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1 Introduction 

 

In the transition to clean energy production, one of the potential energy sources is biomass. 

Biomass is the collective name for different energy-carrying organic compounds. Sources of 

biomass can be forestry residues, agricultural, industrial or municipal waste, or specifically 

grown crops. Burning of biomass produces carbon emissions, however it is internationally 

considered as a renewable energy source because of the short term carbon cycle [EU 

Directive, 2009/28/EC]. Growth of new plants takes up CO2 from the atmosphere resulting in a 

net result of zero carbon emissions, in contrast to the use of fossil carbon sources. 

Compared to other renewable energy sources like solar and wind power, biomass has the 

advantage that its availability is independent of the weather. It can be stored relatively easily 

and because it can be used in existing power generation facilities, investment costs are low. 

The use of biomass is often considered a way of waste processing. These advantages also 

show in the share of different renewable sources. In the Netherlands, biomass is the largest 

source of renewable energy with 61% of the total [“Renewable energy share”, 2018]. Energy 

use from biomass grew 8% in 2017, mainly because of increased use of biofuels for 

transportation and the increased use of biomass in power plants [“Renewable energy share”, 

2018].  

 

Figure 1-1 Overview of the total energy consumption from renewables in the Netherlands in 2016 
(dark blue) and 2017 (light blue). Biomass is the largest renewable source, providing energy for 61% of 
the total consumption. The increased use of biomass in 2017 is mainly due to growth in transportation 
fuels and usage in power plants [“Renewable energy share”, 2018]. 

The current largest biomass source according to the European Biomass Association is woody 

plant material [AEBIOM, 2015]. This type of biomass can be used in coal-fired power plants to 



6 
 

reduce coal usage, thus reducing greenhouse gas emissions from energy production [Agar, 

2012]. Other uses are as feedstock for hydrogen production [Hanaoka, 2005] or in the iron 

smelting industry as a base for coke production [Jung, 2014]. 

Potential sources for this type of biomass can be wood chips, straw, reeds or garden prunings. 

To ensure this wide variety of biomass sources is suitable as fuel for power plants, it has to 

meet certain standards [ISO 17225-2, 2014]. To achieve these standards, a pretreatment step 

called torrefaction can be used.  

 

Figure 1-2 Mass and energy yield of torrefaction products. Results are from torrefaction of wood 
cuttings at 280°C and 17.5 min reaction time. Picture from [Bergman, 2005]. 

Torrefaction is a process where raw biomass is heated to 200 − 300℃ for a few minutes in an 

inert atmosphere. During this process the biomass releases various condensable and non-

condensable gases, together forming the torrefaction gas. Condensable gases are water vapor, 



7 
 

organics (i.e. sugars, alcohols, acids, ketones) and lipids (i.e. terpenes, fatty acids, waxes). Non-

condensable or permanent gases are predominantly CO and CO2. Other traceable gases are 

hydrogen, methane and various toluene and benzene compounds [Bergman, 2005]. The 

composition of these product groups and their mass and energy yield are shown in Figure 1-2. 

The composition of the torrefaction gas resulting from the torrefaction of biomass depends on 

the type of biomass and the torrefaction conditions. This can be seen in Figure 1-3, where the 

yield of condensable volatiles in the torrefaction gas is shown for various wood species. Figure 

1-4 shows the condensable volatile yield for various torrefaction temperatures and durations. 

 

Figure 1-3 Yield of condensable volatiles in torrefaction gas for different wood species. The wood type 
and torrefaction temperature are given below the graph [Verhoeff, 2011]. 

 

Figure 1-4 Yield of condensable volatiles for different torrefaction temperatures and duration. Picture 
taken from [Tumuluru, 2011]. Type of biomass feedstock is not specified.  

Depending on the process conditions, the solid biomass that remains after torrefaction has 

lost about 30% of its mass and 10% of its energy content after torrefaction [Stelt, 2011]. 

Torrefied biomass has some advantages over the original biomass, which are shown in Figure 
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1-5. It is a homogeneous fuel with very low moisture content. It has become hydrophobic and 

biologically inactive, which is beneficial for storage. It is brittle and therefore easy to grind into 

a fine powder, making it suitable for co-firing in coal fired power plants. The relatively high 

energy density (~20GJ/m3) compared to the raw material reduces transportation costs [Chen, 

2015].  

 

Figure 1-5 Biomass properties before and after torrefaction. Torrefaction of biomass is beneficial for 
transportation and storage compared to raw biomass and it provides a homogeneous product that is 
suitable for co-firing in power plants. Picture taken from Ref [Chen, 2015]. 

The different steps in a typical biomass torrefaction process are shown in Figure 1-6. First the 

raw biomass is chipped for efficient drying. Then it is dried to about 20% moisture content. In 

the torrefaction process the remaining moisture evaporates out of the biomass, together with 

the torrefaction gas. After torrefaction the biomass is milled and densified in a pellet mill. The 

torrefaction gas is combusted to provide heat for torrefaction and drying. Torrefaction is said 

to be operated ‘auto-thermally’ when the energy content of the gas matches exactly the heat 

input for the entire process [Batidzirai, 2013]. When operated below auto-thermal operation, 

additional biomass feedstock needs to be combusted, or utility fuel is added. Above auto-

thermal operation leads to low thermal efficiency. Therefore the torrefaction process needs to 

be operated close to auto-thermal conditions to optimize thermal efficiency and improve 

process economics. 
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Figure 1-6 Process steps in an integrated torrefaction plant. Raw biomass is first chipped and dried. 
Part of the feedstock can then be used as fuel for the drying and torrefaction process, together with 
the torrefaction gas itself. After torrefaction the biomass is milled and densified using a pellet mill 
[Batidzirai, 2013]. 

Large scale torrefaction systems usually have torrefaction, combustion and heat exchange 

take place in a single reactor. This allows a continuous torrefaction process to be possible, 

rather than a batch type process. The type of reactor can for example be a moving bed 

reactor, a screw conveyor or a rotary drum [Chew, 2011]. The major difficulty is that the 

biomass has varying properties such as particle size, moisture content and chemical 

composition. These properties influence the off-gassing behavior of the biomass and thus the 

heat release [Strandberg, 2015]. The exothermic behavior of the process can heat up the 

biomass to temperatures too high for running stably. The resulting extra production of 

torrefaction gas can lead to a thermal runaway situation [Blasi, 2014].  

To run this kind of system auto-thermally, a careful control of the torrefaction process is 

required. To make this possible, a small sample of the feedstock should be tested to 

determine the off-gassing behavior and the heating value of the torrefaction gas, as a function 

of temperature and residence time. Common analyzing techniques to determine the heating 

value of a gas are not suitable. This is either because they are limited by a very small sample 

size [Bridgeman, 2008] or the delicate analysis systems are contaminated by the condensable 

tars present in the torrefaction gas [Nachenius, 2015]. 

A new method to determine the heating value of torrefaction gas real-time during torrefaction 

is proposed in earlier research at TU/e [Bourgonje, 2017]. This method uses a laboratory setup 
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where a solid piece of wood is placed in a reactor oven, in which the temperature varies with 

height. The produced torrefaction gas is lead to a second high temperature reactor and 

combusted by the addition of air. The temperature in the combustion bed rises at a rate 

depending on the amount of torrefaction gas that is combusted. To correlate the temperature 

rise with the real-time heating value of the torrefaction gas, the reactor is calibrated using a 

known constant heat source. Combined with the measured mass flow, the heating value of 

the torrefaction gas can be determined as function of the torrefaction process. A schematic 

representation of the setup is shown in Figure 1-7. 

 

Figure 1-7 Schematic representation of the torrefaction setup as used in earlier research [Bourgonje, 
2017]. The lower half of the setup is where torrefaction of a wood sample takes place. In the upper 
half the torrefaction gas is combusted in order to determine the heating value of the gas. 

A disadvantage of the setup used in that research, is the small sample size. This causes 

fluctuations in temperature and flow in the combustion bed, due to the low amount of 

combustible torrefaction gas. Also the torrefaction reactor is only suitable for a single slice of 

solid wood, while in order to serve the large scale torrefaction industry, testing of mixed 

biomass batches is needed. 

