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EXECUTIVE SUMMARY 

This report summarises the characterisation of preselected feedstocks from deliverable 2.1 and the 

scaling up of the HTC treatment for the preparation of hydrochar for use in sorption enhanced gasification 

(SEG) and subsequent CO2 conversion and oxygen separation (e.g. sorbents, catalyst and membrane). The 

work corresponds to WP2- Gasification, sorbents and conditioning, Task 2.1. Feedstock and pre-

treatments, Sub-Task 2.1.2. Feedstocks for sorption enhanced gasification (SEG) campaign: 

characterization of untreated and HTC pre-treated biomass has been developed by CSIC. 

The report is scheduled as follows:  

 Chapter 1, Introduction, includes a brief description of HTC technology and its interest in 

upgrading biomass waste for use in gasification. 

 Chapter 2, Objectives and scope of the deliverable are presented.  

 Chapter 3, Characterisation protocols followed for determining physicochemical features of both 

feedstocks and hydrochars are described. 

 Chapter 4, Characteristics of the biomass wastes selected as candidates for HTC pre-treatment, 

summarises the main results of the analysis of 10 biomass wastes. 

 Chapter 5, Production of large scale pretreated feedstocks, aims to describe the scale-up of the 

HTC treatment and how the hydrochar preparation was carried out. 

 Chapter 6, Characterisation of Large Scale Prepared Hydrochars, presents the main features of 

the synthesised hydrochars. 

 Chapter 7, Conclusions. 

 Chapter 8, References. 
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1. INTRODUCTION 

The generation of bio-waste has increased exponentially in the last few decades as a consequence of the  

growing population and accelerated industrialisation processes and its disposal is currently one of the 

biggest challenges worldwide [1–3]. 

Within the framework of the use of biomass as a sustainable raw material for energy generation, 

gasification is a technology that has experienced notable advances in recent years [4], although direct 

gasification still faces technological difficulties and has to overcome some drawbacks in the overall 

process [5]. An important issue to overcome in the use of biomass is related to its low energy density, 

mainly due to its high moisture content and volatile matter, while the high degradability of biomass waste 

makes it difficult to store and transport, and the heterogeneity reduces the reproducibility of the 

gasification process. In addition, the high moisture content of most biowaste requires costly drying prior 

to gasification while the high volatile content directly affects tar formation. Additionally, the high content 

of nitrogen, sulphur, and chlorine may result in the emission of gaseous pollutants during gasification, and 

the presence of inorganic impurities can clog pipes and damage reactors. 

These disadvantages can be partially overcome by pre-treatment of the biomass. In the search for a 

thermochemical transformation technology that complies with the following premises: i) low energy 

consumption, ii) non-polluting reagents and no products with environmental impact, iii) low greenhouse 

gas emissions, the hydrothermal carbonisation (HTC) emerges as a very promising alternative for biomass 

upgrading. HTC is attracting great attention as a sustainable process to convert organic materials into 

carbon solids with a wide range of energy and environmental applications [6–11]. As the reaction requires 

the presence of water, the pre-drying step of the feedstock is avoided. Therefore, it is particularly suitable 

for processing moisture-rich biomass residues from different agricultural, industrial and municipal 

sources. The thermochemical transformation occurs at mild temperatures (150–250 °C) under the 

autogenous vapour pressure (without the feeding of any inert gas), and a carbon-enriched material 

(hydrochar) is obtained through an easy and fast process with low energy inputs and CO2 emissions. 

The HTC mechanism starts with a hydrolysis step that makes the main components of the biomass less 

stable and degrades at lower temperatures than in standard (dry) pyrolysis [12]. Hydrothermal 

carbonisation occurs through typical pyrolytic reactions (hydrolysis, dehydration, decarboxylation, 

aromatisation and recondensation), but involving mainly ions as opposed to the radical-based pathways 

of low-temperature dry pyrolysis [7,8,10,12,13]. Under HTC conditions, subcritical water successfully acts 

as a solvent and catalyst. Its dielectric constant decreases and a high ion concentration is produced. This 

catalytic environment for a few hours favours the decomposition of biopolymers and the solubilisation of 

organic molecules. The process also facilitates water-soluble inorganic impurities to pass into the liquid 

phase [11,13–15]. 

From a waste management point of view, HTC is a highly efficient process that i) inertises and stabilises 

biowaste with high moisture content, ii) reduces the volume of organic solid waste, iii) transforms biogenic 

waste into a stable, non-polluting and easy-to-handle carbonaceous material, and iv) sequesters 70-90% 

of the carbon present in the raw material.  



   

6 
 

This project has received funding from the European Union’s Horizon 2020 

research and innovation programme under grant agreement No 101006656 

This project goes one step further, maximising the potential of HTC by taking advantage of its great 

flexibility to integrate with other processes [11]. Hydrochar derived from waste is proposed as an 

inexhaustible source of low-cost carbon for gasification. Its sustainable and efficient use as a feedstock 

would advance a symbiosis that simultaneously addresses the challenges of the biogenic waste 

management sector and the need to reduce the gasification industry's dependence on feedstock and CO2 

emissions. 

Hydrothermal carbonisation (HTC) coupled with gasification is emerging as an efficient approach to 

produce hydrogen-rich syngas from biowaste, although comprehensive studies on this topic are still 

lacking. Some investigations have revealed that HTC improves gasification efficiency in terms of syngas 

quality and biomass conversion rate. The H2 concentration in the syngas is significantly increased, while 

the tar yield is generally reduced [16,17]. The bulk of the volatile matter is usually released at higher 

devolatilisation temperatures for hydrochars [18]. These trends appear more pronounced with increasing 

HTC temperature. The evolution of hydrochar reactivity greatly depends on the feedstock [18]. 

Systematic assessment of the gasification of hydrochar-derived municipal solid waste (MSW) under 

different atmospheres reported a gradual increase in H2, CO and CH4 yield, while the CO2 production 

decreases with gasification temperature between 600 and 900 °C. Higher H2 productions are reached by 

steam/O2 gasification at 1000 °C. On the other hand, the tar yield in the gasification with air resulted to 

be higher, with the lowest amount achieved by the steam/O2 gasification. The tar products in the air and 

CO2/O2 gasification were mainly composed of aromatic hydrocarbons, while chain hydrocarbons 

represent a large proportion in the steam/O2 gasification. 

HTC not only improves the fuel quality of biomass feedstocks, but also develops their aromatic structures. 

It has been reported that this transformation mainly depends on the reaction temperature of HTC and 

affects the decrease in reactivity of gasification, the degree depending largely on the composition of the 

initial biomass [18,19]. The results of different studies widely diverge and, whereas some authors indicate 

that the reactivity of pyrolysis and gasification depends on the HTC temperature more significantly than 

on the HTC duration (19), other studies indicate that the gasification reactivity of hydrochar increases with 

the reaction time and the temperature has a minimal impact [20]. 

The gasification characteristics of hydrochars also depend on the carbon structure, with the influence of 

the porous network being less relevant. The crystallinity of the hydrochars seems to correlate with the 

total yield and H2/CO of the syngas (21). Numerical simulations reported that hydrothermal carbonisation 

of fruit residues increases the CO and reduces the CO2 content of the syngas. Consequently, the H2/CO 

ratio decreases and the CO/CO2 ratio increases after HTC treatment. Hydrothermal treatment also 

improves the HHV of syngas (22). 

It has been pointed out that hydrochars display higher energy density and contain lower concentrations 

of catalytic metals, particularly K and Na, than the respective biomass feedstocks. These trends appear 

more pronounced with increasing HTC temperature but the evolution greatly depends on the feedstock 

[18]. 
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2. OBJECTIVES AND SCOPE 

As reported in section D2.1, preliminary laboratory-scale tests accomplished within GICO project indicated 

the promising performance of HTC to transform a variety of biomass residues. To further advance in this 

line, the characterisation of the initially selected biomass residues has been deepened, and the production 

of hydrochars has been scaled to provide large quantities for SEG tests. 

The main objectives include: 

► Characterisation of the 10 biomass wastes previously selected as promising candidates for HTC 

(see D2.1). The assessment comprised proximate analysis (moisture, ash, volatile matter and fixed 

carbon), ultimate analysis (CHNSO), ash composition, ash melting behaviour, calorific value, ignition and 

burnout temperatures and thermogravimetric tests under pyrolysis and combustion conditions (N2 and 

air atmosphere, respectively). 

► Preparation of hydrochars at large scale. Five biomass waste with different lignocellulosic 

nature and an ash-rich residue were subjected to HTC trials at large scale. 

 Organic fraction from separate collection of waste in urban areas (OFMSW). This material is not 

suitable for composting as separate collection is not yet fully optimised. This problem is present 

in many parts of Europe and there is an urgent need for alternative ways of recovering this 

abundant low-cost waste.  

 Grape bagasse from industrial wine production. It is generated in numerous regions of Europe 

and consists of peel, pulp, and seeds  

 Green wastes from park and garden maintenance. It contains litter, leaves, flowers, fruits, seeds, 

twigs, branches and woody items. 

 Out-of-use woods from furnitures and building demolitions (particleboards, wood panels, doors, 

windows, etc).  

 Out-of-use wood using whey generated in cheese production, instead of water as reaction 

medium 

The preparation of 60 kg of hydrochar from the 5 different feedstocks (300 kg total) indicated above will 

allow SEG gasification tests to be carried out reliably on a pilot scale (ENEA). 

