.1. Important chemical and physical properties  

The overall performance of a biomass combustion process, covering technical, environmental 

and economic aspects, is determined by the fuel’s chemical and physical properties. Important 

chemical properties comprise calorific value; moisture, volatiles, fixed carbon, and ash content 

(in proximate analysis); and C, H, O, N, S, minor and trace elements content (in ultimate 

analysis). Important physical properties comprise bulk density, particle size and size 
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distribution, grindability, and reactivity.  This section will discuss these important 

characteristics in more details. 

2.2.1.1. Chemical properties 

Calorific value is the most significant parameter of the fuel. It determines the possible amount 

of energy extracted from the fuel and the combustion temperature. In addition, the value affects 

the choice of used technology: pulverized fuel boiler usually requires fuel with higher heat 

value, compared to that of grate and fluidized bed boiler. Calorific value is affected by moisture 

and ash content, as well as other elemental components making up the fuel. (Strömberg, 2006). 

Proximate analysis 

Moisture content is the major factor affecting calorific value of a fuel. High moisture leads to a 

reduction in combustion temperature and an increase in flue gas volume, which might decrease 

the power output. Moisture content in biomass is usually high. 

Volatiles content influences the fuel behavior in combustion. This value is high in biomass, up 

to 70 – 80 % (Vakkilainen, 2016). For fuels with high volatiles, the combustion is mainly 

heating, gasification and combustion in gas phase, whereas for fuels with lower volatiles, the 

combustion happens in solid phase on the surface or bed of the fuel particle. (Strömberg, 2006). 

Ash is the inorganic fraction that is left after the combustion is completed. Ash content affects 

the cost of the corresponding ash handling system. The amount of ash is typically high in 

biomass and varies depending on the biomass type. 

Fixed carbon is the core element of a fuel. It is determined as total fuel weight subtracted by 

moisture, ash and volatiles weight.  

Ultimate analysis 

Biomass fuel is mainly composed of C, H, O, N and S, together with a small amount of inorganic 

and trace elements, which make up the ash. It should be noted that although sulfur is a major 

constituent of the fuel, the amount of this element in biomass is very small. The composition of 
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each major element is in average 50% C : 6% H : 40% O : 0.5% N : 0.01% S. (Vakkilainen, 

2016). 

Minor elements include P, K, Cl, Si, Mg, Al, Ca, Fe, Na, Ti, Mn, and Ba. Many of them cause 

operating problems during combustion. Trace elements include Cd, Co, Mo, Sn, Ni, Pb, Sb, Se, 

Cr, Cu, Hg, V, and Zn. They are present in biofuel in low content. The analysis of minor and 

trace elements must be done in a specialist laboratory since it requires advanced analysis 

equipment. (Strömberg, 2006). 

2.2.1.2. Physical properties 

Bulk density [kg/m3] is defined as the mass of biomass amount divided by the volume that 

amount consumes. This means it includes the void formed between the material. The term 

should be distinguished with density. Bulk density is an essential factor that decides the design 

of the fuel transport system (Strömberg, 2006). Biomass usually has low bulk density, in other 

words it takes up more storage space, thus requires more handling and transportation effort, 

which then increases the expense. Transportation of biomass accounts for 20 – 50 % of total 

bioenergy production cost (Vakkilainen, 2016).  

Fuel’s particle size and size distribution depend on the preparation method. Plant biomass fuel 

has a distinctly anisotropic structure that varies according to the plant’s growth pattern. 

Grindability and reactivity are more crucial in pulverized fuel boiler, in which the particle size 

must be under 1 mm and its residence time is limited. In FB boiler, the fuel must suit the rotating 

feeder, so large fuel pieces should be able to be crushed into smaller sizes. Reactivity is 

relatively important to the design of the equipment. (Strömberg, 2006). 

2.2.2. Chemical structure of biomass and lignocellulosic biomass 

Biomass is a complicated combination of different organic compounds, dominated by 

carbohydrates, fats, proteins, and a minor amount of minerals such as sodium, phosphorus, 

calcium and iron. Plant biomass is mainly composed of extractives, fiber or cell wall 
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components, and ash. A chart illustrating the composition of wood biomass is presented in 

Figure 2. 

 

Figure 2. Major constituents of a woody biomass (Basu, 2010) 

• Extractives are organic substances, such as protein, oil, starch, and sugar etc., which are 

available in the organism’s tissue. They can be separated by suitable solvents and 

recovered by liquid evaporation.  

 

• Cell walls form the structure of the plant, keeping it stand straight without external 

support. Cell walls (lignocellulose) consist of different carbohydrates, namely cellulose, 

hemicellulose, and lignin. The percentage of each constituent varies depending on the 

plant species.   

 

In addition, certain plants, such as those that have fruits, seeds (cereals), or tubers, store 

also starch and fats in these parts of the plant. Similar to cellulose, starch is a 

carbohydrate polymer. However, it is composed of alpha – glucose monomers bonded 

together by alpha – (1, 4) – glycosidic linkages, whereas cellulose is composed of beta 

– glucose monomers bonded together by beta – (1, 4) – glycosidic linkages. 

 

While cellulose is not digestible in human digestive system due to our lack of suitable 

enzyme, starch is easily digested, and thus it is included in the food supply. On the other 

hand, due to their chemical property of being dissolved easily, some starch and sugar- 

Components of 
wood biomass

Extractives
Cell wall 

components

Cellulose Lignin Hemicellulose

Ash
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containing feedstocks are also desired in production of liquid biofuels. They can be 

converted either by fermentation or by some other methods. The use of these starch crops 

for energy production, therefore, must be considered carefully so that it does not harm 

the food security. Usually, this is solved by distinguishing between crops for food supply 

and crops for energy production. 

 

• Ash is the inorganic fraction of the biomass. (Basu, 2010). 

The following part in the theoretical study will focus more on lignocellulosic biomass since the 

majority of biomass, specifically biomass for energy production purposes, falls into this 

category (Basu, 2010). As mentioned above, lignocellulosic material is a fibrous, non–starch 

part of the plant and consists of mainly cellulose, hemicellulose and lignin. The composition of 

each constituent in a plant varies depending on the plant’s species, age, stage of growth, and 

other living conditions. The composition in some biomass samples are presented in Table 2. 

Table 2. Cellulose, hemicellulose and lignin contents in lignocellulosic biomass (Pratima, 2016) 

 Cellulose Hemicellulose Lignin 

Hardwoods 40 – 55 24 – 40 18 – 25 

Softwoods 45 – 50 25 – 35 25 – 35 

Wheat straw 30 50 15 

Corncobs 45 35 15 

Grasses 25 – 40 35 – 50 10 – 30 

 

Cellulose is the major constituent of the plant cell wall. It is a polymer of beta – D – glucose 

monomers. The monomers are bonded by beta – (1, 4) – glycosidic bonds to form a cellulose 

chain. The degree of polymerization of a cellulose chain varies from 10 000 glucose units 

(wood) to 15 000 glucose units (native cotton). 20 – 300 chains are then linked together by 

hydrogen and van der Waals bonds, forming microfibrils. Microfibrils are bundled together to 

create cellulose fibers (Figure 3). (Pratima, 2016). 
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Figure 3. Structure of cellulose (Pearson Education, 2011) 

The structure of cellulose is affected by the interchain hydrogen bonds between the microfibrils. 

Biomass’s cellulose is present in both crystalline structure (order) and amorphous structure 

(disorder). The disorder form is more vulnerable to enzymatic degradation. (Pratima, 2016). 

Hemicellulose is the second major polymer in lignocellulosic biomass, covering 20 – 50 % of 

its total composition. Unlike cellulose, hemicellulose is either a homopolymer or a 

heteropolymer, both of which are formed from branches consisting of different types of sugars 

linked by beta – (1, 4) – glycosidic bonds and sometimes beta – (1, 3) – glycosidic bonds (Figure 

4). These sugars consist of pentoses (xylose, rhamnose, and arabinose), hexoses (glucose, 

mannose, and galactose), and uronic acids (4 – O − methylglucuronic, d − glucuronic, and d − 

galactouronic acids. (Pratima, 2016). 
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Figure 4. Structure of hemicellulose (Pratima, 2016) 

Hemicellulose has lower molecular weight than cellulose and it functions as a cover for cellulose 

fibrils. This component is also most susceptible to thermochemical processes. (Pratima, 2016). 

Lignin is the polymer that is third most abundant in nature. It is a complex structure of cross – 

linked polymers of phenolic monomers, including (guaiacyl propanol), p − hydroxyphenyl 

propanol and syringyl alcohol, linked together by alkyl − aryl, alkyl − alkyl, and aryl − aryl 

ether bonds (Figure 5). (Pratima, 2016). 
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Figure 5. Structure of lignin (Pratima, 2016) 

Lignin content varies among plant species, usually higher amount is found in wood materials. 

This constituent plays many roles in the plant cell: gluing different constituents of lignocellulose 

together, making lignocellulose impermeable, supporting the cell structure, and shielding 

against microbial attack. (Pratima, 2016). 