This graduation project complements the research mentioned above [Bourgonje, 2017]. In 

order to determine the heating value of a mixed biomass sample instead of a solid piece of 
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wood, a new test setup is needed. This problem definition leads to the following research 

question. 

Design and build a setup suitable for torrefying a biomass mix up to 100 grams, combusting 

the produced gas and determining the heating value. 

Further requirements are that the setup has to be simple, robust and compact. All 

components of the setup have to fit on a standard EUR-pallet (800x1200mm) for ease of 

transportation. It has to be powered by a standard household electrical outlet and able to be 

controlled using a laptop or PC. 
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2 Design of the Biomass Tester 

The setup that was designed and built for this graduation project, called the Biomass Tester, is 

shown in Figure 2-1 on the left. It can be divided into three sections, namely the torrefactor, 

the combustor, and the controller. To improve the visibility of the different components, some 

insulation material, wires and gas tubes were removed before this picture was taken.  

The base of the structure contains the torrefactor where biomass is heated and torrefaction 

gas is produced. The torrefaction gas is entrained by a controlled flow of argon gas and fed 

into the combustor. This is a heated chamber where air is mixed with the torrefaction gas, 

causing spontaneous combustion. The controller represents the equipment and software used 

to control the setup. 

 

Figure 2-1 On the left a picture is shown of the Biomass Tester with the main areas highlighted. The 
biomass is heated in the torrefactor. The torrefaction gas is combusted in the combustor. The 
controller consists of gas flow control, thermocouple readout and the black box containing all 
electrical components. This equipment is connected to a laptop with control software. On the right a 
flow diagram is shown. The flow of material is displayed by the black arrows. The signals to the 
controller are also visualized. This consists of the temperature readout (green), the heater control (red) 
and gas flow control (blue). 

On the right side in Figure 2-1, a flow diagram of the Biomass Tester is shown. The black 

arrows represent the flow of gases through the setup, starting from the solid biomass. Also 

visible is the connections of the controller equipment with the other parts of the setup. The 

green arrows represent the temperature readout from the torrefactor and the combustor. The 

control of the electrical heaters is shown in red. The blue lines represent the gas flow control, 
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which consists of two mass flow controllers (MFC, orange triangles) and one mass flow meter 

(MFM, orange circle). 

The functions of each section and more detail about the test setup design are explained in the 

next paragraphs. 

2.1  Torrefactor 

In the torrefactor the biomass is heated to 250-300 °C in order to investigate its torrefaction 

properties. To prevent the biomass from combusting during the process, the torrefaction 

chamber has to be sealed from outside air. In Figure 2-2 a cross-section of the torrefactor is 

displayed. It consists of three segments that can be pressed together, which are the heater 

assembly, the biomass container and the lid. 

 

Figure 2-2 Cross-section of the torrefactor. In the center the biomass container is visible, which is a 
shallow square box. It is closed from above by a graphite gasket and a steel plate, which are clamped 
down by a screw to provide an airtight seal. The container sits on a high heat capacity, solid block of 
brass which is heated by an electrical heater. The brass block has a looped channel drilled into it which 
acts as a gas pre-heater. All components are insulated by foam. 

The biomass container holds the biomass. It is a square box of 200x300 mm made out of 2 mm 

brass plate. It has a double wall around the sides which is filled with insulation material. The 

volume of the chamber in which torrefaction takes place is 0.33 L. Assuming a density of 300 

kg/m3, the torrefactor can hold 100 g of biomass.  

The container is heated from below. Since biomass has a low heat conductivity, the container 

is designed as a shallow box to maximize ground surface. To further promote a uniform 

temperature distribution, argon gas enters the oven from the side. This gas is heated to 

torrefaction temperature before entering the chamber. It exits at the opposite side of the 
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chamber together with the produced torrefaction gas. The temperature of the biomass is 

monitored by a thermocouple that is placed in the torrefaction chamber. In order to gain 

insight in temperature gradients, an optional second thermocouple can be added in the 

chamber. 

The top of the chamber can be closed by a stainless steel plate with a graphite gasket in 

between. The plate is pressed on the container by a M20 hex head screw, creating an airtight 

seal. This is visible in Figure 2-3, where a side view of the torrefactor is shown. The biomass 

container is sitting on a thick brass plate which is heated by a 2400 W electrical heater. The 

brass plate has a mass of about 4 kg and has a heat capacity that is approximately three times 

larger than that of the container and biomass sample combined. This helps to bring the 

biomass quickly to torrefaction temperature when the container is inserted in the system. The 

brass plate has a looped channel drilled into it, which is used to pre-heat the argon gas before 

entering the biomass container. Technical drawings of both the biomass container and the gas 

preheater can be found in Appendix 7.1. The heater, the brass plate and the lid are completely 

covered by insulating foam, except for where they are in contact with the biomass container.  

 

Figure 2-3 Picture from the left side of the torrefactor. In the middle the biomass container is visible, 
sandwiched between the lid and the heater which are covered in insulation material. The heater is 
connected to the power cable using bare copper wire, which is electrically insulated by ceramic beads 
that can withstand the high temperature conditions. 

The electrical heater is a hot plate commonly used in a kettle. It is powered through copper 

wires which are insulated by ceramic beads, resistant to a temperature of 1200 °C. A third wire 

is added to the base of the setup and connected to the electrical grounding system. This 

connection setup is also visible in Figure 2-3. 
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2.2  Combustor 

In the combustor torrefaction gas coming from the torrefactor is mixed with air and auto-

ignited due to the high temperature environment (~500 °C). The temperature at the flame 

front and the mass flow are measured in order to determine the heating value of the 

torrefaction gas. To determine the heating value, a calibration of the combustor is required. 

This is done by replacing the combustion heat by a known input power from an internal 

electric heater. In Figure 2-4 a cross-section and a picture of the inside of the combustor is 

shown. The design of the combustor is based on the work of [Bourgonje, 2017]. The different 

components are explained next. 

 

Figure 2-4 On the left a schematic cross-section of the combustor is shown. The combustion chamber is 
formed by a stainless steel pipe with two end caps screwed on the ends. In the bottom are inlets for 
torrefaction gas and air and a spiral heater that is used for calibrating purposes. The chamber is filled 
with ceramic coated steel spheres which aid the combustion process. The chamber is heated by a brass 
casing that houses three electrical cartridge heaters. A thermocouple is positioned just above the 
combustion point/calibration heater. On the right a top view is shown inside the lower pipe cap where 
the different inlet positions are visible as well as the calibration heater.  

The combustion chamber is a 2” stainless steel pipe that is 110 mm long, has an internal 

diameter of 50 mm and a wall thickness of 5 mm. It is closed by two screwed end caps. The 

lower end cap has passages for different connections, which are visible in Figure 2-4 on the 

right side. In the center the torrefaction gas enters the chamber. Close to that is the inlet for 

air, which is at a slight angle to promote mixing. The stainless steel gas tubes are TIG-welded 

from the inside to the pipe cap. The thermocouple passage is sealed by a thread fitting. The tip 
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of the thermocouple is positioned about 20𝑚𝑚 above the torrefaction gas inlet. There are 

also two holes for the calibration heater, which is made out of a resistance wire shaped into a 

coil. The holes are lined with ceramic beads to prevent a short circuit between wire and 

housing. The calibration heater is powered by the red and black wires visible in Figure 2-3, 

connected to a power generator with current and voltage measurement to determine the 

input power.  

The combustor is heated by three electrical cartridge heaters. They are 10x40 mm and have a 

power output of 200 W each. The cartridges are contained in a heater housing and kept in 

place by set screws. The heater housing consists of a brass ring which is clamped around the 

combustion chamber. The air inlet tube is routed over the heated ring to preheat the gas 

before it enters the combustion chamber. A thermocouple is inserted in a hole in the heater 

housing to control the temperature of the combustor. This heater setup is visible in Figure 2-5, 

where a picture of the combustor without the insulation blanket is shown.  

 

Figure 2-5 Picture of the combustion chamber with the brass heater housing clamped around it. 
Highlighted is; (1) one of the three cartridge heaters, (2) the thermocouple wire which is inserted in 
the heater housing and (3) the inlet tube for air which is preheated by the heater before entering the 
combustion chamber.  

