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1. Hydrothermal Carbonisation (TUM) 

1.1 General Introduction 

Hydrothermal Carbonization (HTC) is a biomass pre-treatment method, which converts 

a solid biomass into a lignite-like fuel. In HTC, biomass is suspended in water and 

treated at elevated temperatures (180-300 °C). To keep water in the liquid phase 

throughout the treatment, pressure above the respective vapour pressure of water (20-

100 bar) is applied. 

In comparison to other thermal treatment methods, HTC allows direct conversion of 

wet biomass without any pre-drying of the feedstock. In principle, any biomass can be 

carbonized hydrothermally, however the process makes most sense for biomass 

feedstock with a water content above 70 wt.%. Another advantage arises from a pre-

treatment in water: Species active in corrosion as well as slagging and fouling such as 

chlorine and alkali metals are often present as water-soluble compounds that can be 

removed with the process water. 

Figure 1 shows a simple schematic of a typical HTC lab-scale experiment. After the 

treatment, a slurry of HTC char in water is obtained which is separated by filtration. 

 

Figure 1: Schematic of a typical lab-scale HTC experiment. 

HTC yields a product with higher calorific value by increasing the carbon content of 

biomass and removal of oxygen and hydrogen through dehydration and 

decarboxylation reactions1,2. Depending on the process parameters, about 55 wt.% of 

the initially present carbon can be recovered in the solid fraction, roughly 40 wt.% are 

transferred to the liquid phase and about 5 wt.% emerge in gaseous form3. 

Temperature and residence time are the most influential process parameters: 

Increasing process temperature and residence lead to a higher degree of coalification, 

thus to a higher heating value. Figure 2 illustrates the relative LHV of Brewers’ spent 
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grains (BSG) as a function of temperature and residence time obtained from an earlier 

study4. 

 

Figure 2: Relative LHV (dry) of HTC-BSG treated at 180 °C, 230 °C and 280 °C versus residence 
time.4  

For better comparison, the fuel property data are often presented in relative values 

according to: 

𝑅𝑉𝑖 =
𝑋ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟,𝑑𝑟𝑦

𝑋𝑠𝑎𝑚𝑝𝑙𝑒,𝑑𝑟𝑦
          (1) 

 
with RVi the relative fuel property and Xhydrochar,dry, Xsample,dry the fuel property of the 

hydrochar and raw sample, respectively. 

For a mild HTC treatment, the LHV is 1.2 times higher than for the raw biomass. For 

more severe treatment, RVLHV increases up to 1.6. However parallel to energy 

densification of HTC chars, mass loss takes place by dissolution of cellulose and small 

fractions of lignin in process water. Hence, the performance of a HTC treatment is often 

assessed using energy yields calculated from: 

𝐸𝑌𝑑𝑟𝑦 =
𝑚ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟,𝑑𝑟𝑦

𝑚𝑠𝑎𝑚𝑝𝑙𝑒,𝑑𝑟𝑦
∙
𝐿𝐻𝑉ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟,𝑑𝑟𝑦

𝐿𝐻𝑉𝑠𝑎𝑚𝑝𝑙𝑒,𝑑𝑟𝑦
       (2) 

 

With mhydrochar,dry and msample,dry the dry masses of the hydrochar and the sample in g 

and LHVhydrochar,dry and LHVsample,dry the lower heating values of the hydrochar and the 

sample in MJ kg−1. Figure 3 depicts mass- and energy yields from a HTC parameter 

study of BSG. The obtained solid mass yield shows a significant sensitivity to 

temperature but is only mildly affected by increasing residence time. 
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Figure 3: Mass yield and energy yield of BSG hydrochars for reaction temperatures 180 °C, 230 °C 
and 280 °C versus residence time.4 
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1.2 TUM HTC test rigs in Biofficiency 

TUM conducts the HTC pre-treatment in the Biofficiency project. Two test rigs are 

available for experiments: A lab-scale reactor, which produces approximately 15 g 

HTC char per batch and can be operated at temperatures up to 350 °C. Additionally 

with the pilot-scale HTC Reactor HECTOR (HydrothErmal CarbonizaTiOn Reactor) an 

investigation of the transferability of lab-scale results to larger scales is possible. The 

fuels that are produced will be tested in the PF combustion test rig. 

Table 1: TUM lab- and pilot-scale HTC reactors and their technical specifications. 

 lab-scale pilot-scale 
 

  
Volume: 0.6 L 950 L 

Pressure range: up to 200 bar up to 50 bar 

Temperature range: up to 350 °C up to 250 °C 

HTC Char yield per batch: 15 g Up to 50 kg 

 

1.3 Preliminary results of HTC in lab-scale 

In HTC lab-scale tests selected biomass samples, namely spruce bark (SB), empty 

fruit bunches (EFB) and brewers’ spent grains (BSG) were examined.  