2.3.  Defective coffee beans 

Coffee bean is the pit inside the red cherry (fruit) of the coffee plant. Green coffee beans are the 

major commodity in the trading market. Quality of coffee beans in international trading is 

evaluated by various criteria, including bean size, shape, crop year, roast potential, processing 

method, flavor, and presence of defects. Out of these parameters, flavor and defects are the most 

important.  

Defective bean is the consequence of issues occurring during harvesting or pre–processing 

stages. The most important defects are black, sour, and immature beans (Figure 6) as these 

influence the beverage’s flavor directly and significantly.  
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Figure 6. Coffee beans: (a) black; (b) sour; (c) immature; (d) healthy (Franca and Oliveira, 2008) 

Black beans come from beans that are dead in the cherries (Clarke, 1987), or those that fall on 

the ground either by natural forces or overripening (Mazzafera, 1999). Black beans cause a 

heavy flavor in the beverage. Sour beans result from ‘overfermentation’ during wet processing 

(Clarke, 1987), inappropriate drying, or collecting of overripe cherries (Sivetz and Desrosier, 

1979, cited in Franca and Oliveira, 2008). Sour beans are associated with the sour and oniony 

taste in the drink. Immature beans come from immature cherries. Immature beans result in the 

astringent taste in the beverage. 

Brazil is the country that currently produces the most coffee in the world, and 15 – 20 % of the 

total production consists of defective beans. Due to the lack of an alternative usage and a market 

for this defective fraction, most of these beans, after being separated from exported portion, are 

blended with healthy beans and sold in the national market. The defective fraction accounts for 

over half of the national products. (Franca and Oliveira, 2008). 

The proximate analysis and other important parameters of the defective coffee beans sample 

used in this thesis work are presented in Table 3. 
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Table 3. Properties of defective coffee beans (LUT University, 2018) 

Parameters Value Unit 

Moisture content 6.5 weight - % 

Volatiles content 69.18 weight - % 

Fixed carbon content 21.16 weight - % 

Ash content 3.14 weight - % 

Density 557 kg/m3 

Density [dry basis] 521 kg/m3 

Calorific value 19.39 MJ/kg 

 

Coffee beans are also a lignocellulosic material. Regarding the chemical structure, the beans 

contain high amount of mannans or galactomannans, arabinogalactan − proteins (AGPs) and 

cellulose (Redgwell and Fischer, 2006). These components make up half of the green coffee 

beans (dry basis). Moreover, there are small amounts of pectic polysaccharides (Redgwell et al., 

2002) and trace of xyloglucan (Oosterveld et al., 2003). 

2.4.  Corncobs 

Corncob is the core part of the corn, where the kernels grow (Figure 7). During the harvesting, 

corncob might be collected together with the kernels (corn on the cob) or left on the field with 

the stalks and leaves (corn stover). It is utilized as a feedstock for combustion or for production 

of liquid biofuels through fermentation processes (Pointner et al., 2014). 



22 
 

 

Figure 7. A corncob with attached corn kernels (Chiesa, 2009) 

The proximate analysis and other important parameters of corncobs used in this thesis work are 

presented in Table 4. 

Table 4. Properties of corncobs (LUT University, 2018) 

Parameters Value Unit 

Moisture content 7.98 weight - % 

Volatiles content 67.29 weight - % 

Fixed carbon content 22.55 weight - % 

Ash content 2.16 weight - % 

Density 112 kg/m3 

Density [dry basis] 103 kg/m3 

Calorific value 16 MJ/kg 

 

The lignocellulosic composition of corncob was presented in section 2.2.2. 
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2.5.  The role of bioenergy in EU 

According to the statistical report by Bioenergy Europe (2018), bioenergy production has 

increased significantly over the last two decades (Figure 8). In 2016, the value was 134 497 

ktoe, doubling the amount produced in 2000.  

 

Figure 8. Evolution of primary production of renewable energy in EU28 (ktoe) (Bioenergy Europe, 2018) 

In addition to that, bioenergy has played the major role in renewable sector in EU28 Member 

States. In 2016, it accounted for 63.83% of total primary renewable energy production, which 

was 210 708 ktoe. Meanwhile, contributions from hydro energy and wind energy stood at 30 

105 ktoe (14.29 %) and 26 044 ktoe (12.36 %), and the rest of around 10% came from solar, 

geothermal and tidal energies (Figure 9).  

Total primary production comprises energy derived from all renewable sources, solid fossil 

fuels, petroleum products, gas and nuclear. In 2016, energy from biomass contributed 18% to 

the total primary production (Figure 10). This share was similar to that of fossil fuel and only 

lower than that of nuclear fuel (29 %).  
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Figure 9. Share of different renewable energy sources out of total primary energy production of renewables in 

EU28 Member States in 2016 (%) (Bioenergy Europe, 2018) 

 

 

Figure 10. Total primary energy production in EU28 in 2016 (ktoe, %) (Bioenergy Europe, 2018) 

The renewable energy share (RES) is defined as the amount of renewable energy consumed 

divided by the total amount of gross energy consumed. This is one of the key elements listed in 
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the Europe 2020 Climate and Energy Package: the target of 20 % of EU energy from renewables, 

with 10 % share of renewables in transport sector must be met by 2020 (European Commission, 

n.d.). In 2016, EU28 total gross energy consumption was 1 107 818 ktoe, with 188 207 ktoe 

from all renewables and 115 945 ktoe from bioenergy (Bioenergy Europe, 2018). This 

corresponds to RES 17 %, with 10.5 % from bioenergy. It can be seen that biomass has played 

a crucial role to help EU reach its 2020 target. This role is expected to be emphasized more in 

the next decades, when the higher targets are pursued: at least RES 27% by 2030 as set in Europe 

2030 Climate & Energy Framework (European Commission, n.d.)., and a climate–neutral 

Europe by 2050 as in Europe 2050 Long-term Strategy (European Commission, n.d.).   

Table 5 summarizes the key values of bioenergy discussed in above paragraphs, including the 

development trend of biomass in energy sector and the role of bioenergy in the future of 

European Union. 

Table 5. Bioenergy key values in EU28 in 2016  

 
Bioenergy 

[ktoe] 

Renewable 

energy [ktoe] 

Total 

energy 

[ktoe] 

Bioenergy/ 

Renewable 

energy [%] 

Bioenergy/ 

Total 

energy [%] 

Renewable 

energy/ Total 

energy [%] 

Production EU28 134 497 210 708 740 853 63.83 18 28 

Consumption EU28 115 945 188 207 1 107 818 61.6 10.5 17 (*) 

(*): target RES 20%   

Potential contribution of defective coffee beans to bioenergy sector 

Coffee is a valuable trading commodity. In 2017/2018, a total amount of 158 560 tonne of 60 – 

kg bags, which is equivalent to 9.5 million tonne, of coffee beans was produced around the 

world (International Coffee Organization, 2019). As mentioned in previous section, 15 – 20 % 

of this amount consists of defective beans. Because defective coffee beans still hold profits for 

the coffee producers, they are currently sold and consumed in many producing countries, 
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reducing the quality of the beverage. This practice will, unfortunately, continue unless some 

other alternative usages for this defective portion are implemented.  

Some possible solutions for this issue have been proposed in literature. One of them is to 

produce biodiesel from the defective beans. The technical feasibility of this method was studied 

by Oliveira et al. (2008). In this research work, the oil in the defective beans was first extracted 

by Soxhlet apparatus; after that, it underwent the transesterification process with methanol and 

ethanol in the presence of an alkaline catalyst to form alkyl esters of fatty acids. The extracted 

oil was successfully converted to alkyl esters, demonstrating that the defective coffee beans 

could be a potential feedstock for biodiesel production. In another research paper by Oliveira et 

al. (2006), the coffee oil was proven to be suitable in the food and pharmaceutical formulations  

after a minor processing. However, this will not be discussed in detail within the bioenergy 

context of this thesis.  

Another alternative for the use of defective coffee beans is the hydrothermal carbonization 

process, which will be studied in more details in the next sections. The process produces a 

homogeneous hydrochar product, which has lower content of volatiles, moisture and has higher 

content of fixed carbon, resulting in the material’s higher calorific value compared to that of the 

original feedstock. The product is suitable for use as a combustion fuel.  

However, the above two methods are limited to literature and laboratory scale. The real–life 

implementation seems to be infeasible when looking from the economical point of view. 

Because the separation of defective coffee beans by color is currently still inefficient (especially 

for immature beans), the fractions that are categorized as low–quality and are rejected during 

color separation may contain a considerable amount of non–defective beans, ranging from 30 

up to 70 %. These fractions are still economically valuable for the producers and they are sold 

on the coffee market at a lower price, around 150 $ per 60–kilogram bag, compared to 220 $ for 

a good–quality 60–kilogram bag. Therefore, an alternative usage can only be feasible for 

implementation if it can provide more profits for the coffee producers than their current option. 

(Franca and Oliveira, 2009). 