To ensure the air and torrefaction gas to be well-mixed and to stabilize the combustion front, 

the combustion chamber is filled with steel spheres with a catalytic coating. The thermal mass 

of these spheres also prevents the thermocouple from registering spiky temperature 

fluctuations, which are troublesome for post processing of measurement data. The steel 

spheres are ¼” ball bearings (~6.4 mm), which can be bought in a bicycle shop. The coating has 

been manually applied to each sphere and consists of high-temperature resistant automotive 

exhaust paste (WÜRTH Auspuff-montagepaste) mixed with catalytic particles. The catalytic 
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material (platinum/palladium/rhodium) has been produced from a scrapped automotive 

three-way catalytic converter. 

The top end cap of the combustor has a tube for the exhaust gas to exit. This tube is also the 

support for the entire combustor to the frame. After leaving the combustor the exhaust gas 

goes through a water separator and a filter element, before entering a flow meter to 

determine the mass flow of the output. 

2.3  Controller 

The third main part of the test setup is the set of equipment and control software, collectively 

called the controller. The main functions of the controller are 

 Providing a user interface to set process parameters and gather data for processing 

 Measure process temperatures in torrefactor and combustor. 

 Measure and control flow of air, argon and exhaust gas. 

 Actuation of the torrefactor and combustor electrical heaters by using temperature 

feedback control 

Control of the Biomass Tester is done in LabVIEW. The program was self-written and consists 

of a LabVIEW control program and a user interface. The program monitors the temperatures 

and controls the heater output and gas flow in the setup. An overview of the complete 

LabVIEW block diagram can be found in Appendix 7.2. The user interface shows the 

temperatures and gas flows in the Biomass Tester during measurements, see Figure 2-6. It is 

also used to set the process parameters which are used for controlling heater temperature 

and gas flow. The LabVIEW program writes all measured data to a text file with a sampling 

interval of one second for later processing in Matlab.  
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Figure 2-6 Screenshot of the user interface of the LabVIEW program. The red boxes in this image 
correspond with: (1) control of the torrefaction heater, (2) control of the combustion heater, (3) 
temperature monitoring and (4) gas flow control. 

 

The controller reads a total of five thermocouples. The names allocated by the controller and 

the location in the Biomass Tester are given in Table 2-1. For the exact positions see the 

schematic drawings of Figure 2-2 and Figure 2-4. 

Table 2-1 Name and location of the thermocouples used in the Biomass Tester. 

Name Location 

𝑇ℎ1 Torrefaction heater housing 

𝑇ℎ2 Combustion heater housing 

𝑇𝑡𝑜𝑟𝑟1 Torrefaction chamber 

𝑇𝑡𝑜𝑟𝑟2 Torrefaction chamber (optional, for 

investigation of temperature gradients) 

𝑇𝑐𝑜𝑚𝑏  Combustion chamber, above the flame front 

 

All of the thermocouples are of type K, which means the electrodes consist of a chromel-

alumel combination. The protective outer shell is made of stainless steel and they are heat-

resistant up to 1100 °C. The thermocouples are connected to a NI-9212 8-channel 

temperature input module, which has a TB-9212 isothermal screw-terminal block attached 

(see Figure 2-7). The TB-9212 uses cold-junction compensation, which has a specified 

measurement accuracy of 0.25 °C at room temperature (23 °C ± 5 °C) or 0.45 °C at 700°C. 
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To control the gas flows in the setup, a total of three flowmeters is used in the system. They 

are shown in Figure 2-7. Two of these are mass flow controllers (MFCs), which use a control 

valve in combination with a flowmeter. They are used to control the amount of argon and air 

flow entering the system. The third one is a mass flow meter (MFM) which has no control 

valve and is used for measuring the amount of exhaust gas leaving the combustion chamber. 

The exhaust gas minus the argon and air flow, gives the amount of torrefaction gas produced 

by the biomass in the torrefactor. The flowmeters communicate with the LabVIEW program 

using a USB connection. 

 

Figure 2-7 Picture of the Bronkhorst flow meters. From left to right these are for measuring the 
exhaust gas, controlling the air flow and controlling flow of argon. On the right the National 
Instruments modules are visible, which are used for temperature measurements and heater control. 

The flowmeters are calibrated by the manufacturer (Bronkhorst) specifically for this setup. The 

product types and corresponding calibration settings are stated in Table 2-2.  

Table 2-2 Calibration data provided by Bronkhorst about the flow meter equipment used in the 
Biomass Tester. 

 Type number Min. range Max. range Gas type 

MFM F-101E 28-1400  

mL/min 

240-12000  

mL/min 

Exhaust 

gas 

MFC F-201CV-1K0 8-400  

mL/min 

8-1500  

mL/min 

Argon 

MFC F-201CV-5K0 40-2000  

mL/min 

40-7500  

mL/min 

Air 
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Control of the heaters is done using a PID control loop in the LabVIEW program, which creates 

a pulse-width modulated (PWM) signal. This pulse signal switches the heaters via a NI-9472 

digital output module and an electrical switch box. The switch box contains a power supply for 

the NI equipment and two Solid State Relays (SSR), see Figure 2-8.  

 

Figure 2-8 Inside of the electrical switch box that switches the electrical heaters. This metal container 
houses a 24V power supply and two solid state relays. It is connected to mains power, the electrical 
heaters and a NI-9472 digital module for communication with control software. 

The SSR switches the 220V mains power to the torrefactor and combustor heaters based on 

the low power 24V control signal. The electrical switch box also contains the main power 

switch for the Biomass Tester. For safety reasons it contains LEDs indicating the state of the 

heaters and two 10A fuses between SSR and heaters. To prevent overheating, the control 

program is programmed to cut the power to the heaters if the thermocouple signal is lost.  
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3 Combustor modelling 

To predict the thermal behavior of the combustor during measurements, it can be modelled 

using the heat balance. The modelling is done for several simplified cases. These are the heat 

up process of the combustor, the influence of introducing a cold gas flow in the combustor 

and the addition of an internal heat source. These cases are used in Chapter 4 to analyze 

experimental results with the Biomass Tester, where biomass is torrefied and the torrefaction 

gas is combusted in the combustor.  

3.1 Heat up process 

First the heat up of the combustor is analyzed. Consider the heating of a reactor bed 

consisting of steel balls, as shown in Figure 3-1. The reactor bed is heated by the combustor 

heater, which surrounds the combustion chamber on the sides (see Figure 2-4 and Figure 2-5 

for the exact composition of the combustor). There are no losses and no gas flow. The power 

of the heater results in a wall temperature 𝑇𝑤, which is assumed to be constant. The goal is to 

find an expression for the bed temperature 𝑇𝑏  as function of time. 

Case 1: Heat up of reactor bed with constant wall temperature 

Assumptions:  

- Bed temperature is homogeneous: ∇𝑇𝑏(𝑡) = 0 

- Wall temperature 𝑇𝑤 is constant 

- For 𝑡 = 0, 𝑇𝑏 = 𝑇𝑏,0 

- For 𝑡 → ∞, 𝑇𝑏 = 𝑇𝑤 

 

 

Assuming the reactor bed as a single mass with a homogeneous temperature is called the 

lumped capacitance method and can be validated by calculating the Biot number [Incropera, 

2006, p.260]. The Biot number is the ratio of heat transfer resistances inside of- and at the 

surface of a body. Since the reactor bed is not in contact with a convective heat flow, but 

rather with a solid wall, the Biot number is given by the following expression: 

𝐵𝑖 =
𝑅𝑐𝑜𝑛𝑑 𝑏𝑒𝑑

𝑅𝑐𝑜𝑛𝑑 𝑤𝑎𝑙𝑙
=

(𝐿𝑐/𝑘𝑏𝐴𝑏)

(𝑥𝑤𝑎𝑙𝑙/𝑘𝑤𝑎𝑙𝑙𝐴𝑤𝑎𝑙𝑙)
  

With 𝐿𝑐  the characteristic length of the reactor bed, which is defined for a cylinder as:  

Figure 3-1 Heat up of reactor bed with constant 
𝑻𝒘, no losses, no gas flow. 
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𝐿𝑐 =
𝑟0

2
  

𝑘𝑏, the thermal conductivity of the bed 

𝑥𝑤𝑎𝑙𝑙 , the wall thickness of the combustor 

𝑘𝑤𝑎𝑙𝑙 , the thermal conductivity of the combustor wall 

𝐴𝑏 = 𝐴𝑤𝑎𝑙𝑙 , the area of the bed which is equal to the area of the wall in contact with the bed 

If the condition 𝐵𝑖 < 0.1 is satisfied, the error from using the lumped capacitance method is 

small and the temperature of the bed can be assumed homogeneous.  