This task will also provide a glimpse of some of the difficulties involved in the scale-up process, not only 

limited to technological issues, but also those related to the capability to have homogeneous continuous 

streams of biomass waste to ensure the efficient feeding and operation of the gasification plant. 

Characterisation of the hydrochars obtained on a large scale. The comparison with the features of the 

initial biomass residues will lead to a comprehensive assessment of the impact of the HTC process, 

depending on the raw materials. Furthermore, the interpretation of these results combined with those 

resulting from the SEG tests will lead to new insights into biomass gasification and the suitability of HTC 

as a pre-treatment. This will provide a benchmark for optimising hydrochars for a more efficient SEG 

process. 
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3. CHARACTERISATION OF BIOMASS WASTES SELECTED AS 

POTENTIAL CANDIDATES FOR HTC PRE-TREATMENT 

3.1. Biomass wastes 

As set out in D2.1, Table 1 summarises the set of 10 wastes with potential to be used in direct gasification 

and 10 residual feedstocks (highlighted in bold) selected as potential candidates to be treated by HTC. The 

suppliers of the wastes are also indicated in the table. 

Table 1. Preselected feedstocks for SEG trials (see Deliverable 2.1) 

It should be noted that the thistle (artichoke thistle) waste received for this more detailed study consisted 

exclusively of stems and is therefore described here under the name cardoon for the sake of clarity. 

Category Biomass Supplier 

Primary residues from forest 

1 – Branches, leaves, chips, 
bark, sawdust and other 
residues from conifer trees 
fellings 

- 

2 – Branches, leaves, chips, 
bark, sawdust and other 
residues from non-conifer trees 
fellings 

- 

Agricultural residues 

3 & I-HTC – Wheat straw UNIVAQ, Italy 

4 – Maize stover - 

5 – Olive tree pruning - 

6 – Vine pruning - 

II – HTC – Rice husk 
DACSA Group,  
Almàssera, Valencia, Spain 

Secondary residues from wood 
industries 

7 – Wood sawdust - 

Secondary residues from 
industrial processing of 

agricultural products 

8 – Olive pomace - 

III – HTC – Winery wastes 
Winery Monasterio de Corias, Cangas 
de Narcea, Asturias, Spain 

9 – Almond and hazelnut shells - 

IV – HTC – Broccoli Consorcio Eder, Tudela, Navarra, Spain 

V – HTC – Thistle Consorcio Eder, Tudela, Navarra, Spain 

VI – HTC – Whey 
Quesería “La Borbolla”, Grado, 
Asturias, Spain 

Municipal waste 

10 & VII – HTC – Organic 
Fraction of Municipal Solid 
Waste (OFMSW) 

COGERSA 

VIII – HTC – Out-of-use wood COGERSA 

Digestate and sewage sludge 
IX – HTC – Digestate from 
biogas production 

COGERSA 

X – HTC – Sewage sludge COGERSA 
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On the other hand, within the different winery wastes, grape bagasse was especially selected due to the 

interest shown by the wine companies and the waste manager in finding alternatives for its large-scale 

valorisation. 

Laboratory-scale HTC tests with digestate showed that the resulting hydrochar had an ash content that 

made it unsuitable for use in SEG. Therefore, in this first round, the partners agreed to include green waste 

as potential alternate. 

3.2. Characterization protocols  

The characterisation performed includes proximate, ultimate, calorific value, ash composition, ash 

melting behaviour and thermogravimetric analyses. 

Standard methods employed in each analysis are presented in Table 2. 

Table 2. Reference methods used for different analyses 

3.2.1. Proximate analysis 
According to ASTM D7582, the proximate analysis comprises three different determinations: moisture, 

ash and volatile matter. The methodology uses thermogravimetric analysis to determine the three 

parameters in one run over the same sample (around 1 g of sample is loaded into the crucible). Moisture 

is firstly determined, followed by volatile matter content, and finally ash percentage. To determine the 

volatile matter, a lid is placed over the crucible. The equipment used was a LECO TGA701. 

3.2.1.1 Moisture content 
The weighted test specimens are heated at 107 ± 3 °C under a drying gas flow. The instrument is 

programmed to terminate the test when the test specimens and crucibles have reached a constant mass. 

In some cases, for samples with very high moisture content, the determination was carried out in an 

automatic analyser (Ohaus MB45). A portion of the sample was loaded inside the equipment, and the 

heating element rose the temperature to 105 °C. The heating is maintained until the weight of the sample 

is constant. The equipment provides the moisture content of the analysed sample automatically. 

3.2.1.2 Volatile matter content 
For volatile matter determinations following the moisture analysis, covers are placed on the crucibles in 

the TGA carousel. The instrument is programmed to reweigh the crucibles, with specimens inside, and 

covers in place before initiating the volatile matter part of the cycle. 

To provide an inert atmosphere, nitrogen is used to sweep away the volatile components. The furnace 

temperature is risen at a rate such that the temperature is raised from 107 °C to 950 °C ± 10 °C in a 26-30 

Analysis Method 

Proximate Analysis ASTM D7582 

C, H and N Content ASTM D5373 

S Content ASTM D4239 

Calorific values ISO 1928 

Ash composition ISO 12677 

Ash meting behaviour ASTM 1857-87D 
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min time. The instrument is programmed to hold at this temperature for 7 min. The TGA weighs the 

covered crucibles at regular intervals while the furnace temperature was risen. The weights of the 

crucibles and covers at the end of the 7-min hold period are used to calculate the volatile matter. 

3.2.1.3 Ash content 
For ash determinations following the volatile matter determinations, the furnace was programmed to 

cool from 950 to 600 °C. The crucible covers were removed, and the furnace atmosphere was changed to 

air. The instrument was programmed to terminate the test when the test specimens and crucibles had 

reached a constant weight. 

3.2.1.4 Fixed Carbon Content 
Fixed carbon was obtained from ash and volatile matter content by using the following equation: 

𝐹𝐶(%𝑑𝑏) = 100 − 𝐴𝑠ℎ (%𝑑𝑏) − 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑀𝑎𝑡𝑡𝑒𝑟 (%𝑑𝑏) 

3.2.2. Ultimate analysis 
These analyses give data of elements such as carbon, hydrogen, nitrogen, oxygen and sulphur, present in 

the considered feedstocks. 

3.2.2.1 CHN Analysis 
Carbon, hydrogen and nitrogen are determined concurrently in a single instrumental procedure using a 

furnace operating at temperatures in the range of 900 °C to 1050 °C. The quantitative conversion of the 

carbon, hydrogen and nitrogen into their corresponding gases (CO2, H2O, and NOX) occurs during the 

combustion of the sample at an elevated temperature in an atmosphere of oxygen. Combustion products 

that can interfere with the subsequent gas analysis are removed. Oxides of nitrogen (NOX) are reduced to 

N2 before detection. Appropriate instrumental detection procedures determine the carbon dioxide, water 

vapour, and elemental nitrogen in the gas stream. Analysis was performed using a LECO CHN-2000. 

Oxygen is calculated by mass balance according to the following equation: 

𝑂(%𝑑𝑏) = 100 − 𝐴𝑠ℎ (%𝑑𝑏) − 𝐶(%𝑑𝑏) − 𝐻(%𝑑𝑏) − 𝑁(%𝑑𝑏) − 𝑆(%𝑑𝑏) 

3.2.2.2 Sulphur content  
The sample is burned in a tube furnace at a minimum operating temperature of 1350 °C in a stream of 

oxygen to oxidise the sulphur. Moisture and particulates are removed from the gas by traps filled with 

anhydrous magnesium perchlorate. The gas stream is passed through a cell where sulphur dioxide is 

measured by an infrared (IR) absorption detector. Sulphur dioxide absorbs IR energy at a precise 

wavelength within the IR spectrum. Energy is absorbed as the gas passes through the cell body in which 

the IR energy is being transmitted: thus, less energy is received at the detector. A precise wavelength filter 

eliminates all other IR energy from reaching the detector. Thus, the absorption of IR energy can be 

attributed only to sulphur dioxide, whose concentration is proportional to the change in energy at the 

detector. One cell is used as both a reference and a measurement chamber. Total sulphur as sulphur 

dioxide is detected continuously. This method is empirical; therefore, the apparatus must be calibrated 

using certified reference materials. Analysis was performed using a LECO-S631. 
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3.2.3. Calorific value 
Briefly, the calorimetric determination consisted of the combustion of a reference substance (benzoic 

acid) to calibrate the calorimeter and obtain the effective specific heat capacity of the calorimeter and 

the subsequent combustion of the sample to be analysed under the same experimental conditions. The 

analysis was performed using an IKA-C4000 calorimeter at 25 °C. 

3.2.4. Ash composition 
Ashes were obtained at 815 °C under oxidising atmosphere by using a muffle furnace. The ashes were 

then milled with an agate mortar and pestle into a fine powder that was later analysed. 

The ash composition was determined via X-Ray Fluorescence in a Siemens SRS-3000. For that matter, a 

fused bead was prepared by melting the powdered ash with some flux materials in a platinum crucible at 

around 1000 °C. A total of 20 different elements were detected amongst different samples (Al, Ba, Ca, Cl, 

Cr, Fe, K, Mg, Mn, Na, Ni, P, Pb, S, Si, Sr, Ti, V, Zn and Zr). Not all elements were detected on each sample. 