27 
 

Potential contribution of corncobs to bioenergy sector 

Among all grains, corn shares the largest production volume. In 2018/2019, a total amount of 

1.07 billion tonne of corn was produced around the world (OECD, 2019). This corresponds to 

a huge amount of corn stovers, which include corn stalks, leaves and corncobs, generated during 

the harvesting (Figure 11). The mass ratio between corn stover and corn harvested is ranging 

from 0.9 to 1.1, depending on the quality of the farm (Kadam and McMillan, 2003). In other 

words, around 1 tonne of stovers will be generated when 1 tonne of corn is collected. In a 

sustainable practice, around 40 % of the total stovers could be removed from the fields (Kadam 

and McMillan, 2003).  

 

Figure 11. Corn stover (Bryant, 2014) 

Compared to defective coffee beans, corncobs have more potential to be used as a feedstock for 

bioenergy production. This is because the material is abundant and is considered as a waste with 

low economic value. Currently, corncobs have been utilized in various applications both in 

energy sector and  non–energy sector. Some of non–energy applications include bedding and 

food for animal, soil conditioner, furniture, and ingredients in pharmaceutical and chemical 
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products. Within the context of this thesis, only energy–related applications will be discussed 

in more details. These applications comprise fuel for direct combustion, gasification and 

pyrolysis, and feedstock for bioethanol, hydrogen and acetone butanol ethanol production. 

Corncobs are a suitable fuel for combustion process to generate heat and electricity. The heating 

value of corncobs is comparable to that of low–grade South African coal (16 MJ/kg). In addition, 

the nitrogen and sulfur content of this biomass is relatively low, being 0.41 – 0.57 weight - % 

and 0.03 – 0.05 weight - % respectively, compared to that of coal, being 0.8 – 1.9 weight - % 

and 0.7 – 1.2 weight - % respectively. Therefore,  corncobs can be combusted either alone or 

blended with coal to reduce NOx and SO2 emissions. (Mohlala et al., 2016). Hydrothermal 

carbonization of corncobs can further increase the heating value by modifying the chemical 

composition of the raw material, resulting in a better combustion performance. 

Another alternative use of corncobs is in thermochemical conversion processes, including 

gasification and pyrolysis. In their research paper, Biagini et al. (2014) concluded that the 

corncobs were successfully gasified in a demonstrative downdraft gasifier (thermal power of 

350 kW). The achieved parameters, including the specific gas production of 2 m3/kg, syngas 

heating value of 5.6 – 5.8 MJ/m3, and potential plant net efficiency of 21.1 – 21.6 %, were 

comparable to those achieved with reference woody fuels.  

Production of bio–oils from corncobs via pyrolysis process is also technically feasible. Bio–oils 

could replace diesel and gasoline fuels. In the research article of Mao et al. (2018), it was 

reported that the integration of zeolite–coated cordierite honeycomb (ZCCH) as a catalytic 

upgrading zone into the downstream of a fluidized bed reactor produced a high yield of light 

olefins and liquid aromatics with a high calorific content. Moreover, the studied method 

overcame the plugging issue during the oil upgrading process, which is typical when using 

conventional catalysts such as Co and Fe. Besides bio–oils, pyrolysis process also yields a 

carbon–rich material called biochar. Yu et al. (2014) tested the use of biochar obtained from 

corncobs pyrolysis in a direct carbon fuel cell (DCFC), a device that can convert energy stored 

in solid carbon directly into electricity without additional thermal processes. The results showed 

that it was feasible for the corncobs biochar to be used as a fuel for DCFC, and the peak power 
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density achieved by this material was much higher than that of other carbon fuel types tested 

under the same conditions. 

Due to the high content of cellulose, corncobs are also used to produce bioethanol. The 

procedure starts with the pretreatment with NaOH to remove the lignin content in the corncobs, 

followed by the enzymatic hydrolysis to produce hydrolysates (mainly glucose) and finally the 

fermentation of hydrolysates with a suitable yeast to create bioethanol–containing solution, 

which will then be distilled to extract pure bioethanol. The procedure has been modified in 

different ways to improve its productivity and efficiency.  

Alternatively, the obtained enzymatic hydrolysates can be fermented by Clostridium 

hydrogeniproducens HR-1 to produce hydrogen (Tang et al., 2013). Since Clostridium 

hydrogeniproducens HR-1 can utilize both glucose and xylose (Tang et al., 2013), this method 

can make good use of the hemicellulose content (xylose is the main enzymatically hydrolyzed 

product of hemicellulose) in corncobs when this fraction is not extracted for other purposes 

beforehand. Similar to Clostridium hydrogeniproducens HR-1, Clostridium saccharobutylicum 

DSM 13864 can also utilize both glucose and xylose. This strain was used in the research 

conducted by Gao and Rehmann (2014) to ferment the hydrolyzed sugars into acetone butanol 

ethanol (ABE).  
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3. HYDROTHERMAL CARBONIZATION (HTC) 

In this section, HTC process will be presented in detail. This includes the HTC definition, 

reaction mechanisms, products and their properties, effect of process parameters on product 

yield, applications of hydrochar, and the development state of industrial HTC plants.  

3.1.  Definition  

Hydrothermal carbonization is a thermochemical process, under which the original biomass is 

converted into a coal–like solid material (main product) and small amount of gases and liquids 

(by–products). The process takes place under below conditions:  

• The biomass feedstock is completely submerged in the water. This ensures the heat is 

equally provided at every location of the reactor and avoids overheating at some 

locations.  

• The operating temperature is typically ranging from 180 – 250 ℃ in practical 

implementations. The lower limit is the point at which hydrolysis of the material starts 

to be efficient (hemicellulose is hydrolyzed at around this value).  

• The pressure must be at least saturated to maintain the liquid phase of water.   

• Typical residence time varies between 1 and 72 hours.  

• The pH value of the solution should be quite acidic, and this will happen naturally during 

the thermal conversion due to the formation of acidic by–products. (Funke and Ziegler, 

2010). 

3.2.  Reaction mechanisms 

A complete study that covers all reactions involved in HTC process and their connecting 

network has not been developed yet. However, separate general reaction mechanisms, including 

hydrolysis, dehydration, decarboxylation, condensation, polymerization, and aromatization, 

have been identified (Figure 12), and they will be discussed in this section. It should be noted 
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that the reactions involved in the mechanisms do not happen in a certain order, but rather in 

parallel network, following different paths.   

  

Figure 12. HTC reaction scheme (Kruse et al., 2013) 

Under high temperature condition, the water breaks the ester and ether bonds presenting mainly 

in cellulose and hemicellulose ((1, 4) – glycosidic linkages), and in lignin (different ether 

linkages), forming oligosaccharides from the polysaccharides. This process is called hydrolysis 

(Figure 13). Given enough time, the oligosaccharides are further hydrolyzed into corresponding 

monomers. Hydrolysis of hemicellulose takes place already at around 180 °C, while that of 

cellulose and lignin starts from 200 °C. The main products from hydrolysis are hexoses (6–C 

sugars, mainly glucose and its isomer, fructose) and pentoses (5–C sugars) from cellulose and 

hemicellulose, and phenols from lignin. Cellulose is not completely hydrolyzed, and the 
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incomplete fraction will go through its own solid – solid reactions to form hydrochar. (Coronella 

et al., 2014, and Funke and Ziegler, 2010).  

 

Figure 13. Hydrolysis of cellulose and hemicellulose (Coronella et al., 2014) 

The above main products then undergo dehydration and decarboxylation process (Figure 14), 

in which the hydroxyl and carboxyl functional groups in the monomers are removed. This stage 

results in the release of water, CO2 and the yield of a mixture comprising intermediate products: 

5 – hydroxymethyl furfural (5 – HMF); 5 –  methylfurfural; furfural; 1, 6 – anhydroglucose; 

erythrose; 1, 2, 4 – benzenetriol; and aldehydes. The major and important products are the 

furfurals. Though dehydration can be found in other different stages in HTC, the majority takes 

place after the hydrolysis step. (Coronella et al., 2014, and Funke and Ziegler, 2010).  
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Figure 14. Degradation, dehydration and decarboxylation of glucose and fructose (Adapted from Coronella et al., 

2014) 

A portion of the hexoses from hydrolysis and in the biomass cell’s extractives will degrade, 

creating simple acids, including acetic, lactic, propanoic, levulinic and formic acids. These acids 

can undergo decarboxylation, releasing more water and CO2. 

The hydrolyzed and dehydrated products go through condensation, polymerization and 

aromatization to form hydrochar (Figure 15). 

 

Figure 15. Condensation polymerization, and aromatization of dehydrated products (Coronella et al., 2014) 
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Condensation of monosaccharide is relatively slow, since the compounds tend to recondense to 

oligosaccharides. The main reactions are condensation of furfural into retro – aldol condensation 

and keto – enol condensation. (Coronella et al., 2014, and Funke and Ziegler, 2010).  

3.3.  Products and their properties 

HTC process creates a mixture of solid, liquid and gaseous products. The solid, hydrochar, 

exhibits characteristics similar to that of lignite. This char is also the major interest in most of 

the conducted experimental studies. Liquid solution contains sugars and their derivatives, 

organic acids, furanoid and phenolic compounds. Besides, a portion of the solids that cannot be 

recovered by filtration remains in this solution. Gaseous mixture consists of mainly CO2, some 

amount of CH4 and CO, and a trace of H2 and CxHy. The composition of each product fraction 

differs, depending on the utilized feedstock and the process parameters. (Funke and Ziegler, 

2010).  