 

Table 3-1 Values for calculating the Biot number to validate the use of the lumped capacitance method 

Quantity Value Unit Source 

𝑘𝑤𝑎𝑙𝑙   15  𝑊 𝑚 ∙ 𝐾⁄   [Incropera, p. 841]  

Stainless 304 @300K 

𝑥𝑤𝑎𝑙𝑙   5  𝑚𝑚  Wall thickness Measured 

𝑟0  25  𝑚𝑚  Radius reactor bed 

Measured 

𝑘𝑏  60  𝑊 𝑚 ∙ 𝐾⁄   [Incropera, p. 841]  

Carbon steel @300K 

𝐿𝑐   12.5  𝑚𝑚  Calculated 

 

Using the values in Table 3-1, the Biot number can be calculated: 𝐵𝑖 = 0.6. Therefore the 

assumption of a homogeneous bed temperature is not entirely valid. The temperature 

distribution in the reactor bed will have a dome shape with the temperature at the wall being 

higher than the center. However since we are only interested in the center temperature that is 

measured in the setup, we assume ∇𝑇𝑏(𝑡) = 0 for ease of calculations. 
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The heat up of a mass with homogeneous temperature distribution can be modelled 

analytically. Starting with the first law of thermodynamics (Incropera eq. 1.11c) gives the 

energy balance: 

1. �̇�𝑠𝑡 = �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 + �̇�𝑔  [
𝑊

𝑚3]  

2. �̇�𝑠𝑡 = 𝜌𝑉𝑐𝑝
𝛿𝑇

𝛿𝑡
,    Internal thermal energy stored in the material 

3. �̇�𝑖𝑛 , �̇�𝑜𝑢𝑡    Heat rate in or out of control volume 

4. �̇�𝑔 = �̇�,    Rate of thermal energy generation 

With the assumption of a homogeneous temperature distribution, no losses out of the system 

and no internal heat generation, the following energy balance can be formulated over the 

control volume of the reactor bed  (Incropera eq 5.2): 

5. ℎ𝑏 𝐴𝑏 (𝑇𝑤 − 𝑇𝑏(𝑡) ) = 𝜌𝑉𝑐𝑝
𝑑𝑇𝑏(𝑡)

𝑑𝑡
   

Where ℎ𝑏 =
𝑘𝑏

𝑟0
 [

𝑊

𝑚2 𝐾
] is the heat transfer coefficient from the reactor wall to the center of the 

reactor bed and 𝐴𝑏 is the area over which heat transfer takes place. Coefficients 𝜌, 𝑉 and 𝑐𝑝 

are parameters of the reactor bed. 

Assuming that the temperature of the bed increases rapidly at 𝑡 = 0 and then slowly climbs to 

the wall temperature for 𝑡 → ∞, a solution of the following form is assumed: 

6. 𝑇𝑏(𝑡) = 𝑏 + 𝛼𝑒−𝜆𝑡  

With b, α and λ being constants to be determined.  

Applying the boundary conditions for 𝑡 = 0 and 𝑡 → ∞ to equation 6, the following is found: 

7. 𝑇𝑏(𝑡 → ∞) = 𝑇𝑤   

→ 𝑏 = 𝑇𝑤  

𝑇𝑏(𝑡 = 0) = 𝑇𝑤 − 𝛼  

→ 𝛼 = 𝑇𝑏,0 − 𝑇𝑤  

Taking the time derivative of equation 6 and substituting in equation 5 results in the following 

expression for the characteristic time constant λ: 

8. 
𝑑𝑇𝑏

𝑑𝑡
= −𝛼𝜆𝑒−𝜆𝑡 =

ℎ𝑏 𝐴𝑏

𝜌𝑉𝑐𝑝
(𝑇𝑤 − 𝑇𝑏) 

→
𝑑𝑇𝑏

𝑑𝑡
=

ℎ𝑏 𝐴𝑏

𝜌𝑉𝑐𝑝
𝑇𝑤 −

ℎ𝑏 𝐴𝑏

𝜌𝑉𝑐𝑝
𝑇𝑤 −

ℎ𝑏 𝐴𝑏

𝜌𝑉𝑐𝑝
𝛼𝑒−𝜆𝑡  

 → 𝜆 =
ℎ𝑏 𝐴𝑏

𝜌𝑉𝑐𝑝
 

So the temperature of the bed is described by this equation: 

9. 𝑇𝑏(𝑡) = 𝑇𝑤 + (𝑇𝑏,0 − 𝑇𝑤) 𝑒− 𝜆𝑡 

In Figure 3-2 the behavior of this model for different values of the characteristic time constant 

𝜆 is shown, by plotting the dimensionless temperature 
𝑇𝑏−𝑇𝑏,0

𝑇𝑤−𝑇𝑏,0
 versus time. A large time 
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constant, which corresponds in this case to a large heat transfer coefficient ℎ𝑏, results in a fast 

response time. 

 

Figure 3-2 Model behavior showing the influence of time constant 𝝀 on the heat up process. 

 

3.2 Gas flow 

To investigate the cooling effect of a gas flow on the temperature of the reactor bed, in case 2 

the convective heat transfer in the combustor bed is modelled. The bed temperature is still 

considered to be homogeneous. A schematic representation of this case is shown in Figure 3-3 

on the left. 

 

Case 2: Reactor bed with gas flow 

Assumptions: 

- Homogeneous bed temperature: ∇𝑇𝑏(𝑡) = 0 

- 𝑇𝑎𝑖𝑟,𝑖𝑛 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

- �̇�𝑎𝑖𝑟 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

- ℎ𝑎𝑖𝑟 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

Heat balance: 

ℎ𝑎𝑖𝑟𝐴𝑎𝑖𝑟(𝑇𝑎𝑖𝑟 − 𝑇𝑏(𝑡) ) = 𝜌𝑉𝑐𝑝
𝑑𝑇𝑏(𝑡)

𝑑𝑡
  

 

 

The air flow in the bed is a flow through the voids between the steel balls. The chains of 

consecutive voids can be represented as multiple parallel tubes. One of these tubes is shown 

in Figure 3-3 on the right. To determine a value for ℎ𝑎𝑖𝑟 , the Nusselt number, which is the ratio 

of convective to conductive heat transfer can be used. If 𝑇𝑏 , which is the wall temperature of 

the tube, is assumed to be constant over the length of the tube, the Nusselt number can be 

approximated by [Incropera, p. 477]: 

10. 𝑁𝑢𝐷 =
ℎ𝑎𝑖𝑟 𝐷

𝑘𝑎𝑖𝑟
≈ 3.66   𝑇𝑏 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

Figure 3-3 Case 2: Left: reactor bed with an air flow. 
Right: Representation of flow through the voids in 
the bed by a straight tube. 



27 
 

Using the values listed in Table 3-2 it can be assumed that the convective heat transfer 

coefficient ℎ𝑎𝑖𝑟  for the entire reactor bed is: 

11. ℎ𝑎𝑖𝑟 = 191 [𝑊/𝑚2𝐾]  

Equation 10 only holds for a laminar, fully developed flow through a circular tube with 

diameter 𝐷. To determine if the flow in the tube is laminar, the Reynolds number can be 

calculated using the values in Table 3-2: 

12. 𝑅𝑒𝐷 =
𝜌𝑎𝑖𝑟𝑢𝑚𝐷

𝜇
= 18  

Since 𝑅𝑒 < 2300, the flow in the reactor bed is considered laminar. To determine the distance 

from the entrance of the bed at which the flow is fully developed, the hydrodynamic entry 

length 𝑦𝑓𝑑,ℎ is calculated. For a laminar flow the following expression can be used [Incropera,  

p.457]: 

13. 𝑦𝑓𝑑,ℎ = 0.05𝑅𝑒𝐷 ∙ 𝐷 = 0.8𝑚𝑚 

The ball diameter in the combustor bed is 6𝑚𝑚 and the total height of the bed is about 

80𝑚𝑚. Because 𝑦𝑓𝑑,ℎ ≪ 𝑏𝑒𝑑 ℎ𝑒𝑖𝑔ℎ𝑡, it can be assumed that the flow is fully developed for 

the entire reactor and therefore ℎ𝑎𝑖𝑟  is a constant independent of position y.  