3.2.5. Ash melting behaviour 
Ash melting behaviour was determined according to ASTM 1857-87D, "Standard Test Method for Fusibility 

of Coal and Coke Ash". In order to prepare the test pieces, ashes were mixed with a few drops of soluble 

starch until a homogeneous paste was formed. The paste is then compressed into a tetrahedron shape by 

using a mould. The formed tetrahedrons were dried prior to analysis. Once dried, tetrahedrons were glued 

to a ceramic sample carrier, and introduced into the analysing equipment (LECO AF700). Samples were 

then heated at a rate of 8 °C/min up to 1500 °C in an oxidising atmosphere. The whole heating process 

was recorded in order to determine the ash fusibility temperatures. 

As a result, the following temperatures were obtained: 

 Deformation Temperature (DT): Temperature at which the pyramid apex is rounded. 

 Shrinking Temperature (ST): Temperature at which the pyramid has melted to an almost spherical 

shape whose height is equal to the diameter of the base. 

 Hemisphere Temperature (HT): Temperature at which the pyramid has melted to a hemispherical 

shape where the height is equal to the radius. 

 Flux Temperature (FT): Temperature at which the mass of the pyramid has completely melted 

into a nearly flat layer with a maximum height of 1.6 mm. 

3.2.6. Ignition and burnout temperatures 
For ignition and burnout temperature there is no standard method to be followed. The method used 

consisted in obtaining the thermograms of each sample in an oxidising atmosphere of air (combustion) 

and the DTG (first derivative) was used for calculations [21]. Analyses were performed in a TGA/DSC1 by 

Mettler Toledo.  

Ignition and burnout temperatures are essential properties of solid fuels to evaluate their selection and 

consumption and the furnace design in thermochemical applications. Both temperatures can be 

determined from thermogravimetric analysis (TGA) by monitoring the beginning and end of volatile 

evolution as a guideline. The ignition temperature (Tignition) is related to the feedstock safety in storage and 
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the beginning of the thermochemical process, while the burnout temperature (Tburnout) is an indicator of 

the temperature at which the feedstock is almost completely consumed. 

The determination of Tignition and Tburnout is sensitive to the conditions applied in TGA and the method 

employed for the calculation of the two temperatures from the TGA data (i.e., the intersection of two 

tangents along a TGA curve, the temperatures where the conversion degree of the feedstock reached 

some specifically selected values, the temperature at which the DTG reaches an arbitrarily defined value 

or a combination of methods). There is no consensus on the method to be used. In this work, non-

isothermal temperature conditions with a heating rate of 20 °C/min over the temperature range of 30-

1000 °C under an oxidative atmosphere (air) were selected. Concerning the method employed in 

calculating critical combustion temperatures, the adopted criterion was: 

 Ignition temperature (Tignition): From the maximum DTG point a line is drawn to touch the TG curve. 

From this intersection, a tangent line is drawn and extended till intersection with the tangent to 

the beginning of the TG curve. The temperature at the intersection of these two lines is the 

ignition temperature. 

 Burnout temperature (Tburnout). It is defined as a temperature where the rate of weight loss 

consistently decreases to less than 1%·min-1. 

3.2.7. Thermogravimetric behaviour  
Pyrolysis and combustion experiments were carried out in a high-capacity thermoanalyser (METTLER TG-

DSC1 Star system). Representative samples of hydrochar (10 ± 1 mg) were placed in an open platinum 

crucible (150 μl) and heated at a constant rate of 20 °C/min from 30 °C to 1000 °C with a holding time of 

5 min. Nitrogen at a flow rate of 75 mL/min was used as an inert gas to sweep out the volatile products, 

while air (75 ml/min) was used as an oxidising gas for combustion. 

The following parameters were obtained from the pyrolysis tests: 

VMT: the amount of volatile matter evolved up to a specific temperature (T) 

CY600: char yield at 600 °C 

CY1000: char yield at 1000 °C 

DTGmax: the maximum mass loss rate 

DTGmean: the average mass loss rate 

Tmax: the temperature at which DTGmax occurred 

Whereas the analysis of the combustion profiles reported: 

X: conversion expressed as per cent is the reacted part of the dry initial sample 

XT: conversion at a specific temperature (T) 

Tignition and Tburnout: the temperature at conversion reaches 2% and 98%, respectively 

Combustibility range: Tburnout - Tignition 

Rw: combustion stability index [22,23] 

𝑅𝑤 =
𝐷𝑇𝐺𝑚𝑎𝑥 ×𝐷𝑇𝐺𝑚𝑒𝑎𝑛

𝑇𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛2×𝑇𝑏𝑢𝑟𝑛𝑜𝑢𝑡
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3.2.8. Porous structure 
The porous network of the hydrochars was characterised by N2 adsorption at 77 K in an automatic 

volumetric equipment Micromeritics ASAP 2010. The specific surface area was estimated by the BET 

equation [24], according to which the gas adsorption isotherm, (na=f(p/po) T,gas,solid), is linearised by 

Equation (1).  

 1

𝑛𝑎(1 − 𝑋)
=

1

𝑛𝑚
𝑎 +

1

𝑛𝑚
𝑎 𝐶

×
(1 − 𝑋)

𝑋
 (1) 

where X corresponds to the relative pressure value p/po, na is the amount of gas adsorbed at pressure p, 

na
m is the capacity of the monolayer, and C is a value related to the heat of adsorption of the first adsorbed 

layer. 

This equation is generally applicable for partial pressure ranges (p/po) between 0.05 and 0.35, the values 

of na
m and C being obtained, respectively, from the slope and the ordinate at the origin of the 

corresponding line.  

Equation (2) allows the estimation of the specific area of the solid from the capacity of the monolayer and 

the surface area occupied by an adsorbate molecule: 

 𝑆𝐵𝐸𝑇 = 𝑛𝑚
𝑎 𝜎𝑁𝐴 (2) 

where σ is the area occupied by an adsorbate molecule (0.162 nm2 for the N2 molecule at 77 K) and NA is 

the Avogadro number. 
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4. CHARACTERISTICS OF THE BIOMASS WASTES SELECTED AS 

CANDIDATES FOR HTC PRETREATMENT 

4.1. Chemical composition and calorific value 

The chemical features estimated by proximate and ultimate analyses of biomass wastes selected as 

potential candidates for HTC pre-treatment are summarised in Table 3. 

Biomass 
Waste 

Proximate analysis (% db) Ultimate analysis (% db) 
Calorific value 

(MJ/kg) 

Moisture 
(%) 

Ash 
Volatile 
matter 

Fixed 
Carbon 

C  H  N  S  O LHV HHV 

Wheat 
straw 

9.4 6.4 77.3 16.3 37.1 4.1 1.6 0.6 50.2 17.6 18.7 

Rice husk 11.3 12.5 69.6 17.9 44.1 5.4 0.5 0.1 37.4 16.2 17.3 

Grape 
bagasse 

55.0 10.0 72.5 17.5 47.6 5.5 2.2 0.2 34.5 17.7 18.8 

 Broccoli 89.0 8.9 70.2 20.9 43.9 5.6 3.8 0.7 37.1 16.6 17.8 

Cardoon 93.4 9.1 88.6 2.3 40.8 5.3 2.6 0.1 42.1 15.0 16.1 

Whey 94.2 10.0 70.2 19.8 39.6 6.2 2.5 0.2 41.5 14.9 16.2 

OFMSW 57.0 12.9 74.3 12.8 39.8 5.1 1.6 0.1 40.5 13.9 14.9 

Out-of-use 
wood 

11.7 1.1 81.6 17.3 47.8 5.8 2.9 ~ 0.0 42.4 18.3 19.5 

Digestate 71.2 42.0 52.4 5.6 30.0 4.4 3.6 1.6 18.4 12.8 13.7 

Sewage 
sludge 

77.2 23.1 68.0 8.9 43.1 6.1 5.0 0.8 21.9 17.5 18.8 

Green 
wastes 

51.4 35.7 51.4 12.9 33.6 3.9 1.5 0.2 25.1 12.8 13.6 

Table 3. Proximate and ultimate analyses and calorific value of feedstocks 

At first glance, the high moisture content of the vast majority of the residues is striking. Moreover, with 

the exception of wood waste and wheat straw, the materials contain high percentages of ash. Based on 

these characteristics, they are not suitable for direct gasification and were considered candidates for 

improvement by HTC. The ultimate analysis and calorific value fit into the typical values for biomass 

materials. 

4.2. Composition of ashes 

Table 4 details the widely varying composition of ashes present in the different biomasses and no general 

pattern has been found. 
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Sample Al B Ba Ca Cd Cl Cr Cu Fe Hg K Mg Mn Mo Na Ni P Pb S Si Sr Ti V Zn Zr 

Wheat 
straw 

770 
± 20 

N.D. N.D. 
5520 
± 70 

N.D. 
1420 
± 50 

± 4 
30  
± 3 

390 
 ± 40 

N.D. 
8500  
± 300 

1052  
± 5 

50  N.D. ± 5 ± 5 
1200  
± 100 

N.D. 
485  
± 5 

17400 
± 200 

± 5 
50  
± 5 

N.D. ± 5 N.D. 