To obtain a quick overview with a limited set of reaction parameters temperatures of 

180 °C, 230 °C and 280 °C were chosen. These temperatures represent typical 

reaction regimes of HTC: At temperatures of 150 °C it is assumed that carbon dioxide 

is released from the biomass matrix via elimination of unstable carboxyl groups. 

Significant reactions occur at temperatures above 180 °C where hemicellulose 

(180 °C), cellulose (220 °C) and lignin (180 °C-220 °C) are hydrolyzed4,5. 

For the HTC experiments, 30 g of biomass is immersed in 270 mL of demineralized 

water and poured into the reactor. The system is pressurized, brought to reaction 

temperature at a heating rate of 7 °C min-1 and held at the respective temperature for 

4 hours. The reactor is cooled down with pressurized air after the reaction and the 

slurry is filtered and dried to isolate the solid product. Proximate analysis is done 

according to industrial standard methods DIN 51718, DIN 51719 and DIN 51720, 

ultimate analysis is done according to industrial standard methods DIN 51900-1 and 

DIN 51732. 
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Figure 4: Mass yield (left) and energy yield of spruce Bark, EFB and BSG treated at different 
temperatures. 

Figure 4 shows mass- and energy yields for the conducted preliminary experiments. 

As expected a more severe treatment i.e. higher treatment temperature leads to lower 

mass yields due to dissolution of cellulose and parts of lignin structure in the process 

water. As Figure 5 shows, the tests are in good accordance with previously obtained 

results with other biomass types concerning energy and mass yield. 

 

Figure 5: Energy yield versus HTC treatment temperature of different biomass types. 
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The transformation undergone by the biomass during HTC is already recognizable by 

the colour of the solid product:  

 

Table 2 shows an overview of the raw and HTC treated biomass. Changes are 

apparent in the colour of the dried product, which becomes darker with higher heating 

value and increasing fixed-C content indicating already the coalification degree of the 

HTC biomass. 

 

Table 2: Pictures of raw and HTC samples of spruce bark, EFB and BSG treated at 180 °C, 230 °C 
and 280  C for 4 hours. Sample color becomes darker for increasing treatment temperatures, heating 

values and C-fixed content 

Spruce Bark 

 

    

Temperature  raw material 180 °C 230 °C 280 °C 
LHVdb /MJ kg-1 19,12 21,84 25,44 28,54 

C-fixdb / wt.% 11,2 25,8 36,5 46,6 

EFB 

 

    

Temperature  raw material 180 °C 230 °C 280 °C 
LHVdb /MJ kg-1 19,12 21,93 26,27 29,08 

C-fixdb / wt.% 10,0 18,7 29,3 35,3 

Brewers’ Spent Grains 

 

    
Temperature  raw material 180 °C 230 °C 280 °C 
LHVdb /MJ kg-1 19,96 25,62 28,72 30,96 

C-fixdb / wt.% 14.5 21.9 34.9 56.6 
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1.4 First results of HTC in pilot-scale 

In January 2018 the first pilot-scale HTC experiment was conducted at the facilities of 

TUM. At the point of this writing the results are still being evaluated, however a first 

impression of the work shall be given here: 

Pellets produced from urban leaf litter served as feedstock for the pilot test. Leaves, 

shrubs, grass from the conservation of green urban areas, park and leisure facilities 

have a potential of 1.18 Mt / 17 PJ in the EU27+CH6. In the city area of Munich annually 

6000 m3 of leaf litter are collected. Figure 6 shows the leaf litter pellets used for the 

pilot test as well a typical leaf litter pile as it can be seen often in urban city areas during 

fall. 

  

Figure 6: Leaf litter in the urban area of Munich. (left). Leaf litter pellets used for HTC pilot test (right). 

For the pilot HTC experiment, 55 kg of biomass was poured into the reactor filled with 

500 L of fresh water, leading to a solid concentration of 10 wt.%. The reactor was 

heated at an average heating rate of 0.6 K min−1. During heating up, the system was 

gradually pressurized using Argon until a final pressure of 20 bar was reached. The 

final temperature of 180 °C was held for 2 h. The reactor was cooled down with the aid 

of an installed cooling coil and the slurry filled into 200 L barrels. The separation of 

HTC char and process water was done using filtering bags. Figure 7 shows the 

obtained slurry, separation of the HTC Char with filter bags as well as the final product 

HTC char. 

The fuel analysis data is not available yet at the point of writing. More information on 

the performance on this task will follow in D2.3. 
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Figure 7: HTC Char slurry (left). Separation of the HTC Slurry with aid of filter bags (middle). Obtained, 
wet HTC Char (right). 