Table 3-2 Values to determine the Reynolds number and the entry length of the flow between the bed 
particles. Values for air at 600K, found in literature [Incropera, p.852]. 

Quantity Value Unit Source 

𝑛 50 [−] Approximated number of tubes 

𝐷 9𝑥10−4 𝑚 Approximated diameter of tube 

𝜙 1 𝑙/𝑚𝑖𝑛 Flowrate through reactor bed 

𝜌𝑎𝑖𝑟  1.2 𝑘𝑔 𝑚3⁄   Density air 

𝜇 3.1𝑥10−5 𝑁 ∙ 𝑠 𝑚2⁄   Dynamic viscosity air 

𝑘𝑎𝑖𝑟  4.7𝑥10−2 𝑊 𝑚 ∙ 𝐾⁄   Thermal conductivity air 

𝑐𝑝 1.0𝑥103 𝐽/𝑘𝑔 ∙ 𝐾 Heat capacity air 

𝑃𝑟 0.7 [−]  Prandtl number 

𝑢𝑚 0.52 𝑚/𝑠 Calculated gas velocity in tube 

 

The air flow heats up as it flows through the bed. The temperature of the air flow can be 

calculated as function of the bed height. This is done again with the assumption of a flow in a 

straight tube, as shown in Figure 3-3. The air temperature at position y in the tube, 𝑇𝑎𝑖𝑟(𝑦), 

can be calculated using the following expression, which holds for a fully developed flow in a 

tube with a constant wall temperature [Incropera, p.472]: 

14. 
𝑇𝑏−𝑇𝑎𝑖𝑟(𝑦)

𝑇𝑏−𝑇𝑎𝑖𝑟,𝑖𝑛
= exp (−

𝜋𝐷𝑦

�̇�𝑐𝑝
ℎ𝑎𝑖𝑟)  
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Using the values from Table 3-2, the distance travelled by the gas at which it has been heated 

to 95% of the bed temperature can be calculated. With 𝑇𝑏 = 450℃, 𝑇𝑎𝑖𝑟(𝑦) = 0.95 ∙ 𝑇𝑏 and 

𝑇𝑎𝑖𝑟,𝑖𝑛 = 250℃ (assumed) this results in: 

15. 𝑦0.95 = 1.7𝑚𝑚  

This means that at the height of 1.7 mm the air temperature 𝑇𝑎𝑖𝑟  can be assumed equal to the 

bed temperature 𝑇𝑏 .  

For the calculations with the straight tube, 𝑇𝑏  was assumed to be constant. However in the 

actual situation where air flows through the reactor bed, 𝑇𝑏  and 𝑇𝑎𝑖𝑟  will form an equilibrium 

where 𝑇𝑎𝑖𝑟  has increased and 𝑇𝑏  has decreased. To determine the response of the bed 

temperature 𝑇𝑏(𝑡) to a flow, consider the situation where the reactor bed is at a steady state 

temperature and an air flow is introduced. This results in the following heat balance, with 𝐴𝑎𝑖𝑟  

the contact area of the air flow with the reactor bed: 

16. ℎ𝑎𝑖𝑟𝐴𝑎𝑖𝑟(𝑇𝑎𝑖𝑟 − 𝑇𝑏(𝑡) ) = 𝜌𝑉𝑐𝑝
𝑑𝑇𝑏(𝑡)

𝑑𝑡
  

Analogous to the derivation in case 1, a solution for the bed temperature can be found: 

17. 𝑇𝑏(𝑡) = 𝑏 + 𝛼𝑒−𝜆𝑡 

With 𝑏, 𝛼 and 𝜆 being described by: 

18. 𝜆 =
ℎ𝑎𝑖𝑟 𝐴𝑎𝑖𝑟

𝜌𝑉𝑐𝑝
 

𝑏 = 𝑇𝑎𝑖𝑟   

𝛼 = 𝑇𝑏,0 − 𝑇𝑎𝑖𝑟   
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3.3 Internal heat generation 

The analytical model from case 1 is now extended with 

an internal heat source which will also heat up the 

reactor bed. This is shown in Figure 3-4. This heat 

source represents the internal electrical heater located 

at the bottom of the combustor, see also Figure 2-4. 

The electrical power input is completely converted into 

thermal power. 

Case 3: Adding an internal heat source in the reactor 

bed 

The temperature of the reactor bed is still assumed to 

be homogeneous, so the heat input of the internal 

heat source �̇� is evenly distributed over the entire 

volume of the bed.  

To represent internal heat source in the combustor, the heat balance from case 1 (equation 5) 

is expanded and looks like this:  

19. ℎ𝑏𝐴𝑏(𝑇𝑤 − 𝑇𝑏(𝑡)) + �̇� = 𝜌𝑉𝑐𝑝
𝑑𝑇𝑏(𝑡)

𝑑𝑡
 

The bed temperature can be assumed again by the general solution: 

20. 𝑇𝑏(𝑡) = 𝑏 + 𝛼𝑒−𝜆𝑡  

Analogous to the derivations in Chapter 3.2, the derivative of the general solution will have 

the following form, with c and d being constants: 

21. 
𝑑𝑇𝑏

𝑑𝑡
= 𝑐 + 𝑑𝑇𝑏 = −𝜆𝛼𝑒−𝜆𝑡 

From equation 19 we find for 𝑐 and 𝑑: 

22. 𝑐 =
ℎ𝑏𝐴𝑏𝑇𝑤+�̇�

𝜌𝑉𝑐𝑝
 

23. 𝑑 = −
ℎ𝑏𝐴𝑏

𝜌𝑉𝑐𝑝
 

 

 

 

 

Figure 3-4 Reactor bed with air flow and 
internal heat source 
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Combining equation 20 and 21, the derivative of 𝑇𝑏  is described by the following expression: 

24. 
𝑑𝑇𝑏

𝑑𝑡
= 𝑐 + 𝑑 𝑏 + 𝑑 𝛼𝑒−𝜆𝑡 = −𝜆𝛼𝑒−𝜆𝑡 

This is only true for 𝑏 = −
𝑐

𝑑
, so the expression for 𝜆 is found:  

25. 𝜆 =
ℎ𝑏𝐴𝑏

𝜌𝑉𝑐𝑝
 

And by assuming 𝑡 → ∞,
𝑑𝑇𝑏

𝑑𝑡
= 0, the following is found: 

26. 𝑏 =
ℎ𝑏𝐴𝑏𝑇𝑤+�̇�

ℎ𝑏𝐴𝑏
  

→ 𝑇𝑏 = 𝑇𝑤 +
�̇�

ℎ𝑏𝐴𝑏
+ (𝑇𝑏,0 − 𝑇𝑤 −

�̇�

ℎ𝑏𝐴𝑏
) 𝑒−𝜆𝑡  

It can be concluded that the internal heat generation �̇� does not affect the relaxation time of 

the bed temperature. Only the relaxation temperature is influenced by a change in internal 

heat power. This is shown in Figure 3-5, where the temperature response of the reactor bed is 

shown for different values of �̇�. 

 

Figure 3-5 Model behavior showing the influence of an internal heat source to the bed temperature. 
This shows that the time relaxation constant 𝝀 is not influenced by the amount of heat input. 
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4 Experimental work 

 

4.1 Model validation 

Case 1 versus experimental data 

Starting with the situation where the combustor is heated from room temperature to 

operating temperature, the model that was derived from case 1 in Chapter 3.1 can be 

compared to a temperature measurement. For this measurement, at 𝑡 = 0 the combustor 

heater temperature is set to 𝑇𝑠𝑒𝑡 = 550°𝐶 in the LabVIEW control panel, see Figure 2-6 box 2. 