Rice husk ± 7 N.D. ± 10 
1060 
± 90 

N.D. ± 10 ± 9 ± 10 
100  
± 20 

N.D. 
4170  
± 30 

500  
± 50 

100  N.D. ± 9 N.D. 
470  
± 70 

± 10 
270  
± 10 

53800 
± 200 

± 10 ± 7 N.D. ± 10 ± 300 

Grape 
bagasse 

300 N.D. < 1  
3450 
± 30 

N.D. < 1  N.D. 
69  
± 9 

147  
± 8 

N.D. 
27800 
± 200 

1050  
± 40 

60  N.D. 
240  
± 20 

N.D. 
4720  
± 30 

N.D. 
940  
± 50 

940  
± 70 

20  
106  
± 2 

N.D. < 0.4  < 1  

Broccoli < 5  N.D. N.D. 
6580 
± 20 

N.D. 
5050 
± 40 

< 1  N.D. 
80  
± 5 

N.D. 
37000 
± 300 

1180  
± 20 

< 1  N.D. 
4200  
± 70 

< 1  
4970  
± 60 

N.D. 
1770  
± 10 

190  
± 20 

88  
± 6 

< 6  N.D. < 1  < 1  

Cardoon < 8  N.D. N.D. 
13330 
± 70 

N.D. 
23900 
± 400 

< 1  N.D. 
200  
± 20 

N.D. 
26690 
± 90 

2120  
± 40 

< 1  N.D. 30000  < 1  
3867  
± 9 

N.D. 
980  
± 20 

1110 
± 50 

110 
± 10 

< 9  N.D. < 1  < 1  

Whey < 6  N.D. N.D. 
15700 
± 100 

N.D. 
11800 
± 200 

< 1  N.D. 40  N.D. 
21620 
± 60 

1360  
± 20 

< 1  N.D. 
5600  
± 100 

< 1  
14700  
± 200 

N.D. 
1100  
± 70 

< 5  < 1  < 6  N.D. 
300  
± 20 

< 1  

OFMSW 
2660  
± 50 

N.D. N.D. 
27700 
± 200 

N.D. 
10700 
± 400 

< 1  N.D. 
1810 
± 90 

N.D. 
9960  
± 30 

2810  
± 60 

< 1  N.D. 
6300  
± 300 

< 1  
5040  
± 60 

N.D. 1000  
17480 
± 40 

< 1  
189  
± 6 

N.D. 
86.7  
± 0.8 

50 

Out-of-
use wood 

1360  
± 40 

N.D. 
176  

± 0.8 
7180 
± 40 

N.D. 950 30  
16 
 ± 2 

910  
± 20 

N.D. 
1070  
± 40 

740  
± 40 

73  
± 14 

N.D. 
1450  
± 60 

N.D. 
280  
± 50 

70  
± 20 

570  
± 20 

7400 
± 300 

20  
± 70 

1200 
± 80 

N.D. 
87  
± 3 

92  
± 7 

Digestate N.D. 55.5 N.D. 33381 8.4 2410 64 258 17500 3.6 4987 5439 958 7.7 2248 35 23447 94 8587 N.D. N.D. N.D. N.D. 749 N.D. 

Sewage 
sludge 

N.D. 20.7 N.D. 24446 0.8 N.D. 30 156 14700 0.4 4673 4673 464 3.7 < 935 22 24232 56 6139 N.D. N.D. N.D. N.D. 431 N.D. 

Green 
wastes 

6500  
± 100 

N.D. N.D. 
17900 
± 300 

N.D. N.D. < 1  N.D. 
4480 
± 30 

N.D. 
8600  
± 40 

1910  
± 70 < 1  N.D. 

1050  
± 30 

< 1  
1900  
± 100 

N.D. 
1250  
± 20 

54100 
± 200 

64  
± 2 

690  
± 30 

1440  
± 50 

130  
± 10 

74  
± 8 

N.D. – Not Detected 

Table 4. Ash elemental composition of feedstocks (mg/kg) (db) 
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4.3. Ash fusibility temperatures 

Ash fusibility temperatures of the diverse raw materials are reported in Table 5. The lowest values 

correspond to broccoli ashes, all of which are below 900 °C. With respect to wheat straw, it presents a 

certain limitation as the DT parameter does not exceed 943 °C. The ashes of OFMSW and out-of-use wood 

display rather good stability with fusibility temperatures around 1200 °C. In the case of green wastes, the 

FT reaches a value as high as 1479 °C.  In the upper bound, one can find the inorganic matter of grape 

bagasse with temperatures from 1409 °C (DT) to 1474 °C (FT) and rice husk, cardoon and whey presenting 

all fusibility temperatures > 1500 °C. 

These parameters were not determined for ashes of digestate from biogas production and sewage sludge 

due to the extremely high content and the presence of heavy metals (Table 3 and Table 4), which greatly 

hinders the application of both wastes in SEG. 

Sample DT (°C) ST (°C) HT (°C) FT (°C) 

Wheat straw 943 1054 1177 1328 

Rice husk >1500 >1500 >1500 >1500 

Grape bagasse 1409 1435 1448 1474 

Broccoli <900 <900 <900 <900 

Cardoon >1500 >1500 >1500 >1500 

Whey >1500 >1500 >1500 >1500 

OFMSW 1143 1191 1191 1209 

Out-of-use wood 1146 1154 1160 1257 

Digestate N.A. N.A. N.A. N.A. 

Sewage sludge N.A. N.A. N.A. N.A. 

Green wastes 1195 1200 1240 1479 
N.A. – Not Available 

Table 5. Fusibility temperatures of biomass waste ash 

4.4. Ignition and burnout temperatures  

Table 6 presents the ignition and burnout temperatures for each feedstock. 
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Biomass waste 
Ignition 

Temperature (°C) 
Burnout 

Temperature (°C) 
Combustibility Range 

(°C) 

Wheat straw 263 470 207 

Rice husk 279 494 215 

Grape bagasse 262 530 268 

Broccoli 199 546 347 

Cardoon 202 570 368 

Whey 179 548 369 

OFMSW 232 502 270 

Out-of-use wood 294 514 220 

Digestate N.A. N.A. N.A. 

Sewage sludge N.A. N.A. N.A. 

Green wastes 261 656 395 
N.A. – Not Available 

Table 6. Ignition and burnout temperatures of each feedstock  

Ignition temperatures of the feedstocks are between 179 and 294 °C, with the lowest value for whey and 

the highest one for out-of-use wood. For most feedstocks, the burnout temperatures are between 470 

and 570 °C, except for green waste that exhibits a much higher temperature (656 °C). The combustibility 

range is defined as the difference between Tburnout and Tignition, and these are between 207 and 369 °C. 

According to this parameter, three groups of feedstocks can be established. The highest combustibility 

values characterised the first group, including broccoli, cardoon, whey, and green waste (near 350 and 

370 °C), while the feedstocks in the second group, including wheat straw, rice husk and out-of-use-wood, 

have the lowest values (200-220 °C). Finally, the third group includes the grape bagasse and OFMSW 

wastes that exhibit intermediate combustibility. Except for green waste with very high Tburnout, an outlier 

that does not appear to follow the general trend observed, an increase in combustibility is associated with 

a low ignition temperature and a high burnout temperature that results in a high combustibility range. 

Consequently, the lower the ignition temperature is, the easier for feedstocks to ignite, while the higher 

the burnout temperature is, the more time to burn out and the more unburnt organic matter in the ash. 
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5. PRODUCTION OF LARGE SCALE PRETREATED FEEDSTOCKS 

5.1. Feedstocks 

Representative samples of the following wastes were used as raw materials for HTC trials at a large scale. 

o Organic fraction from selective waste collection in urban areas (OFMSW) 

o Grape bagasse from industrial wine production 

o Green waste from park and garden maintenance 

o Out-of-use wood from furniture and building demolitions 

o Whey from industrial cheese manufacture 

OFMSW, green wastes and out-of-use wood were collected at the Centre for Waste Treatment of the 

Company for Solid Waste Management in Asturias (COGERSA, www.cogersa.es) located in Carretera de 

COGERSA, 1125, 33697 Serín, Spain). 

Grape bagasse was supplied by Winery Monasterio de Corias, whose vineyards are located on the grounds 

of the Monasterio de Corias, in the Asturian wine-growing region of Cangas del Narcea and centre of the 

Protected Designation of Origin Wine of Cangas (www.monasteriodecorias.es, Monasterio de Corias 

s/n.33800 – Cangas del Narcea, Spain). 

Whey was provided by the company “Quesería la Borbolla” (www.queserialaborbolla.es), dedicated to 

the production of the cheese Afuega'l Pitu. The firm is located in La Borbolla 9, 33820 Grado-Spain 

Despite the separation treatment systematically carried out by COGERSA to facilitate the subsequent 

recovery of the different wastes, non-biogenic components were detected in OFMSW, green waste and 

out-of-use wood (Figure 1). The nature of these unwanted materials differs depending on the type of 

waste. Thus, in the case of out-of-use wood, pieces of metal and plastic were found, while stones and 

agricultural plastics were the more significant items in the green waste batch. The greatest percentage 

(5-7 wt%) of unwanted materials (plastic, glass, metal, cans, cloth, cartoon, and many other diverse) was 

detected in OFMSW. As far as possible (they are sometimes not easily visible), these components were 

removed manually prior to the HTC treatment of these wastes. 

http://www.cogersa.es/
http://www.monasteriodecorias.es/
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Figure 1. Foreign materials found in different organic solid wastes 

In the case of green waste and out-of-use woods (made of large items) were also processed in an industrial 

shredder (Figure 2) equipped with an 18 mm sieve in order to homogenise the feedstock and to facilitate 

the efficiency of HTC process. 



   

20 
 

This project has received funding from the European Union’s Horizon 2020 

research and innovation programme under grant agreement No 101006656 

 

Figure 2. Shredder for end-of-life wood and green waste 

The proximate and ultimate analyses of the feedstocks treated by HTC at a large scale are displayed in 

Table 7. Data for different batches are also included to stress the relevant divergences found for some 

parameters. 