2. Torrefaction (ECN) 

2.1 General Introduction 

Torrefaction is a thermochemical pre-treatment process typically in the temperature 

range of 200-300°C. The chemistry behind torrefaction involves mainly the removal of 

oxygen from the biomass structure after exposure to a hot, oxygen-deficient 

atmosphere7-9. During torrefaction, besides the desired torrefied solid product, also by-

products are formed, namely gases, condensable organics and water, which are all 

contained in the torrefaction gas. Torrefaction gas can be combusted to generate 

process heat. The torrefied product can be further processed and densified into pellets 

or briquettes obtaining a solid bioenergy carrier with a high energy density, better 

adjusted to logistics and end-use requirements10. The overall process scheme of the 

torrefaction concept is presented in Figure 8. In a large-scale optimised torrefaction 

scheme, the torrefaction gas can be combusted, if needed together with part of the 

feedstock (e.g. bark, fines, etc.). This can provide the necessary heat for the 

torrefaction reactions to proceed but also for pre-drying the feedstock to reduce the 

initial moisture content. 

 

Figure 8: Overall torrefaction process scheme. Blue units require heat and the red unit releases heat. 

During torrefaction, mainly the hemicelluloses in the biomass devolatilise11. 

Decomposition, devolatilisation and depolymerisation are the three major reactions 
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that take place during torrefaction12. These reactions are initiated at temperatures 

around 200 °C11,13. 

However, torrefaction does not have an effect on the absolute amount of the alkali 

metals and chloride content in the biomass. These are elements undesirable for the 

end user, especially in combustion applications because they cause agglomeration 

and fouling. Therefore, when low-value waste streams are considered for production 

of high quality energy carriers such elements can be removed by applying a washing 

step prior to torrefaction. 

In this chapter, the processing steps of the feedstocks are described to convert them 

from low-value waste streams to clean solid biofuels. The processing steps include 

pre-washing, drying, chopping, pelleting and torrefaction.  

2.2 Materials 

Two feedstocks were chosen to be pre-washed and torrefied on pilot scale based on 

their availability, type of feedstock and lab-scale results, namely wheat straw and 

spruce bark.  

Wheat straw was purchased from J.P. Bruntink (Sint Pancras, The Netherlands) and 

spruce bark was delivered to ECN through project partner VTT. The feedstocks as 

received are shown in Figure 9. 

     

Figure 9: Biomass feedstocks tested on pilot scale. (A) wheat straw and (B) spruce bark. 

2.3 Pre-washing and drying 

Preliminary pre-washing tests were performed on location at a flower bulb farmer in 

Burgerbrug, The Netherlands (Rotteveel B.V.) who owns a flower bulb processing 

installation. These tests provided the optimal parameters which were applied on 

washing tests performed with a mobile pilot washing unit located at ECN (Figure 10). 

This installation is situated inside a container and consists of two washing bins in 

sequence.  

 

A B 
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Figure 10: Pre-washing installation used for pilot scale washing tests.  

The water was heated up to 50°C and the feedstock was continuously fed into the first 

washing bin where it was washed for 5 min before being conveyed to the second 

washing bin for another 5 min of washing time. Good contacting between the feedstock 

fibres and the washing water is one of the parameters that defines the extraction 

efficiency of, for instance, potassium and chlorine. Optimal mixing conditions were 

achieved by the use of paddles that pushed the feedstock under the water surface.  

The material conveyed out of the second washing bin was eventually sprayed with a 

shower of fresh water as the final polishing step. 

All the washed materials were subsequently loaded into cubic boxes placed in a dryer 

installation (drying wall with heated air) at the flower bulb farmer, shown in Figure 11. 

 

Figure 11: Drying installation used at flower bulb farmer. 
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The materials were dried until the moisture content was below 15 wt.%. The boxes 

were re-positioned every day in order to change the direction of the drying air from top 

to bottom of the box and vice versa. 

In total, the amounts of original biomass feedstocks that were washed were:  

 1632 kg (a.r.) wheat straw and  

 1247 kg (a.r.) spruce bark 

The washed and dried materials are shown in Figure 12. 

 

   

Figure 12: Pictures of the washed materials: (A) wheat straw and (B) spruce bark. 

2.4 Pelleting 

The torrefaction pilot plant at ECN operates in a moving bed mode and possible 

feeding and handling issues were considered. For spruce bark no problems were 

expected, but for wheat straw densification was considered necessary. Therefore, the 

washed and dried wheat straw was first chopped and then sent to the pelleting 

company Feed Design Lab in Wanssum, The Netherlands 

(https://www.feeddesignlab.nl/). The wheat straw was first ground using a hammer mill 

and a 1.5 mm screen and pelleting was done using a 5x60 mm pellet die. In total about 

720 kg of straw pellets was produced. The pellets produced at Feed Design Lab are 

shown in Figure 13A. 

 

A B 
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Figure 13: Pictures of (A) the pelleted wheat straw and (B) shredded spruce bark. 

The pellets have been analysed on bulk density and durability (PDI). The results are 

shown in Table 3. 