For 𝑇ℎ𝑒𝑎𝑡𝑒𝑟 < (𝑇𝑠𝑒𝑡 − 10°𝐶), the controller uses a duty cycle of 100%, which corresponds to a 

power input of 600W for the combustor heater. Above this temperature a PID control loop is 

used to adjust the duty cycle of the heater and keep 𝑇ℎ𝑒𝑎𝑡𝑒𝑟  at the desired temperature 𝑇𝑠𝑒𝑡.  

 

Figure 4-1 Graph showing the measured temperatures in the combustor for the heater (black) and the 
reactor bed (blue). The dashed red line is the fit of the model to the measured bed temperature. 

Figure 4-1 shows the temperature of the heater as a result of the power input in black. The 

temperature of the reactor bed is shown in blue. It reaches a steady state temperature of 

465°C. The model, which is the red dashed line, is fitted to the measured bed temperature. It 

is described by the following expression, which was derived in Chapter 3.1: 
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27. 𝑇𝑏(𝑡) = 𝑇𝑤 + (𝑇𝑏,0 − 𝑇𝑤) 𝑒− 𝜆𝑡 

Since we assumed a constant wall temperature in the model, the model is fitted starting from 

𝑡𝑓𝑖𝑡 = 1200𝑠 (shown in pink). This is the time at which the heater temperature has reached 

steady state, 𝑇ℎ𝑒𝑎𝑡𝑒𝑟 = 0.99 ∙  𝑇ℎ𝑒𝑎𝑡𝑒𝑟(𝑡 → ∞). It is assumed that from 𝑡𝑓𝑖𝑡, 𝑇𝑤 is also constant 

and the expression in equation 27 is valid. By fitting the model to a measurement where the 

combustor is heated from room temperature to a steady state end temperature, 𝜆 can be 

determined which will be called 𝜆𝑏: 

28. 𝜆𝑏 =
ℎ𝑏 𝐴𝑏

𝜌𝑉𝑐𝑝
= 2.7 ∗ 10−3 [𝑠−1] 

Assuming that from 𝑡 = 𝑡𝑓𝑖𝑡 the heat input only heats the steel balls of the reactor bed, the 

following values for the reactor bed can be used to derive the value of the heat transfer 

coefficient of the reactor bed:  

29. 𝐴𝑏 = 𝜋𝐷𝑏𝑦𝑏 = 0.013 [𝑚2]   with 𝐷𝑏 = 50𝑚𝑚 and 𝑦𝑏 = 80𝑚𝑚 

𝜌 = 7800 [𝑘𝑔/𝑚3]    for steel 

𝑉 =
1

4
𝜋𝐷𝑏

2 ∙ (1 − 𝜖) = 1𝑥10−4 [𝑚3]  with 𝜖 = 0.36, the void fraction 

𝑐𝑝 = 559 [𝐽/𝑘𝑔𝐾]    for steel @600K 

30. ℎ𝑏 = 96 [𝑊/𝑚2𝐾]   heat transfer coefficient reactor bed 

31. 𝑘𝑏 = 1
2⁄ 𝐷𝑏 ∙ ℎ𝑏 = 2.4 [𝑊/𝑚 𝐾]  thermal conductivity reactor bed 

 

Case 2 versus experimental data  

The effect of an air flow to the combustor temperature has also been tested, which is shown 

in Figure 4-2 in blue. In this measurement the bed is initially in steady state, which is a 

continuation of the end situation of Figure 4-1. At 𝑡 = 144 𝑠 the flow of air is set to 1 l/min in 

the LabVIEW control panel, see Figure 2-6 box 4. This opens the MFC for air and air is flowing 

through the combustor. Because the air is preheated insufficiently by the combustor heater to 

the temperature of the reactor bed, the temperature in the combustor decreases. Using the 

convective heat transfer model from case 2 in Chapter 3.2, the measured temperature drop 

can be fitted with a fit function as shown in Figure 4-2 in red. 
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Figure 4-2 This measurement is a continuation of the measurement from case 1, with 𝒕𝟎 being the end 
time of Figure 4-1 (5000s). At 𝒕 − 𝒕𝟎 = 𝟏𝟒𝟒𝒔, an air flow is added in the reactor bed. The resulting 
temperature drop has been fitted with the model derived for case 2 and a value for the time constant 
𝝀 of this process is found. 

The time constant derived from this fit for the convective heat transfer is equal to: 

32. 𝜆𝑎𝑖𝑟 =
ℎ𝑎𝑖𝑟 𝐴𝑎𝑖𝑟

𝜌𝑉𝑐𝑝
= 3.8 ∗ 10−2 [𝑠−1] 

With 𝐴𝑎𝑖𝑟 = 0.1 𝑚2 the total surface area of the reactor bed balls. Using equation 32 the 

convective heat transfer coefficient can be determined: 

33. ℎ𝑎𝑖𝑟 = 166 𝑊/𝑚2 𝐾 

This value has the same order of magnitude as the value calculated in Chapter 3.2 using the 

empirical Nusselt relation for a flow in a straight tube (ℎ𝑎𝑖𝑟 = 191 𝑊/𝑚2 𝐾, equation 13). 

Case 3 versus experimental data 

In case 3 internal heat generation has been added to the combustor model. This has also been 

tested with the Biomass Tester, by applying an electric power to the reactor bed using the 

internal heater. The results are shown in Figure 4-3, where the temperature rise of the reactor 



34 
 

bed is plotted for various power levels. Parameters 𝑡1 and 𝑇1 refer to a steady state situation 

after a heating process similar as in Figure 4-1. 

It turns out that the time scale for measurements with the internal heater turned on, is very 

large compared to results from case 1 and 2. Steady state is only reached after more then 

7000s (2 hours). This is likely caused by the heater coil contacting the steel bottom surface of 

the combustor. This results in a heat flow to the combustor wall and external heater ring, 

which have a very large mass compared to the reactor bed, explaining the long relaxation 

time.  

 

Figure 4-3 Temperature rise of the combustor bed as a result of internal heat generation for various 
power levels. 𝒕𝟏 and 𝑻𝟏 refer to the bed temperature after a heating process similar as in Figure 4-1. 
With the internal heater turned on, the bed temperature reaches steady state only reached after more 
than 2 hours (7000s). The measurements do not fit the expected 𝒆−𝒕-function from Chapter 3.3. The 
fitment shows a large deviation in the region which is particularly important for torrefaction 
experiments (t=0-2000s). 

Despite the temperature curve not behaving like the model from 3.3, we can still try to 

perform a calibration procedure using a measured temperature rise from a known power 

input. In Figure 4-4 on the top the bed temperature of the combustor is plotted. At 𝑡 = 1000𝑠 

the bed is at a steady state temperature of 423°C when a power of 19.3W is applied to the 

reactor bed. At 𝑡 = 2274𝑠 the power is turned off. The timescale of this calibration 

measurement (~20 min) is similar to that of a typical torrefaction measurement. 

The resulting temperature curve can be used to calculate a power input, by rewriting equation 

19. The resulting expression (equation 34) has been proven in earlier research to be not only 

valid for constant power input, but also for varying time [Bourgonje, 2017]: 
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34. 𝑃(𝑡) =
1

𝛽
((𝑇𝑏(𝑡) − 𝑇𝑏,0) +

1

𝜆
 
𝑑𝑇𝑏(𝑡)

𝑑𝑡
) 

In this equation, 𝛽, which is the power conversion factor, and 𝜆 can be fitted to the known 

electrical power input. This is done in Matlab for the measurement from Figure 4-4. The bed 

temperature is discretized and the derivative is determined. Then the power input 𝑃(𝑡) can be 

calculated per time step. The values found for 𝛽 and 𝜆 are: 

35. 𝛽 = 2.8 

𝜆 =
1

15330
  

In the bottom graph in Figure 4-4 the calculated power input is plotted. Using the values from 

equation 35, the calculated power input (red) shows the same behavior as the electrical power 

input (black), which is a step function with Δ�̇� = 19.3𝑊. Assuming that the heat of the 

electrical heater and the heat of combustion from torrefaction gas are equally distributed over 

the combustor bed, equations 34 and 35 can also be used for experiments with biomass in the 

Biomass Tester. This will be done in Chapter 4.2. 