Green waste, and specially OFMSW, correspond to heterogeneous mixtures of very diverse organic 

materials that are highly dependent on seasonality. In addition, the climate and the way of collection, 

management and storage have a significant impact on the moisture and ash percentages. In contrast, the 

composition of out-of-use wood batches seems to be rather similar and grape bagasse and whey are more 

homogeneous. 

The moisture content of OFMSW batches varied between 57 and 72 wt%, whereas those of green waste 

displayed a humidity ranging from 25 to 51 wt% (Table 7).  

Wood waste had the lowest ash value (1-3 wt%) and garden prunings may be notably contaminated, ash 

content reaching nearly 36 wt%. Although most batches of green waste contained very high inorganic 

contents, the fact that one batch had 17 wt% suggests that better control of collection and handling to 
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avoid contamination with stones, sand and dust would result in green waste with an ash content of less 

than 10 wt %. 

Biomass 

Proximate analysis (wt %, db) Ultimate analysis (wt %, db) 
Calorific Value 

(MJ/kg 

Moisture 
(%) 

Ash 
Volatile 
matter 

Fixed 
Carbon 

C H N S O LHV HHV 

OFMSW 
57.0 12.9 74.3 12.8 37.9 4.9 1.5 0.1 38.6 13.9 14.9 

72.0 13.8 75.6 10.7 43.9 6.2 2.6 0.2 47.2 17.4 18.7 

Grape bagasse 55.0 10.0 72.5 17.5 47.6 5.5 2.2 0.2 44.5 17.7 18.8 

Green waste 
51.4 17.1 66.3 16.6 44.3 5.2 1.8 0.2 31.4 12.8 13.6 

25.0 35.7 51.4 12.9 33.6 3.9 1.5 0.2 60.9 12.7 13.5 

Out-of-use wood 

11.7 1.1 81.6 17.3 47.8 5.8 2.9 ~0.0 42.5 18.3 19.5 

13.0 3.3 76.9 19.8 48.1 5.8 3.1 0.1 42.9 18.2 19.4 

15.0 3.1 77.6 19.4 50.4 5.8 2.9 0.2 40.8 14.8 15.9 

Whey 93.0 11.7 68.1 20.2 50.4 5.8 2.9 0.2 40.8 18.5 19.7 

Table 7. Comparison of the chemical characteristics of different batches of some feedstocks 

The chemical characteristics of the specific batches used for large-scale-HTC are highlighted in bold in 

Table 7. 

5.2. HTC treatment at large scale 

The procedure followed for pre-treatment of biomass wastes by HTC is schematically described in Figure 

3. 

 

Figure 3. Scheme of the protocol followed for the treatment of biomass by hydrothermal carbonisation 

The biomass residues listed in section 5.1 were subjected to HTC treatment in the pressure system 

(Industrial Olmar S.A., www.olmar.com) shown in  Figure 4.  

http://www.olmar.com/
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The HTC reactor operating in batch mode is fed with superheated steam generated at the COGERSA's 

incineration plant for sanitary waste. 

The samples of OFMSW, grape bagasse, green waste and out-of-use wood were loaded into a carriage on 

rails, with a quantity of residue so that the height of the bed reached about 20 cm. Depending on the 

feedstock, the amount treated was around 100-150 kg/trial. Water was added to achieve a solid-water 

ratio of 1:4 by weight, including the moisture content of the raw material. In the case of OFMSW with 72% 

moisture, no water was added. 

In this first screening, co-hydrothermal carbonisation was also addressed by treating end-of-life wood 

with whey as a reaction medium. The objectives of this approach are several: (i) to reduce the amount of 

water used in the HTC process by replacing it with a liquid residue, (ii) to assess the possible synergistic 

effect and (iii) to seek greater cost-effectiveness by eliminating two wastes at the same time. 

As a standard protocol, the process was conducted at 195 °C under the respective water vapour saturation 

pressure of 13.3 bar for 3 hours. As a preliminary step, the system was purged for 5 minutes to remove 

air and subsequently heated for 30 minutes to the reaction temperature. The overall process was 

automatically controlled using temperature and pressure sensors. 

 

Figure 4. HTC reactor used for large scale production of hydrochar 

When the cycle is finished, the sample is left to cool down inside the reactor overnight. The images of  

Figure 5 show the transformation experienced by the different wastes after HTC treatment. 
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Figure 5. The different wastes used as feedstocks (left) and their respective hydrochars (right) 

The moisture content of the resulting hydrochars is reduced to ~ 60 wt% by energy-saving mechanical 

pressing (Figure 6-left). The final drying was accomplished with the material distributed on large trays 

placed inside a drying shed at 35 °C (Figure 6-right). 
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Figure 6. Drying of the hydrochars  

It was noted that HTC treatment facilitated detection and separation of undesirable components that 

were still retained in the initial biomass. As an example, the image in Figure 7 illustrates the significant 

amount of metals, glasses, plastics and cloths recovered after HTC on OFMSW. Manual post-HTC 

separation helped to reduce the inorganic content in the HTC solid. Separation procedures based on 

flotation could be considered an alternative to further purification of waste-derived hydrochars at an 

industrial scale. 

 

Figure 7. Non-carbon materials removed from OFMSW after HTC and drying 

In Table 8, the different weights of the treated feedstocks, at different steps of the process are presented. 

The column that refers to wet hydrochar represents the weight of hydrochar after mechanical drying. It 

is quite noticeable that those residues with lower moisture content (green wastes and out-of-use woods) 

tend to retain more water than OFMSW and grape bagasse. 
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Feedstock 
Raw waste 

(as-received) 
(kg) 

Wet 
hydrochar 

(kg) 

Dry 
hydrochar 

(kg) 

OFMSW 486.5 216.1 80.0 

Grape bagasse 394.5 326.1 128.5 

Green waste 189.0 281 96.9 

Out-of-use wood 134.0 336.5 97.1 
Out-of-use wood 

(whey as reaction medium) 159.5 317.5 120.6 

Table 8. Weights of the hydrochar in different steps of the process 

In a first approximation, the yield of the HTC process on the various raw materials was assessed by the 

ratio between the mass of the hydrochar and the initial biomass mass referred to dry basis (herein named 

as Dry yield, Equation (3)) 

 
𝐷𝑟𝑦 𝑦𝑖𝑒𝑙𝑑 =

𝐷𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 (𝑔)

𝐷𝑟𝑦 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 (𝑔)
 (3) 

Figure 8 illustrates that the amount of HTC solid product varies in a narrow range from 67 wt% to 84 wt%, 

regardless of the initial feedstock moisture. The use of the yield in a dry-ash-free basis (Equation (4)) leads 

to a more refined picture, suggesting an increase with the lignocellulosic character of the residue 

according to OFMSW < grape bagasse < green waste<out-of-use woods. As previously reported, the 

conversion routes of non-woody waste are more complex than those of purely lignocellulosic materials 

due to the self-rearrangement of amino acids and synergistic reactions between amino acids and reduced 

sugars [25]. 

 
𝐷𝑟𝑦 𝑦𝑖𝑒𝑙𝑑 (𝑑𝑎𝑓) = 𝐷𝑟𝑦 𝑦𝑖𝑒𝑙𝑑 ·

100 − 𝐻𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%)

100 − 𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐴𝑠ℎ 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%)
 (4) 

The moisture of the feedstock does determine to a large extent the cost-effectiveness of the treatment. 

The yield of hydrochar referred to the as-received (wet) feedstock (raw yield, Equation (5)) drops to 19 

wt% for the OFMSW and gradually increases up to 72 wt% for the wood waste, in line with decreasing 

feedstock moisture content (Figure 8). 

 
𝑅𝑎𝑤 𝑦𝑖𝑒𝑙𝑑 =

𝐷𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 (𝑔)

𝑅𝑎𝑤 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 (𝑔)
 (5) 

Although the presence of organic matter in whey is low, its positive contribution is reflected in a 5 % 

increase in the mass yield, when this residue replaces water as the reaction medium in HTC of out-of-use 

wood (Figure 8).  
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Figure 8. Hydrochar yield from the diverse feedstocks 
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6. CHARACTERISATION OF HYDROCHARS PREPARED AT LARGE SCALE 

Both the feedstocks and the resulting hydrochars were fully characterised at INCAR by following protocols 

outlined in Section 3.  

6.1. Proximate and ultimate analyses and calorific value 

The main chemical features and calorific value of the different feedstocks treated at pilot scale, as well as 

those of their respective hydrochars, are displayed in Table 9. 