 

Table 3: Properties of the wheat straw pellets for the torrefaction treatment. 

Pellet properties Bulk density (kg/m3) PDI (%) Moisture content (wt.%) 

Wheat straw  642 99.4 11.1 

 

2.5 Torrefaction 

The straw pellets were dried before the torrefaction treatment, by blowing hot air 

through the cubic boxes containing the pellets. This way the moisture content was 

reduced from 11 wt.% to 6 wt.%. This pre-drying step was to prevent any clogging 

caused by steam condensation on the cold pellets entering the reactor, which was the 

case in previous torrefaction tests using triticale pellets.  

The pre-dried wheat straw pellets and the spruce bark were torrefied in the 50 kg/h 

pilot plant at the ECN testing facilities. The torrefaction pilot plant consists of three main 

sections, each occupying one floor in a three-storey building. These sections are: (1) 

the feeding and drying section, (2) the torrefaction section and (3) the torrefied product 

collection section, which can be seen in Figure 14. 

 

A B 
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Figure 14: Torrefaction pilot plant at ECN. Top: Feeding and drying section, Middle: Torrefaction 
reactor, Bottom: Product collection. 

The feedstock to be tested is loaded in cubic boxes which are hoisted by a crane to 

the top floor of the pilot facility where they are tipped onto a belt conveyor. The top part 

of the drying section has a sluicing system which allows batches of ingoing feedstock 

to be flushed with nitrogen before being released into the drying unit. All operating 

conditions are selected based on the moisture content and the desired torrefaction 

recipe for the selected feedstock. The biomass is heated up to 150-200 °C in the drying 

section. 

Subsequently, the dried biomass enters the torrefaction section of the pilot plant 
reactor. The feedstock is heated directly by a recycled torrefaction gas stream at a 
temperature of 250-340 °C so that the torrefied biomass can reach a temperature of 
240-320 °C at the bottom of the reactor. The produced torrefaction gas is burnt in a 
combustor and the flue gas is vented to the stack. The torrefied material is extracted 
from the bottom of the reactor with a shredder and via screw conveyors it is transported 
and stored in metal storage vessels situated on the ground floor, where it is allowed to 
cool down under a nitrogen purge. The solids residence time during torrefaction is 
regulated by the frequency controller of the shredder at the bottom of the reactor. 

The torrefaction temperature was determined to be 230°C for the wheat straw pellets, 
which is rather low. However, this is based on small scale test results and the relatively 
long residence time in the reactor, due to the much higher density of pellets compared 
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to regular woodchips the reactor is designed for. The spruce bark consists of chips and 
was therefore torrefied at a more common temperature of 250°C. 

The 679 kg of straw pellets with an average moisture content of 6 wt.% were fed with 
an average speed of 47 kg/hr. Because of some disturbances during the production 
run, the longer residence time and the relatively large mass loss, only 330 kg of 
torrefied pellets were collected, with a mass yield of 65%. 

The spruce bark was fed to the pilot plant after washing and drying in as received 
shape but possibly due to the large range in particle sizes a conveyor screw got 
blocked. The spruce bark had to be shredded to overcome this conveying problem and 
a second pilot run was started. During this second run 790 kg of shredded spruce bark 
were fed at an average speed of 41.5 kg/h. In total 570 kg of torrefied product was 
collected with an average mass yield of 69%. The torrefied materials are shown in 
Figure 15. 

 

  

Figure 15: Pictures of the torrefied materials: (A) wheat straw pellets and (B) shredded spruce bark. 

All materials: original, pre-washed and torrefied have been analysed on ultimate 

composition and ash composition. The results are shown in Appendix 2. 

  

A B 
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3. Steam Explosion (Valmet) 

The idea of steam explosion was first applied for mechanical pulping (Mason patent 

192614). Chips were discharged from high pressure 35 bar and temperature 285 C 

through an orifice suddenly and exploded in ambient pressure to produce pulp. In 

general, steam explosion is a process where biomass is treated in steam on elevated 

pressure (1 to 35 bar) and temperature (180 - 280 C) and released suddenly to low 

pressure (near ambient)15,16. Besides producing raw material for pellets, steam 

explosion is today used for pre-treatment of biomass in bioethanol production17,18. 

The main steps of the steam explosion process include feeding biomass to elevated 

pressure, hydrolysis treatment and blowing to a lower pressure as shown in Figure 16. 

In the pressurized reactor vessel, medium pressure steam is used for heating of 

biomass to saturation by direct condensation. The heat transfer is very effective and 

the raw material reaches the reaction temperature in few seconds19. The pressure level 

is typically 15 to 25 bar and the duration is up to 20 minutes The optimal severity of the 

treatment varies depending of the raw material16,18,20. Both continuous or batch type 

processes are applied to steam explosion16. The continuous process offers a robust 

and steady operation in industrial applications and is thus a preferred solution offered 

by Valmet21.  