In his Master’ s thesis, Child (2014) synthesized the reported distribution of product yield of 

different biomass samples. The data is presented in Table 6. 
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Table 6. Reported product yields distribution of HTC (Child, 2014) 

 

More details regarding the products are described in following subsections. 

3.3.1. Solid product, hydrochar 

A significant amount of hydroxyl and carboxyl function groups are eliminated through 

dehydration and decarboxylation during HTC. This leads to a decrease in H/C and O/C ratio in 

the biomass material, which means a greater energy densification and higher heating value in 

the hydrochar can be obtained (Hoekman et al., 2011). In addition to this, the removal of 

hydrophilic groups and the new structure of the carbon result in the char’s hydrophobic property 

(Coronella et al., 2014). Due to this reason, the drying of the product after HTC does not require 

much effort and cost. Together with the fact that there is no need for pre – drying of the raw 

materials, HTC is appealing in terms of investment cost compared to dry torrefaction.  
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In addition to that, when the carbohydrates are carbonized in the presence of a certain catalyst 

or template, different porous structures in the hydrochar can be achieved. High porosity means 

a large surface area, which is essential when the hydrochar is later utilized as an adsorbent, a 

catalyst or an energy storage. (Titirici and Antonietti, 2010). 

3.3.2. Liquid and gaseous products 

The liquid and gaseous products are considered by–products and their utilizations are not the 

major interest in most research. However, according to Funke and Ziegler (2010), many organic 

and inorganic substances in liquid phase are economically valuable and should be recovered to 

prevent such a loss. The presence of CO2, which makes up the largest share of the gaseous phase, 

can be explained by decarboxylation during HTC. For this reason, measurement of this gas 

might help to control the reaction progress.  

3.4.  Effect of process parameters on product yield 

As mentioned in the previous section, the product yield and product’s composition depend 

heavily on the feedstock and the process parameters. The process parameters covered in current 

literature studies include temperature, residence time, water : biomass ratio, pressure, and pH 

level. When concerning the practical implementation perspective, these parameters are the 

major point of interest instead of the involved chemical reactions. They will be discussed in 

more details in this section. 

It should be noted that the effect of these parameters on the yield, on the other hand, might differ 

for different biomass feedstocks and experimental ranges. In other words, while a parameter 

might affect the yield of HTC product for this biomass in this operational condition, it might 

not affect the output of HTC product for another biomass in the same condition, and vice versa. 

This might be explained by the complex chemical reactions occurred in the biomass during the 

process. Due to this reason, one novel model to describe and depict the behavior of different 

biomass feedstocks is infeasible. The only solution in this case is to perform laboratory 

experiments for a specific biomass and build an empirical model for it based on the obtained 

data. Later, this (reference) model can be tested on another biomass to evaluate whether they 
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would behave in a similar way, otherwise a new model will be built for the tested biomass. 

Sermyagina et al. (2015a) has built this reference model, and this work will test it on defective 

coffee beans and corncobs. 

3.4.1. Temperature and residence time  

Temperature plays an important role in the reaction mechanism. As in hydrolysis stage, it takes 

several seconds for glucose to be hydrolyzed at 270 oC, whereas the same material can only be 

hydrolyzed after several hours at 150 oC. Furthermore, different dominant components of 

lignocellulose have a different optimal hydrolysis temperature: hemicellulose is almost 

completely hydrolyzed at 180 oC, while major part of lignin is hydrolyzed at around 200 oC, and 

cellulose is hydrolyzed at over 220 °C. (Funke and Ziegler, 2010). 

HTC is a relatively slow reaction, which can take from hours to days. The effect of residence 

time and the temperature on the carbonization process is governed by a so called “severity 

equation” (Equation 1). 

𝑓 = 50 ∙ 𝑡0.2 ∙ 𝑒−3500/𝑇    (Eq. 1) 

Where  f : conversion of HTC 

    t: residence time  

    and T : temperature 

Higher temperature and/ or longer residence time increase the severity. In this condition, lower 

yield of solid product is expected, yet it tends to have higher carbon content (low H/C and O/C 

ratio), indicating greater energy density and higher heating value. In addition, the amount of 

organic and inorganic compounds in liquid phase seems to decrease. (Hoekman et al., 2011). 

Besides, there is more water and acetic acid produced, which can be explained by promoted 

dehydration (Hoekman et al., 2011; Kruse et al., 2013; Yan et al., 2010). This also links to the 

promotion of decarboxylation, which results in the higher amount of released CO2.  
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3.4.2. Water : biomass ratio 

The water : biomass ratio influences the product yield. Higher amount of water intensifies the 

hydrolysis reaction, leading to significant mass loss and energy yield decrease, yet heating value 

increase. (Sermyagina et al., 2015a).  

3.4.3. Pressure 

The role of pressure seems to be less significant compared to other factors. High pressure is 

believed to enhance the removals of extractables from biomass. It also helps to ease the 

briquetting of hydrochar, which might be useful in technical applications. (Funke and Ziegler, 

2010). 

3.4.4. pH level 

The overall reaction rate of HTC is improved under weak acidic environment. This has been 

proven to enhance hydrolysis process (of cellulose) and dehydration. Naturally, during HTC, 

various organic acids are formed, such as acetic, formic, lactic, and levulinic acid. In addition, 

CO2 gas formation influences the process in a similar way as the aforementioned acids. The 

effect of acidic environment on other mechanisms, including decarboxylation and condensation 

polymerization, however, remains unknown. (Funke and Ziegler, 2010). 

3.5.  Hydrochar applications 

Various applications of hydrochar, including combustion fuel, adsorbent, energy storage, 

catalyst, and soil additives, have been researched and proposed. These applications will be 

discussed in this section.  

3.5.1. Fuel 

As mentioned in the previous section, hydrochar fuel is hydrophobic and has higher calorific 

value compared to the original feedstock, since the moisture and the volatiles content are 

reduced significantly during HTC. In addition to this, the friable property due to lignin content 

makes it easier to grind the material to produce pellets. Pelletizing process further increases the 
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fuel energy density and bulk density, i.e. reducing volume, thus lowering the expense for 

transportation. Hydrochar pellets combustion results in a more stable flame compared to raw 

biomass pellets combustion (due to low reactivity of the hydrochar), a higher combustion 

temperature zone, and a lower level of combustion residues. (Liu et al., 2014).  

3.5.2. Adsorbent 

Due to its porous structure (Figure 16) and degree of surface functionality, which can be 

adjusted and controlled during HTC process, hydrochar is a potential candidate for use as an 

adsorbent. It has been proven to remove different heavy metals in the solutions.  

 

Figure 16. SEM image of switchgrass and its hydrochar (Kumar et al., 2011) 

Child (2014) summarized different research papers regarding this topic. The data is presented 

in Table 7. 
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Table 7. Heavy metals adsorptions of hydrochar (Child, 2014) 

 

Besides heavy metals, hydrochar can adsorb some organic compounds, including phenanthrene, 

bisphenol A, 17 α – ethinyl (Sun et al., 2011), methylene blue dye (Unur, 2013), and uranium 

(VI) (Kumar et al., 2011).  

3.5.3. Energy storage 

This application is based on the adsorption behavior of hydrochar, which was mentioned in the 

previous section. Here, the char is reacted with KOH, resulting in the activated hydrochar, which 

possesses large surface area and high porosity that is made up of super–micropores. The material 

has demonstrated excellent uptake capacity of CH4, CO2 (Falco et al., 2013) and H2 (Sevilla et 

al., 2011). These implementations seem promising, since the raw materials are from renewable, 

cheap, and widely available resources.  
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3.5.4. Catalyst 

HTC materials can be utilized also as a catalyst, replacing the catalysts that are either expensive, 

from non–renewable sources, or exhibit low activity. Some research papers have concentrated 

on this topic. Currently, hydrochar loaded with noble metal nanoparticles can be successfully 

used in the hydrogenation of phenol to cyclohexanone. The material is produced from HTC in 

the presence of noble metal salts (Titirici, 2013, cited in Child, 2014). Moreover, a carbon 

doped–TiO2 composite can be produced under hydrothermal conditions. The product promotes 

photocatalytic activity, thus improving solar photoconversion efficiency (Titirici, 2013, cited in 

Child, 2014). Additionally, a strong acid catalyst has been synthesized from HTC products of 

glucose. It has an acidity as high as 2 mmol/ g and is expected to have great potential in the 

green chemical process (Liang and Yang, 2009).  

3.5.5. Soil additives 

Many benefits of hydrochar in literature studies are assumptions made from observing the 

benefits of soil enhanced using pyrolysis biochar (Libra et al., 2011, cited in Child, 2014). 

Though hydrochar might benefit fungal growth in soil, it has neutral or even negative effects on 

plant growth under certain circumstances. In addition to that, there are various parameters that 

determine soil quality. Therefore, the role of hydrochar in this case should be re–evaluated 

(Rillig et al., 2010). 