Sample 
  

Proximate analysis (%, db) Ultimate analysis (%, db) Calorific value  

Moisture 
(%) 

Ash 
Volatile 
matter 

Fixed 
carbon  

C H N S O 
LHV 

(MJ/kg) 

Energy 
yield 
(%) 

OFMSW 72.0 13.8 75.6 10.7 43.9 6.2 2.6 0.2 33.3 17.4 - 

Hydrochar 59.8-67.0 15.3 (20.5)* 68.8 15.9 49.9 6.2 2.8 0.2 25.6 20.2 77.9 

Grape bagasse 55.0 10.0 72.5 17.5 47.6 5.5 2.2 0.2 34.5 17.7 - 

Hydrochar 63.0 6.2 (13.8)* 67.9 25.9 58.3 5.9 2.5 0.2 26.9 22.8 93.3 

Green Waste 25.0 35.7 51.4 12.9 33.6 3.9 1.5 0.2 25.1 12.7 - 

Hydrochar 57.0-66.0 22.7 (46.4)* 58.2 19.1 43.2 4.5 1.3 0.1 28.2 16.0 96.7 

Out-of-use woods 13.0 3.3 76.9 19.8 48.1 5.8 3.1 0.1 39.6 18.2 - 

Hydrochar 70.0 3.1 (3.9)* 69.7 27.2 53.0 5.5 2.5 0.1 35.8 20.6 94.7 

Out-of-use woods 15.0 3.1 77.6 19.4 40.5 5.5 2.5 0.2 48.2 14.8 - 

Whey 94.0 11.7 68.1 20.2 50.4 5.8 2.9 0.2 29.0 18.5 - 

Hydrochar 
(whey as reaction 
medium) 

62.8 4.9 (3.5)* 71.2 24.0 51.9 5.5 2.1 0.1 35.5 19.3 116.2 

*In brackets, the calculated ash content taking into account that no solubilisation by HTC occurred 

Table 9. Proximate and ultimate analyses and calorific value of the different feedstocks and their corresponding 
hydrochars 

The mild HTC process used as pre-treatment results in a number of transformations in the biomass 

residues that can be summarised in the following overall patterns: 

 In general, the ash content of the hydrochars is lower than in the respective feedstocks. OFMSW 

hydrochar has a slightly higher ash content. The use of whey as a reaction medium with the end-

of-life wood contributes to the increase of inorganic compounds in the HTC solid. 

 Decrease of about 6-9% in volatile matter, the fixed carbon of hydrochars varies between 15.9-

27.2 wt%.  

 Increase in carbon content ranging from 7-31% (on a dry-ash-free, daf basis), accompanied by a 

reduction in oxygen percentage between 7-25%. No statistically relevant changes regarding H, N 

and S content. The resulting biomass residue-derived hydrochars have contents (dry basis) of 

43.2-58.3 wt% C, 25.6-35.8 wt% O, 4.5-6.2 wt% H, 1.3-28 wt% N and 0.1-0.2 wt% S. 

 80-90% of the carbon present in the initial biomass is retained in the hydrochars 
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 Increase in calorific value between 11 and 29% with energy yields between 78 and 97% (see 

equation (6)).  The latter increases up to 116 % in the case of using whey as reaction medium 

instead of water. LHV of hydrochars lies in the range of 16-23 MJ/kg. 

 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑 = 𝐷𝑟𝑦 𝑦𝑖𝑒𝑙𝑑 ·

𝐿𝐻𝑉𝐻𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟

𝐿𝐻𝑉𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
 (6) 

Details for each biomass waste utilised as raw material are specified below: 

 ► OFMSW 

OFMSW gave a hydrochar with 14% more C and 23% less O, whereas fixed C increased by nearly 50% due 

to the reduction in volatile matter. The calorific value LHV was 16% higher with an energy yield of 78%. 

The O/C atomic ratio of the OFMSW-hydrochar fits into the values for peat (Figure 9), although the H/C 

parameter exceeds the limit [26]. The slightly higher amount of inorganic impurities (15.3 wt%) than in 

the raw material (13.8 wt%) suggests that the HTC failed to solubilise ashes. However, calculations taking 

into account the ash content of the OFMSW and the process yield reveal that approximately 20.5 wt% of 

mineral species would be distributed in the OFMSW-hydrochar. Comparison of this value with the 

experimental one confirms that solubilisation of some ashes has indeed occurred via HTC. 

 ► Grape bagasse 

Among the raw materials tested in the present trials, the impact of HTC is more noticeable on grape 

bagasse. The decrease in both ash and volatiles results in a 48% higher fixed carbon percentage (Table 9). 

HTC results in 22% more C and less O with no change in H, making the grape bagasse-hydrochar resemble 

a material at the peat-lignite boundary (Figure 9) [26]. The increase in LHV accounts for 29% with and 

energy yield of 93%. HTC results efficiently decrease the presence of ashes, accounting for 6.2 wt% in the 

resulting solid. This corresponds to a solubilisation of about 56% of the initial mineral matter (if not 

removed, the ash fraction in the hydrochar would reach 14 wt%). 

           ► Green waste 

As the most relevant impact of the HTC on green wastes, the ash content was reduced from 35.7 wt% to 

22.7 wt%. This is still high, but significantly lower than the theoretical value of 40 wt% estimated as 

indicated above. Such a change is indicative of relevant solubilisation of mineral matters. It is very likely 

that by controlling the inorganic content of the incoming green waste, a much more suitable material for 

SEG can be obtained. 

As reported in Table 9, it appears that the HTC process of green wastes induces the typical increase in 

carbon percentage, but also an unexpected increment of oxygen and volatiles. The high presence of 

impurities in this specific feedstock leads to some confusion in the interpretation of its conversion by HTC. 

In view of the large difference in the ash percentages of the initial and final materials, it is more reliable 

to compare the results on dry and ash-free basis (daf). Thus, after HTC the carbon content is enhanced by 

7% (from 52.3 to 55.9 wt%, daf) and the presence of oxygen decreases by 6% (from 39.0 to 36.5 wt%, daf). 

The amount of volatile matter in terms daf also decreases about 6% after HTC treatment. 
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 ► Out-of-use wood 

Two different HTC trials were carried out using out-of-use wood as feedstock. In the first one, water was 

used as the reaction medium, while in the second one, water was replaced by whey. 

Despite the difference in C and O contents of the batches used for operation with water and whey, both 

hydrochars display very similar chemical features. The ash content is slightly increased when whey was 

used, as it contains 11 wt% of inorganic impurities. As reflected in Table 9 and Figure 9, other parameters 

are very similar, with values around 70 wt% VM, 27-24 wt% fixed carbon, 52 wt% C, and 35 wt% O. For 

both hydrochars the LHV is close to 20 MJ/kg. 

 

Figure 9. Impact of HTC on the diverse feedstocks in terms of a van Krevelen diagram 

6.2. Ash composition 

The composition of the ash of both feedstock and corresponding hydrochar is presented in Table 10. No 

common changes have been found for the different materials, so no general patterns can be traced for 

the solubilisation of different elements. 

There is a slight reduction in calcium and silicon content for out-of-use woods with water and an increase 

in zinc content. 

 There is a slight increase in silicon and zinc contents for hydrochar prepared from green waste. 

 There is an increase in calcium, phosphorous and zinc contents for hydrochar prepared from 

OFMSW, as well as a slight reduction in chlorine content. 

 Hydrochar from winery waste exerts a noticeable elimination of potassium, as well as 

phosphorous. 

 Hydrochar from out-of-use woods with whey presents slightly higher content of calcium, 

potassium, sodium and phosphorous than raw wood, although much lower content of those 

elements in comparison to than raw whey. There is also an increase in silicon content. 
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Sample Al Ba Ca Cl Cr Cu Fe K Mg Mn Na Ni P Pb S Si Sr Ti V Zn Zr 

OFMSW 
2660 
± 50 

N.D. 
27700 
± 200 

10700 
± 400 

< 1 N.D. 
1810 
± 90 

9960 
± 30 

2810 
± 60 

< 1 
6300 
± 300 

< 1 
5040 
± 60 

N.D. 1000 
17480 
± 40 

< 1 
189 
± 6 

N.D. 
86.7 
± 0.8 

50 

Hydrochar 
2480 
± 70 

N.D. 
51200 
± 800 

5050 
± 90 

< 1 N.D. 
1610 
± 50 

9000 
2400 
± 100 

< 1 
6000 

± 1000 
< 1 9000 N.D. 

1560 
± 20 

15800 
± 400 

120 
± 10 

250 
± 20 

N.D. 
3400 
± 40 

< 2 

Grape 
bagasse 

6500 
± 100 

N.D. 
17900 
± 300 

N.D. < 1 N.D. 
4480 
± 30 

8600 
± 40 

1910 
± 70 

< 1 
1050 
± 30 

< 1 
1900 
± 100 

N.D. 
1250 
± 20 

54100 
± 200 

64 
± 2 

690 
± 30 

1440 
± 50 

130 
± 10 

74 
± 8 

Hydrochar 
6500 
± 400 

N.D. 20000 N.D. < 1 N.D. 
5060 
± 10 

7000 
± 200 

1770 
± 90 

< 1 < 20 < 2 
1940 
± 70 

N.D. 
1250 
± 10 

66500 
± 400 

80 
760 
± 9 

900 
± 200 

3090 
± 50 

80 

Green 
Waste 

300 < 1 
3450 
± 30 

< 1 N.D. 
69 
± 9 

147 
± 8 

27800 
± 200 

1050 
± 40 

60 
240 
± 20 

N.D. 
4720 
± 30 

N.D. 
940 
± 50 

940 
± 70 

20 
106 
± 2 

N.D. < 0.4 < 1 

Hydrochar 
3670 
± 70 

< 0.3 
4050 
± 50 

< 0.3 N.D. < 0.3 
329 
± 8 

12500 
± 100 

603 
± 3 

40 
200 

± 200 
N.D. 