 

Figure 16: Steam explosion process principle21 

The treated biomass turns brownish; darkness increases depending on the severity of 

the treatment22. Biomass is discharged from the reactor through a blow valve and it 

cools effectively when the pressure rapidly drops to near atmospheric pressure (1 bar 

overpressure). “Steam explosion” name comes from the expanding steam that partly 

breaks the structure of the biomass15,19. Partly depolymerized lignin and released 

sugars combine to pseudo lignin23, which forms a strong moisture repelling pellet with 

the remaining cellulose during pressing in a die24,25.  

SE reactor

13-22 bar, < 20 min

Biomass Steam

Steam exploded

biomass to densification

Vapour

to recovery

Cycl.

1 bar
Blow valve

”explosion point”
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The steam explosion process provides good raw material for durable pellet production. 

Steam exploded pellets are durable, water resistant and they have a higher energy 

density compared to white pellets15,19,20,21,26. Also, steam explosion provides high wet 

durability and high energy density compared to white pellets19, 21, 28. The steam 

exploded “black” pellets offer cost savings in the logistics chain due to higher energy 

density. The conversion costs at coal fired boiler retrofits is minimized as black pellets 

provide good grinding properties and existing coal mills can be applied21,24,28. The 

grinding requires less energy compared to the utilization of standard industrial wood 

pellets28. In addition, the produced powder is more reactive and finer21.  

3.1 Continuous pilot unit - BioTrac 

The steam explosion tests in Biofficiency project were made in a pilot scale (100 

kg/hour). The bio pilot plant is located in Valmet’s research and development center in 

Sundsvall, Sweden. The equipment, called BioTrac, is a hydrolysis system which is 

used for process optimization and testing of raw materials based on biomass (Figure 

17).  

In the unit, the raw material is fed into the reactor, with a plug-screw. The reactor is 

heated with saturated steam, and the temperature is controlled by adjusting the reactor 

pressure. In the horizontal reactor, the material is moved by an auger conveyor, the 

rotation speed of it determinates the residence time of the treatment. The treatment is 

finalized by exploding the material through an orifice. The pressure is rapidly reduced. 

The ejected material dries in a flash drier. the solids and moist gas are separated in a 

cyclone. The steam exploded material is collected from the dip-leg of cyclone into big 

bags. Figure 18 shows the test unit. 

 

Figure 17: Continuously operated steam explosion pilot unit Biotrac (Valmet) 
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Figure 18: The continuous pilot unit BioTrac for Steam Explosion at Sundvall, Sweden (Valmet)27 

 

3.2 Proposed Solution for Kraft Pulp Mill 

The Steam Explosion for pellet production has not yet been commercially delivered. 

One interesting alternative would be integrating the steam explosion to existing Kraft 

Pulp Mill. There are several benefits of it; low cost waste heat is available for heating, 

existing infrastructure can be utilized in different operations, and bark from the wood 

handling can be used as raw material Figure 1926.  

 

Figure 19: Steam exploded bark pellet line integrated to a Kraft pulp mill26 

The bark pellet production in connection of Kraft Pulp Mill consist of several phases 

(Figure above) that are shortly described below.  

Prehandling. The bark is residual from the debarking of pulp wood. Bark is 

inhomogeneous in shape and quality. It contains residual fibrous material from stem 

wood, that can be seen in the steam exploded material (Figure 21). Bark contains 

varying portion of “fines”, that contain some dirt, for instance, clay, gravel, and sand. 

 

Wood Pulp Mill with Power Boiler Pulp

Bark Waste

heat

Steam Power

Drying
Steam 

explosion
Pelleting Pellet
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The fines are screened to lower the ash content of the pellets. Screening also reduce 

wearing of downstream pelletizing machinery.  

Drying. Low grade waste heat can be utilized in a low temperature belt dryer and waste 

heat from the steam explosion outlet, including flash vapours, can be utilized in the 

drying, thus further increasing the overall thermal efficiency. Drying before the steam 

explosion to a moisture content, 8 – 10 % reduces the consumption of medium 

pressure steam in the steaming phase as well.  

 

 

Figure 20: Illustration of industrial solution that would use existing technology in new solution (Valmet) 

Steam explosion is made with the same equipment that is use in mechanical (fibre-

board) pulping (Figure 20). In the steam exploded biomass, the produced pseudo lignin 

is moulded and covers the particles providing a hydrophobic and strong pellet. The 

mass yield of the process is typically 91-93 %21,26. The reaction conditions are 

anaerobic, and thus prevent the hazard of fire21. The material is continuously 

discharged through an adjustable blow valve or a fixed orifice. The vapour and steam 

are separated in a cyclone, and led to preheating and drying of bark (Figure 16).  