3.6.  Industrial HTC plants development  

Currently, HTC technology application is relatively limited at industrial scale. There are only a 

few companies that can offer HTC plants with capacity of at least a few thousands tonne of 

feedstock biomass annually. These companies include TerraNova, Ingelia, and SunCoal. 

TerraNova is a German–based company. TerraNova® Ultra process targets the sewage sludge, 

which is a residue of wastewater treatment. The process takes place at a temperature of around 

200 oC, under a pressure of 20 – 35 bar. During the 2 hours of reaction, the sewage sludge is 

converted into a lignite–like fuel that can be utilized for combustion. In addition to the solid 
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yield, a nutritious liquid portion is also generated during HTC and the phosphorus content in 

this liquid is recovered as part of the process. The recovered phosphorus can be utilized as a 

fertilizer. (TerraNova energy, 2019). 

Ingelia is a Spanish–based company that provides customers with modular biomass HTC plants. 

The plant’s capacity, thus, can be increased depending on the customer’s specific need, starting 

from 7 000 tonne/ biomass annually. The continuous–type plant is able to handle any type of 

wet organic feedstock such as organic fraction in municipal solid waste, sewage sludge, residues 

from food and drink production processes etc. The plant is operated automatically and controlled 

remotely. (Ingelia, 2019).  

SunCoal is also a German–based company. They offer customers different HTC related 

services, from analyzing the feasibility of the customer’s feedstock for HTC process to 

construction and commission of the plants (in cooperation with Valmet and JJ – Lurgi). Their 

CarboREN Technology has been converting biomass to biocoal since 2008. The company also 

produced syngas from biocoal in a gasifier. (SunCoal, 2019).   

Previously, a Swiss–based company AVA – CO2 Schweiz AG was also renowned for its HTC 

technology and plant construction service at industrial scale. However, at the end of 2016, 

AVALON Industries AG, the new entity of AVA – CO2, took all bio–based chemistry activities 

from AVA – CO2 and sold AVA – CO2’s HTC technology to International Power Invest AG, 

a holding company investing in renewable energy projects. Since then, AVA – CO2  became a 

holding company. AVALON Industries AG is dedicated to the production of 5-

Hydroxymethylfurfural (5-HMF), a chemical whose demand has been increasing rapidly lately. 

(Kläusli, 2016).  
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4. EXPERIMENTS  

In this section, the materials and the equipment that were used in the HTC experiments will be 

described. In addition, the set–ups of temperature, time and ratio, and the details of the 

experimental procedure will be presented. 

4.1.  Materials and equipment 

In this study, the defective coffee beans and corncobs with properties presented in section 2.3. 

and 2.4. were tested in a bench–scaled batch reactor. The reactor was developed at LUT 

University, Lappeenranta, Finland. The configuration of the reactor is illustrated in Figure 17. 

 

Figure 17. Configuration of the HTC reactor (Sermyagina et al., 2015b) 

Where  1. pressure sensor  2. safety valve       3. thermocouples   4. sampling valve 

 5. reactor tube  6. insulation  7. heater   8. thermocouples 
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The 1L reactor consists of a closed, stainless-steel tube with a flange connection at the top and 

screw closing at the bottom (5). The sample is fed into the tube through the sampling valve (4). 

The heat is provided to the tube by the surrounding heater (7), which is a controllable electric 

resistance coil of 10 kW. The experimental unit is insulated with the outside environment by a 

layer of ceramic fibers (6) and an outer steel cover. 

The temperature inside the reactor is monitored by thermocouples located at the upper and the 

lower sections of the reactor (3 and 8). The pressure is measured by the pressure sensor located 

at the top of the reactor (1) and is controlled by a safety valve (2). The safety valve has a set 

pressure of 40 bar and maximum temperature of 300 oC. The data of system measurements is 

recorded in National Instruments LabVIEW software. (Sermyagina et al., 2015b). 

4.2.  Experimental process 

In this study, the biomass sample was first weighted, then dispersed in water (the amount 

followed the predetermined water : biomass ratio) and stirred manually before the carbonization. 

The tests were performed with changing process parameters, including temperature, time and 

water : biomass ratio. The experimental setup for each biomass is presented in Table 8. Each of 

the experiments was repeated at least once, and the average result was obtained for later analysis.  
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Table 8. Experimental setup 

Experiment No. Temperature [°C] Time [h] Water : biomass ratio [-] 

1 120 3 20 

2 120 6 20 

3 120 3 30 

4 120 6 30 

5 180 3 20 

6 180 6 20 

7 180 3 30 

8 180 6 30 

9 215 3 20 

10 215 6 20 

11 215 3 30 

12 215 6 30 

13 250 3 20 

14 250 6 20 

15 250 3 30 

16 250 6 30 

 

When the carbonization experiment was complete, the solution containing the hydrochar was 

vacuum filtered in a Buchner funnel with a Whatman glass microfiber filter paper (grade GF/A). 

The obtained hydrochar was dried overnight in an oven at 105 ± 2 °C. 

Both the raw and the dried hydrochar’s characteristics were determined by proximate analysis 

and calorific value measurement. The proximate analysis followed below procedure: 

- Moisture content was obtained from the moisture meter Sartorius 7093.  
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- Volatiles content was determined according to SFS EN 15148:2009 standard: it is the 

mass loss after maintaining the sample for 7 minutes at 900 ± 10 °C without contact with 

air.  

- Ash content was determined according to SFS EN 14775:2009 standard: it is the mass 

of the inorganic residual after heating the biomass in air under controlled time and 

temperature condition (maximum 550 °C). 

- Fixed carbon accounted for the rest of the biomass sample mass. 

The higher heating value (HHV) was determined with the Parr 6400 calorimeter.  

Each sample was analyzed at least twice, and the average result was utilized for later data 

analysis. (Sermyagina et al., 2015a).   
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5. EXPERIMENTAL RESULTS  

This section presents the obtained results when following the procedure described in the 

previous section for defective coffee beans and corncobs. The analysis results of the feedstock 

samples were introduced in section 2.3 and 2.4. They are presented again in this section so that 

it is easier to follow up the data analysis. 

In addition, the results for woodchips as a reference for the data analysis is also available. It 

should be noted that the temperature range and biomass dose in the reference are different than 

those of the studied biomasses, but the experimental procedure is the same.  

5.1.  Defective coffee beans 

The analysis of defective coffee beans feedstock sample and HTC samples is presented in Table 

9.  
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Table 9. HTC results of defective coffee beans (LUT University, 2018) 

Time [h]/ water : biomass ratio [-] 

Temperature [°C] 

120 180 215 250 

3/20 

 

Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

67.19 

4.73 

18.91 

2.51 

73.83 

21.44 

60.77 

3.51 

15.32 

1.05 

80.10 

21.76 

49.67 

4.45 

16.92 

0.93 

77.68 

23.76 

27.61 

2.30 

38.22 

1.96 

57.49 

28.60 

6/20 Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

64.79 

4.18 

18.52 

2.49 

74.79 

21.32 

50.93 

2.68 

18.17 

0.83 

78.29 

23.50 

45.58 

2.15 

20.83 

0.82 

76.18 

25.46 

39.17 

2.41 

35.05 

1.62 

60.90 

28.69 

3/30 Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

69.11 

6.86 

18.31 

2.27 

73.32 

21.10 

60.59 

3.40 

14.65 

1.16 

80.77 

21.75 

50.79 

3.58 

15.66 

0.87 

79.87 

23.50 

29.04 

2.13 

37.23 

1.83 

58.80 

28.99 

6/30 Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

67.30 

4.90 

17.43 

1.81 

75.84 

21.64 

58.23 

3.76 

14.98 

0.99 

80.25 

21.72 

45.34 

2.24 

17.27 

0.79 

79.68 

24.24 

24.23 

1.47 

42.71 

2.5 

53.30 

29.49 

Feedstock Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

- 

6.5 

69.18 

3.14 

21.16 

19.39 
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5.2.  Corncobs 

The analysis of corncobs feedstock sample and HTC samples is presented in Table 10.  
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Table 10. HTC results of corncobs (LUT University, 2018) 

Time [h]/ water : biomass ratio [-] Temperature [°C] 

120 180 215 250 

3/20 

 

Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

90.13 

2.48 

16.25 

0.41 

80.84 

18.62 

46.82 

1.89 

18.61 

0.82 

77.36 

20.52 

48.76 

1.01 

16.29 

0.16 

82.52 

20.93 

41.53 

0.85 

20.55 

0.11 

78.47 

20.92 

6/20 Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

89.76 

2.43 

17.08 

0.53 

79.84 

18.83 

43.16 

1.04 

21.11 

1.23 

76.00 

21.14 

47.97 

1.07 

19.51 

0.28 

79.13 

19.95 

42.82 

0.96 

28.21 

0.43 

70.39 

21.64 

3/30 Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

85.32 

2.62 

15.73 

0.24 

81.39 

18.62 

68.23 

0.65 

15.30 

0.34 

83.69 

19.18 

50.69 

0.61 

14.83 

0.18 

84.36 

19.50 

40.84 

0.86 

25.06 

0.14 

73.91 

21.40 

6/30 Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

76.77 

0.67 

16.15 

0.25 

82.93 

19.11 

65.62 

0.55 

14.38 

0.22 

84.82 

19.15 

43.13 

0.71 

16.72 

0.22 

82.33 

19.74 

37.82 

0.38 

26.82 

0.2 

72.58 

21.44 

Feedstock Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

- 

7.98 

67.29 

2.16 

22.55 

16 
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5.3.  Woodchips  

The analysis of woodchips feedstock sample and HTC samples is presented in Table 11.  