 

Figure 4-4 In blue the temperature rise in the combustor as a result of an internal power input is 
plotted. At 𝒕 = 𝟏𝟎𝟎𝟎𝒔 the internal heater in the combustor is turned on at a power input of 19.3W. At 
𝒕 = 𝟐𝟐𝟕𝟎𝒔 the power is set to zero again. In red the calculated power input is shown, which is fitted to 
the known constant power input. 
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4.2 Torrefaction of biomass 

The results of the torrefaction of a batch of pinewood will be discussed here. The pinewood 

pieces were torrefied for 40 minutes with a maximum temperature of 275°C. The process 

conditions are in Table 4-1. 

Table 4-1 Process conditions for torrefaction of a pinewood biomass batch 

Variable Parameter Value 

𝑚  Biomass sample mass 42g 

𝑇ℎ1  Torrefaction heater temperature 300 °C 

𝑡𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛   Torrefaction duration 40 min 

𝑇ℎ2  Combustor heater temperature 550 °C 

𝑄𝑐𝑜𝑚𝑏   Combustor heater power input  124W 

𝜙𝑎𝑟𝑔𝑜𝑛  Argon flow rate 0.1 l/min 

𝜙𝑎𝑖𝑟   Air flow rate 1 l/min 

 

Figure 4-5 shows pinewood before torrefaction (left side) and after torrefaction (right side). 

Before and after each experiment the mass of the biomass batch is measured using a scale. 

For the given torrefaction temperature and duration, the color of the pinewood has changed 

to a dark brown tint and the mass loss is about 19%. 

 

Figure 4-5 On the left an untreated batch of pinewood is shown. The mass of the biomass is 
determined before and after torrefaction. On the right a batch of pinewood after torrefaction is 
shown. This batch was torrefied for 40 minutes at about 275°C and has lost 19% of its original mass. 
The color has changed to a dark brown tint. 

mbiomass = 42.22 gram 
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In Figure 4-6 the temperature and gas flow rate during torrefaction are displayed. An overview 

of the location where the variables are measured in the Biomass Tester is shown on the right 

side. On the left side, the upper graph shows the temperatures in the torrefaction chamber 

and in the combustion chamber. The lower graph shows the input flow rate of air and argon 

and the output of exhaust gas, which is the sum of air, argon and torrefaction gas. Since the 

flow of exhaust gas is measured at some distance after the combustor and it has passed 

through a water condenser, the temperature of the exhaust gas can be assumed constant at 

the position where 𝜙𝑒𝑥ℎ𝑎𝑢𝑠𝑡  is measured. Therefore also the density is assumed constant and 

𝜙𝑒𝑥ℎ𝑎𝑢𝑠𝑡  [
𝑙

𝑚𝑖𝑛
] and �̇�𝑒𝑥ℎ𝑎𝑢𝑠𝑡  [

𝑘𝑔

𝑚𝑖𝑛
] are proportional to each other.  

The graphs in Figure 4-6 are divided into three time intervals A, B, and C. Per interval 

conclusions are made based on theory and the measured results. 

Figure 4-6 The top graph shows the temperature of the biomass in the torrefactor at the top and 
bottom of the biomass container (green and red respectively). The temperature of the combustor bed 
is shown in blue. The bottom graph shows the gas flow during the measurement, with the exhaust gas 
flow shown in black. This is the sum of all volatile combustion products. On the right a schematic of 
the Biomass Tester is shown with the measurement positions in the setup. 
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Interval A: t = 0-300s 

Before the measurement is started the combustor is in steady state with a temperature of 

𝑇𝑏𝑒𝑑 = 428℃. At 𝑡 = 30𝑠 the biomass container is inserted in the torrefactor, resulting in a 

temperature rise in 𝑇𝑡𝑜𝑟𝑟 . At t=240s the torrefactor gas input and output tubes are connected 

to the torrefactor. From that point the exhaust flow 𝜙𝑒𝑥ℎ𝑎𝑢𝑠𝑡  is directly measured at the 

output of the combustor, explaining the sudden increase in gas flow around 𝑡 = 240𝑠.  

 

Interval B: t = 300-600s 

At 𝑡 = 300𝑠 the biomass temperature is above 100 °C, causing water in the biomass to 

evaporate, resulting in a lower temperature gradient visible in 𝑇𝑡𝑜𝑟𝑟1 and 𝑇𝑡𝑜𝑟𝑟2. The water 

vapor condenses in a water separator in between the combustor and flow meter, so it does 

not show up in the flow diagram. 

In interval B, the combustor bed temperature 𝑇𝑏𝑒𝑑  has a drop of approximately 50℃, see 

Figure 4-7. This is the same effect as shown in Figure 4-2, where a cold air flow entered the 

combustor. In this case the temperature drop is caused by the water vapor produced in the 

torrefaction process, which cools the reactor bed in the combustor. 

 

Figure 4-7 Magnification of the combustor temperature of interval B in Figure 4-6, showing the 
temperature drop due to water vapor entering the combustor. 

The cooling effect in the combustor could be prevented by proper pre-heating of both the air 

flow and the torrefaction gas/argon flow to the steady state temperature of the combustor. 

That way temperature fluctuations in the combustor will be solely caused by combustion of 

the torrefaction gas. 
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Interval C: t = 600-2700s 

At around 𝑡 = 600𝑠 the biomass in the hottest parts of the torrefaction chamber reach 

torrefaction temperature. 𝑇𝑡𝑜𝑟𝑟1, which is located near the hot bottom plate in the 

torrefaction container, has a temperature of 180 °C. From this temperature the biomass starts 

to release volatiles. This is seen in the increase of exhaust gas flow in 𝜙𝑒𝑥ℎ𝑎𝑢𝑠𝑡 . The 

temperature rise in the combustor (𝑇𝑏𝑒𝑑) indicates that the mixture of air and torrefaction gas 

is combusted. 

The biomass keeps producing torrefaction gas for about 35 minutes reaching a peak gas flow 

at around 𝑡 = 1050𝑠. The combustor bed temperature keeps increasing until 𝑡 = 2000𝑠 

where the combustor losses are in equilibrium with the heat of combustion. The spiky course 

in the flow at 𝑡 = 500 − 900𝑠 is caused by the irregular gas release of the biomass and drops 

of condensed water that can sometimes block the gas tube to the flow meter temporarily. 

 

Figure 4-8 This graph shows the power output of the combustion of torrefaction gas as function of 
time. It is calculated from the temperature in the combustor bed. The temperature profile was 
smoothed to prevent large fluctuations when calculating the derivative of the temperature. 

Using the bed temperature of interval C in Figure 4-6, the power output from combustion of 

the torrefaction gas is calculated using equations 34 and 35. The result is shown in Figure 4-8. 

The spiky behavior of the temperature between 𝑡 = 600 − 900s causes large fluctuations in 
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the calculation of the temperature derivative, 
𝑑𝑇𝑏(𝑡)

𝑑𝑡
. Therefore the temperature profile was 

smoothed using a local regression filter (rloess 0.03) in Matlab (shown in pink) and this was 

used to perform the power calculations. 

The calculated power fluctuates between 𝑃 = 20 − 35𝑊 and the profile has roughly the same 

shape as the temperature curve. Since 𝜙𝑒𝑥ℎ𝑎𝑢𝑠𝑡  ~ �̇�𝑒𝑥ℎ𝑎𝑢𝑠𝑡 , it would be expected to have a 

large temperature gradient and a large power output around 𝑡 = 1050𝑠 because that position 

in time shows peak gas production (black line in Figure 4-6). This effect is not visible in the 

temperature and power curve, which is likely caused by insufficient preheating of torrefaction 

gas before entering the combustor. As shown in the model validation in Figure 4-2, flow of a 

cold gas through the bed has a large influence on the temperature. Other possible errors in 

the power calculation are position of heat release of the calibration heater versus gas 

combustion. As explained in Chapter 4.1 in case3, the calibration heater sits on the bottom of 

the combustor and part of its heat is conducted to the combustor housing. The heat from 

combustion of torrefaction gas is generated in between the balls in the reactor bed, resulting 

in less heat transfer to the combustor housing. 
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4.3 Heating value determination 

The results from Chapter 4.2 can be used to calculate the heating value of the produced 

torrefaction gas. This value will be compared to heating values from literature. 