SE reactor

Thermal treatment of 
biomass at 13-22 bar,      

< 20 minutes

Plug screw feeder

Seals process to pressureSurge bin

Pre-heats biomass to 95 °C

Dry fiber to pelleting

Steam 20 bar

Blow steam to drying
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Figure 21: An example of steam exploded soft wood bark after steam explosion28 

Pelletization. The steam exploded material is pelletized immediately, to reduce energy 

consumption, as the hot material reduces friction in the dies of the pelleting machine. 

Steam exploded pellets are light brown in colour and have even and shiny surface 

(Figure 22).  

 

Figure 22: An example of steam exploded bark pellets28 

 

3.3 Severity and mass yield of steam explosion 

Thermal treatment converts part of the organic matter of the bark to gases and volatiles 

that are separated from the solid fraction in the cyclone. Steam explosion has typically 

low loss of mass, 5 to 10 % depending on treatment time and temperature21. The loss 

increases with the severity of the treatment. The severity is based on definition of 

Chornet and Overend16. The severity Ro is defined as the integral of the factor over 

time t(min) at the process temperature T(C)29;  

1 cm
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(3) 

 

Figure 23 gives the mass yield during the treatment of soft wood (SW) and soft wood 

bark. We can see that for SW Bark the treatment is less severe. The yield would be 

lower for a more severe the treatment. The gravimetrically determined mass yield are 

around 91 % for SW Bark. The mass lost in the conversion can be recovered in several 

ways; by anaerobic digestion, or at pulp mill by integration to the chemical recovery 

line26. 

 

 

Figure 23: Mass yield of SW and SW Bark on Steam explosion on different severities based on mass 
balance26 

 

3.4 Properties of steam exploded pellets 

Durability. One of the main reasons for utilization of steam explosion is the improved 

durability of the pellets. Debris and dust from pellets in the value chain upset the 

economics of pellet use. Dust from the pellets also increases risks of fire hazard and 

dust explosion. The durability is measured with a standardized method. A certain 

weight of pellets is put in a casing which is turned in a specified manner and time. From 

the result debris and dust is screened off. The percentage of the residual pellets 

defines the durability of pellets. 

The dry durability of all pellets; white woody, torrefied, bark and different steam 

exploded, is typically high (Table 4). But the wet durability of ordinary white and bark 

pellet is in practice zero as these pellets, when immersed in water rapidly produce a 

pulp like paste. In a wet durability test, pellets are immersed for 15 minutes in cold 

water before a standard durability test. High wet durability and low final moisture are 

significant advantages; pellets can be handled as bulk material also in moist conditions 

reducing costs of storage and loading and un-loading. Table 4 shows that steam 
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explosion gives to a strong, water resistant pellet. Ordinary white wood pellets had no 

wet durability and disintegrated completely. 

Table 4: Dry and wet mechanical durability and final moisture of biomass pellets. The initial moistures 
of the pellets were 5…7 %21,26 

Pellet raw-

material 

Dry 

durability  

(%) 

Wet 

durability 

(%) 

Final 

moisture 

(%) 

Softwood  98 0 72 

SE softwood  98 94 14 

Bark pellet 92.7 - - 

SE bark pellet 98.2 98.1 13 

SE forest 

residue  
98 97 12 

 

Energy density of pellets. Steam exploded pellets have a high energy density because 

of high bulk-density and increased calorific value (Table 5). This has a great impact on 

value chain cost. The energy density of steam exploded pellets is about 25 % higher 

than that of non-treated pellets and it is comparable to that of torrefied pellets. 

 

Table 5: The energy density of steam exploded softwood and steam exploded forest residue pellets 
and white softwood pellets21,26 

Pellet raw-

material 

Bulk 

density 

(kg/m3) 

Energy 

density 

(MWh/m3) 

Ash  

 

(wt.%) 

Softwood  617 3.0 0.4 

SE softwood  739 3.7 0.5 

Bark pellet 570 3.0 4.4 

SE bark pellet 700 3.8 4.6 

SE forest 

residue  
746 4.1 4.9 

 

Ash quality and melting behaviour. In general, the type of raw material determines the 

amount and basic properties of the ash in the steam exploded pellet. The ash 

components do mainly remain in the solid fraction. For the SW Bark pellets and Steam 

Exploded SW Bark pellets studied, the ash melting temperatures were found to 

decrease slightly28. The changes are on the same range that as Biswas et al reported30. 
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The steam explosion seems to lower the ash melting temperature in average by 140 

˚C (Ro 3.34). 

 

Table 6: The ash melting temperatures for soft wood bark pellet ash and soft wood steam exploded 
bark pellets28 

 

Pellet raw-

material 

 SW  

bark ash  

815 (°C) 

SW SE bark 

ash  

815 (°C) 

Init. deformation 

temp. 

 1340 1230 

Sphere temp.  1380 1240 

Hemispherical 

temp. 