2340 
± 90 

N.D. 
1170 
± 20 

640 
± 10 

< 0.3 
38 
± 3 

N.D. 
644 
± 7 

< 0.3 

Out-of-
use 

woods 

550 ± 
10 

640 
± 40 

3670 
± 70 

150 
± 10 

N.D. N.D. 
437 
± 1 

700  
± 20 

600 
41 
± 4 

1640 
± 60 

± 2.2 
120 
± 20 

N.D. 
700 
± 10 

5260 
± 50 

24 
± 2 

1300 
± 30 

N.D. 
156 

± 0.3 
10 

Hydrochar 
550 ± 

20 
750 
± 10 

3010 
± 10 

300 20 N.D. 
670 
± 10 

609  
± 7 

445 
± 8 

40 
1910 
± 20 

8.7 
± 0.9 

100 
± 10 

< 0.3 
650 
± 3 

2890 
± 9 

29 
± 2 

1370 
± 10 

N.D. 
4300 
± 30 

8 

Out-of-
use 

woods 
200 400 3000 30 N.D. 90 300 600 300 30 600 N.D. 90 N.D. 600 900 20 600 N.D. 200 < 0.1 

Whey < 6 < 1 20000 10000 N.D. 20 < 7 20000 2000 < 1 8000 N.D. 20000 N.D. 800 < 5 < 1 < 6 N.D. 60 < 1 

Hydrochar 500 300 7000 300 N.D. < 0.3 1000 2000 600 < 0.2 2000 N.D. 3000 N.D. 600 3000 20 800 N.D. 1000 < 0.4 
N.D. – Not Detected 

Table 10. Ash elemental composition (mg/kg)(db) of different feedstocks and their respective hydrochar 
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One way of estimating the elimination percentage of certain elements over the original material is by 

using Equation (7). 

 
𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑒𝑙𝑖𝑚𝑖𝑛𝑎𝑡𝑒𝑑 =

%𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 − 𝐷𝑟𝑦 𝑌𝑖𝑒𝑙𝑑 · %𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝐻𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟

%𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
 (7) 

By applying this equation, in Table 11 are presented the percentages of variation of some of the most 

representative elements. 

Sample 
Feedstock (mg/kg) (db) Hydrochar (mg/kg) (db) Dry 

yield 

Variation over dry feedstock (%) 
(db) 

Ca Na K P Ca Na K P Ca Na K P 

OFMSW 27700 9960 6300 5040 51200 9000 6000 9000 67.3 +24.4 -39.2 -35.9 +20.2 

Green 
Waste 

17900 8600 1050 1900 20000 7000 20 1940 72.4 -19.1 -41.1 -98.6 -26.1 

Grape 
Bagasse 

3450 27800 240 4720 4050 12500 200 2340 76.9 -9.7 -65.4 -35.9 -61.9 

Out-of-use 
woods 

3670 700 1640 120 3010 609 1910 100 83.8 -31.3 -27.1 -2.4 -30.2 

Out-of-use 
woods 

(whey as 
reaction 
medium)  

20000 20000 8000 20000 0 0 0 0 88.9 +150.2 +89.8 +201.8 +1700.2 

Table 11. Variation percentage of different elements over dry feedstock 

6.3. Ash fusibility temperatures 

As illustrated in Table 12 and Figure 10, the ash fusibility temperatures of all precursors show values above 

1000 °C, making these raw materials suitable for SEG. There is no relevant effect of HTC treatment on the 

thermal behaviour of ashes, except for OFMSW. In this case, improvements of around 100-200 °C are 

achieved. 

Although the ashes of the hydrochar obtained with out-of-use wood and whey can withstand higher 

temperatures than the one prepared in water, a positive effect of the reaction medium cannot be stated 

as the initial batch used for co-hydrothermal carbonisation had more thermally stable ashes. In fact, it is 

suggested a somewhat decrease in ST, DT and HT after HTC of out-of-use wood in whey. 
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Figure 10. Thermal behaviour of the ashes of the feedstocks and the hydrochars 

Sample ST (°C) DT (°C) HT (°C) FT (°C) 

OFMSW 1143 1191 1196 1209 

Hydrochar 1313 1348 1390 1500 

Grape Bagasse 1409 1435 1448 1474 

Hydrochar 1368 1403 1445 1478 

Green Waste 1195 1200 1240 1479 

Hydrochar 1177 1195 1317 1500 

Out-of-use woods 1101 1118 1122 1132 

Hydrochar 1131 1140 1154 1185 

Out-of-use woods 1253 1297 1318 1351 

Whey 1500 1500 1500 1500 

Hydrochar 1201 1206 1250 1429 

Table 12. Ash fusibility temperatures of the ashes of the feedstocks and the hydrochars 

 

6.4. Thermogravimetric Analysis 

The most relevant thermogravimetric data from the pyrolysis and combustion of the four selected 

feedstocks and the corresponding hydrochars are summarized in Table 13 and Table 14, respectively. 
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Figure 11 and Figure 12 display the DTG curves reflecting the overlapping of the devolatilization steps and 

combustion. 

 

Figure 11. Pyrolysis DTGs 

 

Figure 12. Combustion DTGs 
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In general, most of the thermal decomposition of feedstocks occurs in the same temperature range from 

200 to 550 °C, the overlapping effects between cellulose, hemicellulose and lignin decompositions can be 

distinguished, and there is a flat section at the higher temperatures (>550 °C) corresponding to the slow 

charring process of the solid residue. However, some differences may be observed concerning the thermal 

decomposition of the components. 

Except for OFMSW decomposing earlier at nearly 150 °C, the feedstocks start decomposition at a 

temperature close to 200 °C after the small amount of moisture is evolved. The char yield of green wastes 

at 600 °C (CY600) is more than the other feedstocks, close to 55 wt% and its higher value is linked to the 

very high ash content of this feedstock (35.7 wt%), as reflected in the proximate analysis (Table 9) and the 

residue remaining after oxidation treatment (Table 14). By increasing temperature up to 1000 °C, a 

progressive mass loss can be observed, leading to 45.2 wt% char and the material remaining behind after 

exposing the sample to oxygen comprises 25.2 wt% of the green wastes (Table 14). As shown in Figure 12, 

thermal decomposition starts at 194 °C, and the primary decomposition of components takes place up to 

600 °C with a Tmax at 350 °C. This peak temperature can be attributed to cellulose degradation with a 

DTGmax of 7.1 %/min. 

On the other hand, the asymmetric DTG shape indicates a high overlapping degree of the degradation of 

biopolymers (hemicellulose, cellulose and lignin) and non-structural organic components (extractives). 

The front of the peak at lower temperatures can be attributed to the decomposition of hemicellulose, 

while the tail is due to lignin degradation. These DTG features are consistent with out-of-use woods; 

although they have some differences in the VM evolution. DTG profiles differ in the maximum rate of VM 

release, which is double (14.8 %/min vs. 7.1 %/min). Quantitative data of evolved volatile matter and char 

yield are also different. Out-of-use woods give a lower char yield at medium and high temperatures 

(approximately 24 wt% and 17-19 wt% for 600 and 1000 °C), and a small amount of ash residue remains 

(1.5 wt%) under burning conditions. Additionally, a shift of 16 °C, where the maximum rate of cellulose 

decomposition occurs, can be observed.  

The DTG curves corresponding to the pyrolysis of OFMSW clearly reflect different stages of decomposition 

due to the greater heterogeneity of this feedstock. After moisture evaporation, this waste undergoes 

thermal degradation at the lowest temperature from 158 to 250 ˚C with a mass loss of 12.2 wt%. There 

follows a broad major mass loss of 78.2 wt% (small plateau) and a solid residue remaining nearly 30 wt% 

and 21.8 wt% at 600 °C and 1000 °C, respectively. 

Due to a different distribution of components in grape bagasse, a very different DTG profile can be 

observed. The most notable feature that characterizes the thermal behaviour of this raw material is the 

presence of two significant peaks, narrow and sharp, with Tmax at 284 and 304 °C and DTGmax at 20.3 and 

11.8 %/min, suggesting the decomposition of low molecular weight sugars. The decomposition of the 

cellulose and lignin are also visible. By increasing the pyrolysis temperature in the 400-500 °C range, lignin 

is decomposed at a higher extent and the DTG peak becomes broader.  

As regards hydrochars, the most significant changes between the DTG pyrolysis profiles of raw wastes and 

hydrochars are: (i) a partial elimination of low-temperature volatile compounds due to the thermal 

degradation/distillation of the most unstable components (under 300-350 °C depending on the raw 
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waste); (ii) a shift of the temperature of maximum evolution (Tmax) towards a high temperature, especially 

remarkable in the hydrochar from grape bagasse (284 °C vs. 342 °C); (iii) the maximum VM evolution rate 

(DTGmax); and (iv) an increase in the yield of char at 600 °C and 1000 °C (CY600 and CY1000, respectively).  

Due to the high-reactivity of some mineral species present in green waste, there is a decrease in the char 

yield at 600 and 1000 °C (CY600 and CY1000), indicating the decomposition of some species in this 

temperature range.   Other exception to general trends observed for the pyrolytic behaviour of feedstocks 

can be found to the general Tmax trend observed for the out-of-use woods when whey is added as a 

reaction medium. In such case, the Tmax of the produced hydrochar is exhibited at a lower temperature 

than the raw material. 

The mean objective of the TG analysis is to identify suitable combustion temperatures at which a high and 

effective conversion is possible. The combustion behaviour of the raw wastes and hydrochars  also 

presents small modifications (Figure 12) in the simultaneous stages of volatile matter combustion and 

char formation (<400 °C) and the char combustion (>400 °C). In general, hydrochars have narrow 

combustibility ranges, due to a delay of ignition (Tignition) but, at the same time, a low temperature of 

burnout.  The highest difference between combustibility temperature range of hydrochar and feedstock 

accounts for green wastes (161 °C vs. 395 °C). 

Comparing the pyrolysis and combustion DTGs of  raw feedstocks and hydrochars (Figure 13 and Figure 

14), it is noticeable that till 250-300 °C, the DTGs for both combustion and pyrolysis are almost identical. 