Table 11. HTC results of woodchips (Sermyagina et al., 2015a) 

Time [h]/ water : biomass ratio [-] Temperature [°C] 

180 200 220 240 250 

3/6 

 

Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

65.06 

1.00 

79.03 

0.24 

19.73 

21.95 

61.31 

2.55 

70.45 

0.28 

26.72 

23.89 

57.58 

2.45 

61.01 

0.45 

36.10 

25.66 

54.28 

1.90 

54.70 

0.71 

42.69 

27.17 

51.73 

2.45 

49.94 

0.59 

47.02 

27.94 

6/6 Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

60.93 

1.20 

71.71 

0.22 

26.86 

23.18 

55.48 

1.20 

61.40 

0.88 

36.52 

24.74 

52.35 

1.90 

57.04 

0.58 

40.48 

26.40 

48.61 

1.95 

49.84 

0.64 

47.58 

28.00 

47.70 

1.75 

44.18 

0.77 

53.30 

28.81 

3/8 Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

62.92 

1.20 

72.93 

0.27 

25.61 

22.73 

58.40 

1.20 

68.83 

0.32 

29.64 

24.47 

54.22 

1.55 

60.27 

0.50 

37.68 

25.79 

51.49 

1.75 

51.51 

0.47 

46.27 

27.38 

50.15 

2.10 

45.19 

1.07 

51.64 

28.36 

Feedstock Mass yield [%] 

Moisture [%] 

Volatiles [%] 

Ash [%] 

Fixed carbon [%] 

HHV [dry, MJ/kg] 

- 

8.00 

82.60 

0.74 

8.66 

20.52 
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6. ANALYSIS AND DISCUSSION 

In this section, the data presented in previous section will be analyzed. The analysis for each of 

the studied materials is done according to the following order: 

- General characteristics of hydrochar will be evaluated based on the observation of its 

proximate composition and heating value compared to the feedstock. 

- The mass yield (MY) and energy yield (EY) will be the major parameters of interest in 

this thesis report, similar to that of Sermyagina et al. (2015a). This is because these 

parameters are applied in real life trading schemes: the material’s weight is prioritized 

when it is sold as a fertilizer or an additive, and the material’s energy content is 

prioritized when it is sold as a heating fuel.  

- MY and EY were calculated by the following equations: 

MY = 
𝑀𝑎𝑠𝑠𝑜𝑢𝑡

𝑀𝑎𝑠𝑠𝑖𝑛
  (Eq. 2)  and   EY = MY ∙ 

𝐻𝐻𝑉𝑜𝑢𝑡

𝐻𝐻𝑉𝑖𝑛
 (Eq. 3) 

- The MY curve corresponding to obtained data will be plotted. After this, the data will 

be fitted into the MY equation form of reference material (woodchips) (Equation 4). The 

corresponding MY plot of woodchips is presented in Figure 18. By using Solver add – 

in in Excel, the adjusted coefficients will be solved, from which the sum of squared 

residuals will be calculated. From the above result, a conclusion on the feasibility of 

using woodchips equation form for the studied material will be made. If the woodchips 

equation form is not feasible, the below steps need to be performed to obtain the most 

suitable equation for the studied material.  

The MY equation and corresponding plot of woodchips are: 

𝑀𝑌 = 1 − 0.04079(𝑇 − 150)0.337𝑡0.2142𝑟0.3055 (Eq. 4) 

 Where T: temperature [°C] 

    t: time [hours] 

    r: water : biomass ratio [-] 
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Figure 18. MY plot from fitted equation of woodchips  

- The regression analysis is done in Excel (Regression Tool in Data Analysis add – in) to 

evaluate which of the process parameters, namely temperature, time, and ratio, have 

effect on the yield. The affecting parameters will be kept in the equation and the non–

affecting parameters will be left out to improve the equation’s good of fitness.  

- A linear equation/ model and a possible quadratic model will be created. A comparison 

between these two models will be made and the most suitable model will be concluded. 

- The above process is repeated for EY to obtain its equation. The EY equation and 

corresponding plot of woodchips are presented in Equation 5 and Figure 19. 

𝐸𝑌 = 1 − 0.05632(𝑇 − 150)0.062𝑡0.2846𝑟0.4405 (Eq. 5) 

Where T: temperature [°C] 

    t: time [hours] 

    r: water : biomass ratio [-] 
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Figure 19. EY plot from fitted equation of woodchips 

The results following the procedure above are presented in the next sections. 

6.1.  Defective coffee beans 

From the proximate analysis in Table 9, some characteristics of HTC hydrochar compared to 

feedstock material can be made. The moisture content, ash content and volatile content in the 

hydrochar were reduced significantly during HTC process. In the best cases, the moisture was 

lowered from 6.5 % down to 1.47 %; the ash was lowered from 3.14 % down to 0.79 %; and 

the volatile was lowered from 69.18 % down to 14.65 %. On the other hand, the fixed carbon 

content in the hydrochar increased significantly during the process, from 21.16 % up to 80.77 

%. These explain the increase in the heating value of the hydrochar, from 19.39 MJ/kg up to 

29.49 MJ/kg.   

The plot of the MY experimental data is presented in Figure 20. 
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Figure 20. MY plot from experimental data of defective coffee beans  

The converged solution obtained by Solver when using woodchips MY equation form to fit the 

coffee data is presented in Equation 6. The result gives the sum of squared residuals of 0.0422.  

𝑀𝑌 = 1 − 0.0011(𝑇 − 0.0635)1.1215𝑡0.0536𝑟0.0481  (Eq. 6) 

The corresponding plot of this equation is presented in Figure 21 . 

 

Figure 21. MY plot from fitted equation of defective coffee beans using woodchips equation form 
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It can be seen that the fitted equation using woodchips equation form does not describe the 

experimental data very well. The fit is a straight line, whereas the experimental data is more of 

a curve. Therefore, a new equation for MY will be suggested. 

The result from regression analysis suggests that among the three mentioned process 

parameters, only temperature has a significant effect to the mass yield at the 0.05 level of 

significance. In addition, there are no interaction between the parameters. A linear model and 

quadratic model, thus, are made with the temperature term. The linear model has lower Adjusted 

R Square value, being 0.8487, compared to that of the quadratic model, being 0.9187. Therefore, 

the quadratic model would be the most suitable solution in this case.  

The proposed MY equation for defective coffee beans is presented in Equation 7. 

𝑀𝑌 = −2 ∙ 10−5 ∙ 𝑇2 + 0.0046 ∙ 𝑇 + 0.4098 (Eq. 7) 

The corresponding plot of this equation is presented in Figure 22. 

 

Figure 22. MY plot from proposed fitted equation against experimental data of defective coffee beans  

The new equation better describes the behavior of the material and has lower sum of squared 

residuals (0.0228), compared to the one obtained from woodchips equation form (0.0422). 
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A similar process was done to find the equation for energy yield EY. The EY experimental data 

is presented in Figure 23. 

 

Figure 23. EY plot from experimental data of defective coffee beans 

The converged solution obtained by Solver when using woodchips EY equation form to fit the 

coffee data is presented in Equation 8. The result gives the sum of squared residuals of 0.0384.  

𝐸𝑌 = 1 − 1.76 ∙ 10−6(𝑇 + 143.297)2.0208𝑡0.0132𝑟0.1619 (Eq. 8) 

The corresponding plot of this equation is presented in Figure 24. 

 

Figure 24. EY plot from fitted equation of defective coffee beans using woodchips equation form 
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Similar to the MY, it can be seen that the equation does not describe the experimental data very 

well. The fit is almost a straight line, whereas the experimental data is more of a curve. 

Therefore, a new equation for EY will be suggested. 

The result from regression analysis suggests that among the three mentioned process 

parameters, only temperature has significant effect to the mass yield at the 0.05 level of 

significance. A linear model and quadratic model, thus, are made with the temperature term. 

The linear model has lower Adjusted R Square value, being 0.7677, compared to that of 

quadratic model, being 0.8239. Therefore, the quadratic model would be the most suitable 

solution in this case.  

The proposed EY equation for defective coffee beans is presented in Equation 9. 

𝐸𝑌 = −1.5 ∙ 10−5 ∙ 𝑇2 + 0.0035 ∙ 𝑇 + 0.5369 (Eq. 9) 

The corresponding plot of the equation is presented in Figure 25. 