 1380 1240 

Flow 

temperature 

 >1450 1250 
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4. Outlook 

In the up-coming deliverable D2.3 more details about the pilot test and results 

concerning scalability of the HTC, Torrefaction and Steam Explosion processes will be 

provided. Further additional biomass feedstocks will be investigated. Insights into the 

influence of HTC, Torrefaction and Steam Explosion on ash properties will be 

presented in more detail and a thorough comparison between untreated and treated 

feedstocks will be prepared. 

The type of biomass feedstocks provided to other partners for further testing is given 

in Table 7. Moreover, there is still ongoing work related to pellet production from SE 

bark supplied by MET, which will be used for milling tests at MHPSE and that will be 

reported in D2.3. 

 

Table 7: Fuel provision to partners. 

Feedstock Sending partner Type of treatment Amount (kg) Receiving partner 

Wheat straw  ECN none 900 VTT 

Wheat straw pellets ECN Washing + torrefaction 300 VTT 

Spruce bark ECN 
Washing + 

Torrefaction 
330 VTT 

Leaves TUM HTC 5 DTU 

Leaves/Green Cuttings TUM HTC 200 TUM PF 

Raw spruce bark VAL none 2 TUM 

SE spruce bark VAL Steam Explosion 2 TUM 

Raw spruce bark VAL none 2 ÅA 

SE spruce bark VAL Steam Explosion 2 ÅA 

SE spruce bark VAL Steam Explosion (SE) 20 
TUT  

(subcontractor) 

SE spruce bark pellets VAL 
SE + pelletization (at 

Promill, France) 
250 

TUM (combustion 

tests) 

SE spruce bark pellets VAL 
SE + pelletization (at 

VTT) 
2000 MHPSE/TUM 

Spruce pellets VAL none + pelletization 30 MHPSE 

SE spruce bark VAL Steam Explosion (SE) 30 MHPSE 

SE Spruce bark pellets VAL SE + pelletization 30 MHPSE 
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Appendix I: Fuel Analysis HTC treated fuels 

  EFB HTC-EFB; 
180°C, 4h  

HTC-EFB; 
230°C, 4h 

HTC-EFB; 
280°C, 4h 

Proximate Analysis     

Moisture %ar 7.68 2.50 2.19 2.19 
Volatiles %db 81.0 73.43 62.43 55.17 
Ash %db 8.98 7.93 8.29 9.57 
Fixed Carbon %db 10.02 18.65 29.28 35.26 
HHV MJ kg-1 20.58 23.44 27.79  

Ultimate Analysis     

C %db 50.60 56.49 65.55 70.88 
H %db 6.78 7.01 7.02 6.64 
N %db 1.13 1.06 1.54 1.88 
S %db 0.34 0.25 0.25 0.32 
O %db 32.17 27.26 17.35 10.71 
Cl %db 0.529 0.251 0.188  

Ash Composition     

Na2O % 0.385 0.402 0.434 0.16 
MgO % 5.547 3.939 3.103 6.26 
Al2O3 % 3.891 5.691 6.340 6.49 
SiO2 % 29.718 41.335 43.698 42.53 
P2O5 % 4.292 4.761 8.380 10.63 
SO3 % 1.731 1.875 1.816 1.10 
K2O % 38.271 19.858 12.470 3.89 
CaO % 4.011 7.495 6.951 9.30 
TiO2 % 0.159 0.209 0.235 0.31 
MnO % 0.073 0.057 0.183 0.15 
Fe2O3 % 3.397 3.956 6.178 7.29 
ZnO % 0.055 0.071 0.085 0.12 
SrO % 0.057 0.061 0.063 0.07 
BaO % 0.040 0.068 0.084 0.13 
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  Spruce Bark HTC-SB; 
180°C, 4h  

HTC-SB, 
230°C, 4h 

HTC-SB; 
280°C, 4h 

Proximate Analysis     

Moisture %ar 8.70 2.50 2.40  
Volatiles %db 85.03 71.61 60.18 50.38 
Ash %db 3.76 2.64 3.32 2.99 
Fixed Carbon %db 11.22 25.75 36.50 46.63 
HHV MJ kg-1 20.57 23.35 26.95 30.04 

Ultimate Analysis     

C %db 52.68 60.08 68.07 74.35 
H %db 6.73 7.01 7.01 7.03 
N %db 0.41 0.48 0.56 0.74 
S %db 0.17 0.26 0.19 0.34 
O %db 36.25 29.54 20.85 14.55 
Cl %db 0.015 0.010 0.006 0.006 