At low temperature, a rapid combustion of the volatiles takes place that overlaps with the combustion of 

the lignin and the char formed. 
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Figure 13. Comparison of pyrolysis and combustion DTG curves for each raw feedstock 

 

Figure 14. Comparison of pyrolysis and combustion DTG curves for each hydrochar
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 OFMSW Hydrochar 
Grape 

bagasse 
Hydrochar 

Green 
wastes 

Hydrochar 
Out-of-use 

woods 
Hydrochar 

Out-of-use 
woods* 

Hydrochar 

Pyrolysis behaviour           

Moisture (wt%) 2.6 2.1 3.4 2.3 4.8 4.1 6.0 4.3 3.8 3.1 

VM250 (wt% db) 12.2 9.4 4.9 6.6 3.2 3.1 3.9 3.2 4.9 5.2 

VM300 (wt% db) 27.0 19.0 24.6 16.7 10.8 7.4 14.3 7.8 15.4 13.5 

VM350 (wt% db) 50.0 39.4 41.2 31.8 25.8 20.8 38.5 25.1 40.3 38.7 

VM400 (wt% db) 59.2 49.5 49.4 44.5 35.1 42.6 66.9 57.3 66.8 55.9 

VM600 (wt% db) 70.0 62.5 65.4 62.3 45.1 55.1 75.9 69.0 75.7 66.8 

VM750 (wt% db) 73.1 66.6 67.4 65.0 49.0 58.9 78.2 71.7 77.8 69.2 

VM1000 (wt% db) 78.2 71.6 73.1 69.3 54.8 66.6 82.7 76.8 80.7 73.1 

CY600 (wt% db) 30.1 37.5 34.6 37.7 54.9 44.9 24.2 31.0 24.4 33.3 

CY1000 (wt% db) 21.8 28.4 26.9 30.7 45.2 33.5 17.3 23.2 19.3 26.9 

Ti (°C) 158 170 204 176 194 206 222 214 210 194 

Tf (°C) 982 996 1000 1000 1000 1000 1000 1000 960 982 

Tmax (°C) 326 340 284 342 350 364 366 370 366 352 

DTGmax (%/min) 9.6 9.9 20.3 6.8 7.1 11.1 14.8 17.1 14.4 15.1 
*Batch of out-of-use woods used for HTC with whey instead of water 

Table 13. Summary of TGA results. Pyrolysis behaviour for feedstocks and respective hydrochars 
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  OFMSW Hydrochar 
Grape 

bagasse 
Hydrochar 

Green 
wastes 

Hydrochar 
Out-of-use 

woods 
Hydrochar 

Out-of-use 
woods* 

Hydrochar 

Combustion behaviour                     

Moisture (wt%) 2.8 2.1 3.3 2.3 6.2 3.8 5.7 5.1 3.7 3.0 

X250 (%db) 15.9 13.2 5.5 8.4 5.1 3.7 4.1 2.7 5.3 6.0 

X300 (%db) 43.3 38.7 34.0 42.9 24.0 21.9 18.3 9.0 21.2 30.9 

X350 (%db) 66.5 64.3 50.4 59.6 55.5 74.8 59.0 47.0 60.9 61.3 

X400 (%db) 70.6 73.2 57.7 89.0 67.7 90.4 70.3 63.6 71.2 83.5 

X600 (%db) 96.4 95.9 81.1 98.1 97.5 98.6 99.5 99.7 99.7 99.8 

X750 (%db) 98.9 99.3 90.4 98.6 99.9 100.0 99.9 100.0 100.0 100.0 

X1000 (%db) 100.0 100.0 97.5 99.5 100.0 99.9 100.0 99.8 99.8 100.0 

Tmax (°C) 440 310 280 268 318 302 332 332 332 302 

Tignition (°C)  232 258 262 256 261 289 294 304 291 283 

Tburnout (°C)  502 494 530 462 656 450 514 526 510 490 

Combustibility range (°C) 270 236 268 206 395 161 220 222 219 207 

Combustion stability 
index, Rw x 107  

9.2 7.9 10.0 26.0 3.7 18.0 10.4 9.8 13.7 19.1 

*Batch of out-of-use woods used for HTC with whey instead of water 

Table 14. Summary of TGA results. Combustion behaviour for feedstocks and respective hydrochars 
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6.5. Porosity features 

Regarding the porous structure, N2 adsorption at 77 K reveals no narrow pores in the hydrochars. The 

specific surface area (SBET) ranges between 2.5 m2/g for the OFMSW-hydrochar to 15 m2/g reached by the 

material derived from the green wastes (Figure 15). The presence of labile surface functionalities in the 

former leads to a change in the porosity depending on the degasification temperature (Figure 16), 

suggesting the possibility of some change in textural properties of hydrochars along the SEG process.                                           

 

Figure 15. N2 adsorption isotherms for the diverse hydrochars obtained at large scale 

 

Figure 16. Evolution of N2 isotherm of the OFMSW-hydrochar with the outgassing temperature of the sample 
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7. CONCLUSIONS 

The comprehensive characterization of wheat straw, rice husk, grape bagasse, broccoli, cardoon, whey, 

OFMSW, out-of-use wood, digestate, sewage sludge and green wastes reveals that they display most 

features in line with those of typical biomass materials: 51-89 wt% VM, 2-21 wt% fixed carbon, 30-48 wt% 

carbon, 18-50 wt% oxygen, 4-6 wt% hydrogen, 0.5-5 wt% nitrogen, 0.1-1.6 wt% sulphur and 12.8-18.3 

MJ/kg lower heating value. However, their high moisture (50-94 wt%) and/or inorganic matter (10-36 

wt%) content make them unsuitable for direct use in gasification. Moreover, for these feedstocks 

inorganic matter is dominated by dominated Ca, K, Mg, Na, P, Si and Cl. 

The need for 60 kg of material to carry out SEG tests in a pilot plant prompted large-scale HTC trials. As a 

standard protocol, the process was conducted under mild experimental conditions at 195 °C and a 

pressure of 13.3 bar for 3 hours. 

In this first approach, OFMSW, grape bagasse, green waste and out-of-use wood were selected as 

candidates to evaluate the performance of HTC as pre-treatment to upgrade biomass residuals. They 

cover a set including essentially lignocellulosic materials (wood and green wastes), non-purely 

lignocellulosic materials (OFMSW and grape waste) and a feedstock with a very high ash content (green 

waste). Additionally, in order to avoid water consumption, whey residue was tested as an alternative 

reaction medium. 

Careful selective collection and proper management of biomass waste are key issues. Moisture content 

can be greatly affected by climate and the way the residue is handled and stored. Moreover, a significant 

amount of non-biogenic components may be present in biomass waste batches; the nature of these 

unwanted materials differs greatly depending on the type of waste and how it is managed. Green waste, 

and especially OFMSW, corresponds to heterogeneous mixtures of very diverse organic materials that are 

highly dependent on seasonality. In contrast, the composition of out-of-use wood batches looks rather 

similar and grape bagasse and whey are more homogeneous. 

The HTC treatment efficiently sanitises and stabilises the biomass wastes, thus favouring their storage. 

Mild HTC also facilitates the detection and separation of the inorganic items present in biomass waste, 

which favours the purification of a feedstock for gasification. 

The hydrochar yield ranged between 19 wt% for the OFMSW and gradually increased up to 72 wt% for 

the wood waste, in line with decreasing feedstock moisture content. Despite the low organic matter 

content of whey, its positive contribution is reflected in a 5 % increase in the mass yield, when this residue 

replaces water as the reaction medium in HTC of out-of-use wood. The use of whey instead of water as 

reaction medium does not significantly affect the characteristics of the final hydrochar so it would be 

possible to eliminate the water input and manage two wastes at the same time. 

The moisture content of the resulting hydrocarbons is reduced to ~ 60 wt% by energy-saving mechanical 

pressing and the final thermal drying is faster than in biomass due to the higher surface hydrophobicity. 
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HTC effectively solubilises some inorganic impurities and, in general, the ash content of the hydrochars is 

lower than in the respective feedstocks. No general patterns can be traced for the solubilisation of the 

different elements. 

After HTC treatment, the volatile matter of biomass decreased about 6-9% and the fixed carbon increased 

to 15.9-27.2 wt%. The process generates the loss of oxygen and the resulting material is enriched in 

carbon, with no significant changes in H, N and S content. The variation degree depends on the feedstock. 

80-90% of the carbon present in the initial biomass is retained in the hydrochars. 

The heating value of biomass is enhanced by HTC and the LHV of the resulting hydrochars lies in the range 

of 16-23 MJ/kg. 

There is no relevant effect of HTC treatment on the thermal behaviour of ashes, except for OFMSW. In 

this case, an increase of around 100-200 °C are achieved for fusibility temperatures. 

Regarding the porous structure, N2 adsorption at 77 K reveals no narrow pores in the hydrochars. The 

specific surface area (SBET) ranges between 2.5 and 15 m2/g. 

Pyrolysis tests report that the HTC treatment results in the partial removal of low temperature volatile 

compounds due to thermal degradation/distillation of the most unstable components (below 300-350 °C 

depending on the crude residue). HTC also leads to a shift of the temperature of maximum evolution 

towards a higher value, as well as to an increase of the char yield at 600 °C and 1000 °C. 

Compared to feedstocks, the combustion behaviour of hydrochars shows small changes in the stages of 

combustion of volatile matter and char formation (<400 °C) and char combustion (>400 °C). In general, 

the pre-treated biomass displays narrow combustion ranges, due to delayed ignition and low combustion 

temperature. At low temperature (< 300 °C), there is a rapid combustion of volatiles that overlaps with 

the combustion of lignin and char formed. 
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