 

Figure 25. EY plot from proposed fitted equation against experimental data of defective coffee beans 

The new equation better describes the behavior of the material and has a little lower sum of 

squared residuals (0.0326), compared to the one obtained from woodchips equation form 

(0.0384). 
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It should be noted that the R Square value here is relatively low, which is due to the large 

variation of the results at HTC_6/20. However, these results were kept in this analysis since 

they still described the material’s behavior: the mass and energy yield decreased as temperature 

increased, and the regression summary output did not give an error. The R Square could be 

improved, i.e. a more precise equation could be obtained, by discarding these data points though. 

6.2.  Corncobs 

From the proximate analysis in Table 10, some characteristics of HTC hydrochar compared to 

feedstock material can be made. Similar to defective coffee beans, the moisture content, ash 

content and volatile content in the corncobs hydrochar were reduced significantly during HTC 

process. In the best cases, the moisture was lowered from 7.98 % down to 0.38 %; the ash was 

lowered from 2.16 % down to 0.11 %; and the volatile was lowered from 67.29 % down to 14.38 

%. On the other hand, the fixed carbon content in the hydrochar increased significantly during 

the process, from 22.55 % up to 84.82 %. These explain the increase in the heating value of the 

hydrochar, from 16 MJ/kg up to 21.64 MJ/kg.   

The corresponding plot of the experimental data is presented in Figure 26. 

 

Figure 26. MY plot from experimental data of corncobs 
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The converged solution obtained by Solver when using woodchips MY equation form to fit the 

corncobs data is presented in Equation 10. The result gives the sum of squared residuals of 

0.0584. 

𝑀𝑌 = 1 − 0.1386(𝑇 − 116.572)0.3855𝑡0.0791𝑟−0.1731 (Eq. 10) 

The corresponding plot of this equation is presented in Figure 27. 

 

Figure 27. MY plot from fitted equation of corncobs using woodchips equation form 
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analysis is a good way to analyze the data and from that, a suitable MY equation can be 

suggested. 

The result from regression analysis suggests that among the three mentioned process 

parameters, only temperature has a significant effect to the mass yield at the 0.05 level of 

significance. Moreover, there seems to be reliability issue with the data at 180 °C. This is 

because the regression output with this data involved shows that the yield is not affected by any 

of the above three independent variables, and not even the intercept. Therefore, a linear model 
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and a possible quadratic model are made with the temperature term and without the data at 180 

°C.  

The linear model has a bit lower Adjusted R Square value, being 0.9481, compared to that of 

quadratic model, being 0.9592. Therefore, the quadratic model would be the selected solution 

in this case.  

The proposed MY equation for corncobs is presented in Equation 11. 

𝑀𝑌 = 1.55 ∙ 10−5 ∙ 𝑇2 − 0.0092 ∙ 𝑇 + 1.7336  (Eq. 11) 

The corresponding plot of this equation is presented in Figure 28. 

 

Figure 28. MY plot from proposed fitted equation against experimental data of corncobs 

The new equation better describes the behavior of the material and has lower sum of squared 

residuals (0.016), compared to the one obtained from woodchips equation form (0.0584). 

A similar process was done to find the equation for energy yield EY. The EY experimental data 

is presented in Figure 29. 
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Figure 29. EY plot from experimental data of corncobs 

The converged solution obtained by Solver when using woodchips EY equation form to fit the 

corncobs data is presented in Equation 12. The result gives the sum of squared residuals of 

0.146, and square root of which equals 0.3821, which is high.  

𝐸𝑌 = 1 − 2.12 ∙ 10−5(𝑇 − 3.3343)1.943𝑡0.0601𝑟−0.2382 (Eq. 12) 

The corresponding plot of this equation is presented in Figure 30. 

 

Figure 30. EY plot from fitted equation of corncobs using woodchips equation form 
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Similar to the MY, it can be seen that the experimental data contains non–uniform patterns and 

the fitted equation using woodchips equation form does not govern the behavior of HTC_3/20 

and HTC_6/20. Therefore, a regression analysis will be done and a new equation for EY will be 

suggested. 

Again, the result from regression analysis suggests that among the three mentioned process 

parameters, only temperature has significant effect to the energy yield at the 0.05 level of 

significance. Additionally, there is issue with data at 180 °C. Therefore, a linear model and a 

possible quadratic model are made with the temperature term and without the data at 180 °C.  

The linear model has a lower Adjusted R Square value, being 0.9292, compared to that of 

quadratic model, being 0.9505. Therefore, the quadratic model would be the most suitable 

solution in this case.  

The proposed EY equation for corncobs is presented in Equation 13. 

𝐸𝑌 = 2.14 ∙ 10−5 ∙ 𝑇2 − 0.0115 ∙ 𝑇 + 2.0705 (Eq. 13) 

The corresponding plot of the equation is presented in Figure 31. 

 

Figure 31. EY plot from proposed fitted equation against experimental data of corncobs 
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The new equation better describes the behavior of the material and has a lower sum of squared 

residuals (0.0214), compared to the one obtained from woodchips equation form (0.146). 
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7. CONCLUSION  

Hydrothermal carbonization is technically feasible for defective coffee beans and corncobs. The 

technology adds an extra utilization option to the current utilizations of these biomasses.  

This work has analysed the correlation between operational conditions (temperature, time and 

water : biomass ratio) and the hydrochar’s mass and energy yield for the case of defective coffee 

beans and corncobs. The results suggested that the correlations of these feedstocks differed from 

that of the reference material (woodchips), and thus new correlation equations should be 

proposed. 

In both cases, the fitted equation using woodchips equation form did not describe the 

experimental data very well. For defective coffee beans, the plot of the fitted equation was 

almost a straight line, whereas the experimental data was more of a curve. For corncobs, the 

plot of the fitted equation did not govern the behavior of HTC_3/30 and HTC_6/30 (in mass 

yield equation), or HTC_3/20 and HTC_6/20 (in energy yield equation), where 

HTC_number/number referred to data at time[h]/ water : biomass ratio [-]. Besides, the 

experimental data presented non–uniform patterns for each of the time and ratio set–ups, which 

was questionable.  

For defective coffee beans, the regression analysis showed that the temperature had significant 

effect to the yields, whereas the time and the water : biomass ratio did not have effect to these 

outputs at the 0.05 level of significance. Therefore, the correlation equations were made without 

time and ratio terms. The correlation equation for mass yield is presented in Equation 7, and the 

correlation equation for energy yield is presented in Equation 9 in section 6.1. 

Similarly, for corncobs, the regression analysis showed that the temperature had significant 

effect to the yields, whereas the time and the water : biomass ratio did not have effect to these 

outputs at the 0.05 level of significance. Additionally, there were some issues with the data at 

temperature of 180 °C. Therefore, the correlation equations were made without time and ratio 

terms, and without data at 180 °C. The correlation equation for mass yield is presented in 
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Equation 11, and the correlation equation for energy yield is presented in Equation 13 in section 

6.2. 

The proposed equations better described the behavior of the materials and they had a lower sum 

of squared residuals, compared to the equations obtained from woodchips equation form.  
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APPENDIX 

 

Appendix 1. Regression result of defective coffee beans MY 

 

 

Appendix 2. Defective coffee beans MY linear model 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,930546

R Square 0,865915

Adjusted R Square0,832394

Standard Error0,060102

Observations 16

ANOVA

df SS MS F Significance F

Regression 3 0,279931 0,09331 25,83193297 1,60323E-05

Residual 12 0,043347 0,003612

Total 15 0,323278

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95%Lower 95,0%Upper 95,0%

Intercept 1,070598 0,107167 9,990024 3,62015E-07 0,837101551 1,304094 0,837102 1,3040938

Temp -0,00274 0,000313 -8,76675 1,45563E-06 -0,00342578 -0,00206 -0,00343 -0,0020619

Time -0,008 0,010017 -0,79865 0,440016259 -0,02982506 0,013825 -0,02983 0,01382506

Ratio -0,00014 0,003005 -0,04492 0,96490692 -0,00668252 0,006413 -0,00668 0,00641252

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,926696

R Square 0,858766

Adjusted R Square0,848678

Standard Error0,057108

Observations 16

ANOVA

df SS MS F Significance F

Regression 1 0,27762 0,27762 85,12623715 2,5084E-07

Residual 14 0,045658 0,003261

Total 15 0,323278

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95% Lower 95,0%Upper 95,0%

Intercept 1,031223 0,058641 17,5855 6,1045E-11 0,90545127 1,156994086 0,905451 1,156994

Temp -0,00274 0,000297 -9,22639 2,5084E-07 -0,003381684 -0,002106004 -0,00338 -0,00211
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Appendix 3. Defective coffee beans MY quadratic model 

 

 

Appendix 4. Regression result of defective coffee beans EY 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,964104

R Square 0,929496

Adjusted R Square0,91865

Standard Error0,041872

Observations 16

ANOVA

df SS MS F Significance F

Regression 2 0,300486 0,150243 85,6937438 3,2612E-08

Residual 13 0,022792 0,001753

Total 15 0,323278

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95% Lower 95,0% Upper 95,0%

Intercept 0,409776 0,177372 2,310259 0,03792958 0,02658634 0,792965 0,026586336 0,792965