Ash Composition     

Na2O % 0.842 0.781 0.692 1.176 
MgO % 5.076 3.341 3.513 3.485 
Al2O3 % 2.431 3.654 3.839 5.203 
SiO2 % 15.100 18.129 17.729 17.953 
P2O5 % 4.513 2.763 4.311 8.927 
SO3 % 0.797 1.345 1.360 2.248 
K2O % 9.094 5.164 4.892 4.334 
CaO % 51.942 63.432 60.695 45.674 
TiO2 % 0.239 0.231 0.221 0.267 
MnO % 1.782 1.258 1.365 1.795 
Fe2O3 % 1.222 1.945 1.612 2.538 
ZnO % 0.345 0.301 0.308 0.519 
SrO % 0.142 0.128 0.129 0.119 
BaO % 0.079 0.083 0.071 0.102 
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Appendix II: Fuel Analysis torrefied Fuels 

 Wheat straw Spruce bark 

 Original Washed Torrefied Original Washed Torrefied 

Ash (550) (% 
db) 

10.3 10.2 9.3 3.4 4.8 4 

Volatiles (% db) 71.8 74 70.9 74.5 74.7 69.2 

Moisture (% ar) 1.6 1.8 3 0.5 0.5 0.5 

GCV (MJ/kg db) 17.5 17.7 19.2 19.9 20 21.5 

Cl (mg/kg db) 2800 790 540 100 130 88 

C (% db) 42.9 42.9 47.7 49.4 49.9 54.3 

N (% db) 0.4 0.4 0.4 0.4 0.4 0.4 

H (% db) 5.6 5.6 5.5 5.8 5.9 5.6 

O (% db) 38.6 40.2 35.9 40.2 41.3 36.2 

Al (mg/kg db) 45 120 180 470 560 580 

As (mg/kg db) < 1 < 1 < 1 < 1 < 1 < 1 

B (mg/kg db) 1.8 1.3 2 12 11 11 

Ba (mg/kg db) 0.73 2.5 6.8 220 220 250 

Ca (mg/kg db) 2800 3600 3800 11000 12000 14000 

Cd (mg/kg db) 0.14 0.13 0.14 0.36 0.37 0.41 

Co (mg/kg db) < 0.3 < 0.3 < 0.3 0.65 0.49 0.43 

Cr (mg/kg db) 1.8 1.6 4.8 3.4 2.1 1.7 

Cu (mg/kg db) < 2 2.7 3.1 3.7 4.3 14 

Fe (mg/kg db) 49 150 250 280 340 370 

K (mg/kg db) 8400 3100 3400 2000 1000 1000 

Li (mg/kg db) < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 

Mg (mg/kg db) 560 540 560 810 790 850 

Mn (mg/kg db) 17 15 42 650 620 680 

Mo (mg/kg db) 1.3 < 0.8 < 0.8 < 0.8 < 0.8 < 0.8 

Na (mg/kg db) 140 410 440 160 430 500 

Ni (mg/kg db) 1.3 0.79 1 2.6 1.8 1.9 

P (mg/kg db) 830 640 610 510 440 430 

Pb (mg/kg db) < 0.6 0.62 < 0.6 < 0.6 0.7 1.6 

S (mg/kg db) 820 600 520 330 340 310 

Sb (mg/kg db) < 3 < 3 < 3 < 3 < 3 < 3 

Se (mg/kg db) < 1 < 1 < 1 < 1 < 1 < 1 

Si (mg/kg db) 36000 38000 34000 1900 3800 2300 

Sn (mg/kg db) < 0.9 < 0.9 < 0.9 < 0.9 < 0.9 < 0.9 

Sr (mg/kg db) 11 20 23 44 46 55 

Ti (mg/kg db) 350 360 41 120 280 87 

V (mg/kg db) < 0.2 < 0.2 0.3 0.39 0.78 0.45 

W (mg/kg db) < 1 < 1 < 1 1.3 1.6 1.7 

Zn (mg/kg db) 6.4 25 29 140 160 170 

Hg (mg/kg ar) 0.0067 0.0074 <0.002 0.033 0.034 0.0075 
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Appendix III: Fuels Analysis of Steam Exploded Fuels 

  Spruce Bark Steam-
Exploded 
Spruce Bark 

Proximate Analysis   

Moisture %ar 7.12 7.25 
Volatiles %db 83.87 79.19 
Ash %db 3.58 4.18 
Fixed Carbon %db 12.55 16.63 
HHV MJ kg-1 20.53 21.51 

Ultimate Analysis   

C %db 52.92 56.21 
H %db 6.81 6.80 
N %db 0.39 0.45 
S %db 0.26 0.47 
O %db 36.04 31.89 
Cl %db 0.019 0.021 

Ash Composition   

Na2O % 0.842 0.832 
MgO % 5.076 5.356 
Al2O3 % 2.431 2.656 
SiO2 % 15.100 17.169 
P2O5 % 4.513 6.014 
SO3 % 0.797 1.024 
K2O % 9.094 9.164 
CaO % 51.942 52.007 
TiO2 % 0.239 0.271 
MnO % 1.782 2.950 
Fe2O3 % 1.222 1.575 
ZnO % 0.345 0.312 
SrO % 0.142 0.132 
BaO % 0.079 0.104 

 