Temp 0,004552 0,002032 2,240152 0,0431852 0,00016212 0,008942 0,000162117 0,008942

Temp2 -2E-05 5,51E-06 -3,61134 0,00316252 -3,181E-05 -8E-06 -3,18099E-05 -8E-06

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,888671

R Square 0,789737

Adjusted R Square0,737171

Standard Error0,061149

Observations 16

ANOVA

df SS MS F Significance F

Regression 3 0,168533 0,056178 15,02378178 0,000229

Residual 12 0,044871 0,003739

Total 15 0,213404

CoefficientsStandard Error t Stat P-value Lower 95%Upper 95%Lower 95,0%Upper 95,0%

Intercept 1,072055 0,109035 9,832211 4,29846E-07 0,834488 1,309621 0,834488 1,309621

Temp -0,00213 0,000318 -6,68578 2,24152E-05 -0,00282 -0,00144 -0,00282 -0,00144

Time -0,00316 0,010192 -0,31007 0,761826979 -0,02537 0,019045 -0,02537 0,019045

Ratio -0,0016 0,003057 -0,5249 0,609215391 -0,00827 0,005057 -0,00827 0,005057
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Appendix 5. Defective coffee beans EY linear model 

 

 

Appendix 6. Defective coffee beans EY quadratic model 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,885

R Square 0,783225

Adjusted R Square0,767741

Standard Error0,057483

Observations 16

ANOVA

df SS MS F Significance F

Regression 1 0,167144 0,167144 50,582991 5,23607E-06

Residual 14 0,046261 0,003304

Total 15 0,213404

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95%Lower 95,0%Upper 95,0%

Intercept 1,017713 0,059026 17,24164 7,95695E-11 0,891113611 1,144312 0,891114 1,144312

Temp -0,00213 0,000299 -7,11217 5,23607E-06 -0,00277105 -0,00149 -0,00277 -0,00149

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,920521

R Square 0,847358

Adjusted R Square0,823875

Standard Error0,050057

Observations 16

ANOVA

df SS MS F Significance F

Regression 2 0,18083 0,090415036 36,08341 4,94167E-06

Residual 13 0,032574 0,002505723

Total 15 0,213404

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95%Lower 95,0%Upper 95,0%

Intercept 0,53692 0,212046 2,532092911 0,025026 0,078822555 0,995017 0,078823 0,995017

Temp 0,003515 0,002429 1,447180775 0,171528 -0,00173247 0,008763 -0,00173 0,008763

Temp2 -1,5E-05 6,59E-06 -2,33710663 0,036082 -2,9633E-05 -1,2E-06 -3E-05 -1,2E-06
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Appendix 7. Regression result of corncobs MY 

 

 

Appendix 8. Regression result of corncobs MY at temperature 180 – 215  

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,919761

R Square 0,84596

Adjusted R Square0,80745

Standard Error0,082537

Observations 16

ANOVA

df SS MS F Significance F

Regression 3 0,448945 0,149648 21,96725752 3,64993E-05

Residual 12 0,081748 0,006812

Total 15 0,530693

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95%Lower 95,0%Upper 95,0%

Intercept 1,230312 0,147171 8,359767 2,38983E-06 0,909654997 1,55097 0,909655 1,55097

Temp -0,00347 0,00043 -8,06448 3,4629E-06 -0,00440273 -0,00253 -0,0044 -0,00253

Time -0,01053 0,013756 -0,76542 0,458814629 -0,04050124 0,019443 -0,0405 0,019443

Ratio 0,002184 0,004127 0,529157 0,606346608 -0,00680787 0,011175 -0,00681 0,011175

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,753257

R Square 0,567396

Adjusted R Square 0,242944

Standard Error 0,084531

Observations 8

ANOVA

df SS MS F Significance F

Regression 3 0,037488 0,012496 1,74878 0,295265

Residual 4 0,028582 0,007146

Total 7 0,06607

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95% Lower 95,0%Upper 95,0%

Intercept 0,786286 0,380821 2,064711 0,107875 -0,27104 1,843615066 -0,27104 1,843615

Temp -0,00238 0,001708 -1,39194 0,236341 -0,00712 0,002364435 -0,00712 0,002364

Time -0,01218 0,019924 -0,61148 0,573925 -0,0675 0,043135076 -0,0675 0,043135

Ratio 0,01024 0,005977 1,713161 0,161841 -0,00636 0,026835523 -0,00636 0,026836
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Appendix 9. Corncobs MY linear model 

 

 

Appendix 10. Corncobs MY quadratic model  

 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,976124

R Square 0,952818

Adjusted R Square0,9481

Standard Error0,047607

Observations 12

ANOVA

df SS MS F Significance F

Regression 1 0,457699 0,457699 201,9468817 5,87061E-08

Residual 10 0,022664 0,002266

Total 11 0,480363

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95%Lower 95,0%Upper 95,0%

Intercept 1,272995 0,050691 25,11291 2,29516E-10 1,160048906 1,385941 1,160049 1,385941

Temp -0,00356 0,00025 -14,2108 5,87061E-08 -0,004113306 -0,003 -0,00411 -0,003

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,983171

R Square 0,966625

Adjusted R Square0,959208

Standard Error0,042206

Observations 12

ANOVA

df SS MS F Significance F

Regression 2 0,464331 0,232166 130,3310124 2,26674E-07

Residual 9 0,016032 0,001781

Total 11 0,480363

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95%Lower 95,0%Upper 95,0%

Intercept 1,733617 0,242915 7,136716 5,44448E-05 1,184104598 2,283129 1,184105 2,283129

Temp -0,00918 0,002926 -3,13932 0,011941074 -0,015803365 -0,00257 -0,0158 -0,00257

Temp2 1,55E-05 8,04E-06 1,929532 0,085736763 -2,67578E-06 3,37E-05 -2,7E-06 3,37E-05
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Appendix 11. Regression result of corncobs EY 

 

 

Appendix 12. Regression result of corncobs EY at temperature 180 – 215  

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,914612

R Square 0,836515

Adjusted R Square0,795644

Standard Error0,088701

Observations 16

ANOVA

df SS MS F Significance F

Regression 3 0,483097 0,161032 20,46711982 5,19165E-05

Residual 12 0,094414 0,007868

Total 15 0,577511

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95%Lower 95,0%Upper 95,0%

Intercept 1,421405 0,158162 8,987042 1,12101E-06 1,076800719 1,76601 1,076801 1,76601

Temp -0,0036 0,000462 -7,79816 4,87944E-06 -0,00460851 -0,0026 -0,00461 -0,0026

Time -0,01083 0,014783 -0,73264 0,477846699 -0,04304139 0,02138 -0,04304 0,02138

Ratio 0,001025 0,004435 0,231034 0,821180775 -0,00863849 0,010688 -0,00864 0,010688

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,724451

R Square 0,524829

Adjusted R Square0,16845

Standard Error0,093065

Observations 8

ANOVA

df SS MS F Significance F

Regression 3 0,038264 0,012755 1,472671583 0,348788589

Residual 4 0,034644 0,008661

Total 7 0,072908

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95%Lower 95,0%Upper 95,0%

Intercept 1,046523 0,419265 2,49609 0,067046223 -0,1175432 2,210588 -0,11754 2,210588

Temp -0,00277 0,00188 -1,47457 0,214345224 -0,00799271 0,002448 -0,00799 0,002448

Time -0,01568 0,021936 -0,71466 0,514312424 -0,07657913 0,045226 -0,07658 0,045226

Ratio 0,008663 0,006581 1,316402 0,258401853 -0,00960804 0,026934 -0,00961 0,026934
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Appendix 13. Corncobs EY linear model 

 

 

Appendix 14. Corncobs EY quadratic model 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,967285

R Square 0,93564

Adjusted R Square0,929204

Standard Error0,058316

Observations 12

ANOVA

df SS MS F Significance F

Regression 1 0,494392 0,494392 145,3768487 2,79353E-07

Residual 10 0,034008 0,003401

Total 11 0,5284

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95%Lower 95,0%Upper 95,0%

Intercept 1,435313 0,062094 23,11534 5,19022E-10 1,296960098 1,573666 1,29696 1,573666

Temp -0,0037 0,000307 -12,0572 2,79353E-07 -0,0043785 -0,00301 -0,00438 -0,00301

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,979543

R Square 0,959505

Adjusted R Square0,950506

Standard Error0,04876

Observations 12

ANOVA

df SS MS F Significance F

Regression 2 0,507002 0,253501 106,6244113 5,41145E-07

Residual 9 0,021398 0,002378

Total 11 0,5284

CoefficientsStandard Error t Stat P-value Lower 95% Upper 95%Lower 95,0%Upper 95,0%

Intercept 2,070461 0,280635 7,377781 4,20129E-05 1,435621453 2,705301 1,435621 2,705301

Temp -0,01146 0,00338 -3,38973 0,008002548 -0,01910367 -0,00381 -0,0191 -0,00381

Temp2 2,14E-05 9,29E-06 2,30301 0,046768434 3,79672E-07 4,24E-05 3,8E-07 4,24E-05