The total amount of torrefaction gas produced by the biomass can be approximated by 

calculating the area under the exhaust flow curve of Figure 4-6. This method is visualized in 

Figure 4-9. Only the amount of gas that was measured on top of the (constant) air and argon 

flow is considered. For this calculation to be valid, it has to be assumed that the torrefaction 

gas has the same density as the reaction products after combustion.  

The area under the curve can be calculated by the taking the integral of 𝜙 between 𝑡1 = 570𝑠 

and 𝑡2 = 2670𝑠: 

36. 𝑉𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛 𝑔𝑎𝑠 = ∫ 𝜙𝑒𝑥ℎ𝑎𝑢𝑠𝑡(𝑡) 𝑑𝑡
𝑡2

𝑡1
 

This is approximated in Matlab by taking the sum over the entire interval of the product of 

𝜙(𝑡) and Δ𝑡: 

37. 𝑉𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛 𝑔𝑎𝑠 = ∑ 𝜙𝑒𝑥ℎ𝑎𝑢𝑠𝑡(𝑡) Δ𝑡
𝑡2
𝑡1

 

𝑉𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛 𝑔𝑎𝑠 = 8.39 𝑥 10−3 [𝑚3]  

 

 

Figure 4-9 Method for calculating the total volume of exhaust gas by taking the area under the exhaust 
gas flow minus the air/argon flow. 

If it is assumed that all the torrefaction gas has been combusted in the combustor and all the 

water has condensed in the water separator, the volume of gas calculated in equation 37 can 

be assumed as pure Carbon Dioxide (𝐶𝑂2). The density of 𝐶𝑂2 at 300K is [Incropera p. 853]: 

Torrefaction 
gas 

Air/argon 
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38. 𝜌𝐶𝑂2
= 1.77 [

𝑘𝑔

𝑚3] , @300𝐾 

The assumption of a gas temperature of 𝑇𝑒𝑥ℎ𝑎𝑢𝑠𝑡 = 300𝐾 at the flow meter is reasonable, 

because the combustor and the flow meter are connected by a gas tube of about 0.5m long, 

allowing the gas to cool to room temperature. The total mass of torrefaction gas, excluding 

water, can now be approximated by: 

39. 𝑚𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛 𝑔𝑎𝑠 =
𝑉𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛 𝑔𝑎𝑠

𝜌𝐶𝑂2

= 4.74 [𝑔] 

Following from measuring of the biomass sample before and after torrefaction (see also Figure 

4-5), it is known that the biomass has lost 8gram during torrefaction. This suggests that the 

water content in the torrefaction gas is: 

40. 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐻2𝑂 =
8−4.74

8
= 41% 

According to literature [Tumuluru, 2010], torrefaction of totally dry biomass results in a water 

content of about 50% (wt) in the torrefaction gas. Other studies [Bergman, 2005] say that 

water bound in organic compounds in biomass yields about 5 – 15% (wt) of the total biomass, 

which results in 50-80% (wt) of water content in the torrefaction gas. This is excluding 

moisture content of the feedstock. These values depend strongly on type of biomass, 

torrefaction duration and temperature, see also appendix 7.7 for results from literature. Based 

on the values mentioned above, it is likely that the water content in the torrefaction gas 

calculated in equation 40 is higher than 41% and therefore the mass of the torrefaction gas 

components is lower than 4.74 gram. 

Similar to the method shown in Figure 4-9, the total amount of energy from combustion of the 

torrefaction gas can be determined by calculating the area under the power curve of Figure 

4-8. By integrating the power curve over the time interval, combustion energy is found to be: 

41. 𝐸𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛 𝑔𝑎𝑠 = 60093 [𝐽] 

Using the results from equations 37, 39 and 41, the lower heating value (LHV) of the 

torrefaction gas can be calculated based on mass and based on volume: 

42. 𝐿𝐻𝑉 = 12.7 [
𝑀𝐽

𝑘𝑔
] 

𝐿𝐻𝑉 = 7.16 [
𝑀𝐽

𝑁𝑚3]  
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Values for the LHV of torrefaction gas in literature to compare this result with are difficult to 

find. Most studies focus on optimization of the torrefied biomass and its heating value instead 

of the torrefaction gas. A heating value in the range of 5.3 to 16.2 MJ/Nm3 is mentioned in 

earlier research [Stelte, 2012]. It does not specify torrefaction conditions or wood type, but it 

confirms that the heating value calculated for the experiment in the Biomass Tester has the 

correct order of magnitude. 

 

To conclude Chapter 4, after performing several torrefaction measurements with pine wood 

and elephant grass, the functioning of the designed setup can be evaluated. The Biomass 

Tester is suitable for torrefying different types and amounts of biomass. The maximum 

temperature gradient in the torrefaction chamber is about 50°C, between the hot bottom 

surface and the top layer of biomass. The combustor is suitable for auto-igniting the 

torrefaction gas, partly due to the use of catalytic material in the chamber. The temperature 

drop in the combustor is caused by cold torrefaction gas entering the combustion chamber. 

Therefore it can be concluded that pre-heating of this gas in the inlet tube is insufficient. It 

also causes some of the tars to condense in the tube between torrefactor and combustor 

which causes blockage. Another remark is that the setup has many connections exposed to 

high temperatures. After a number of heat cycles these connections are prone to gas leaks 

and should be checked/tightened again. The controller works as intended and has robust 

temperature control.  
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5 Conclusion 

In biomass reactors it is important to know the characteristics of the biomass in order to set 

the right process parameters for efficient energy production. Previous research has been done 

to determine the heating value of the torrefaction gas for small biomass samples in a test 

setup. The focus of this research is to design and build a setup suitable for torrefying a 

biomass mix up to 100 grams, combusting the produced gas and determining the heating 

value. 

The setup Biomass Tester contains a torrefactor where biomass is heated and torrefaction gas 

is produced. The torrefaction gas is fed into the combustor. This is a heated chamber where 

air is mixed with the torrefaction gas, causing spontaneous combustion. A controller with 

user-friendly interface represents the equipment and software used to control the setup and 

log the sensor data that can later be processed to determine the heating value. A 

measurement procedure is composed on how to perform a biomass test. 

Several models were made of the combustor and the models were verified and parameterized 

with specific measurements. Finally, several measurements were performed with biomass in 

the torrefactor. Based on visual inspection of biomass, increase of temperature and exhaust 

gas flow, it can be concluded that the biomass has indeed been torrefied in the setup as 

expected. The temperature increase in the combustor indicates heat production by 

combustion of the torrefaction gas.  

An indication for the power of gas combustion can be derived from the measured 

temperature in the setup, by performing a calibration measurement. Differences in the 

location of heat release between the methods and insufficient preheating of torrefaction gas 

reduce the reliability of these calculations. 

The heating value of the torrefaction gas is determined using the calculated combustion 

power and the total flow of torrefaction gas. The value is in the range of what is specified by a 

reference, however little research on this subject is published prior to this thesis. 

Summarizing the result of this research, a setup called the Biomass Tester was designed and 

built, capable of torrefying and combusting biomass up to 100g of Biomass and measuring 

temperatures and gas flow which can be used to find important biomass characteristics. 
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Recommendations: 

 To prevent the temperature drop in the combustor due to cold torrefaction gas 

entering the chamber, it is recommended to improve the insulation around the 

combustor and torrefaction gas tube and add a preheater to the gas tube. Another 

option is to add an extra heated shell around the entire combustor, creating a high 

temperature atmosphere around all components of the combustor. This also 

eliminates heat loss from the combustion chamber to surroundings, making it easier 

to compare results with calibration measurements. 

 The calibration heater should be designed differently. It should be isolated from the 

combustion chamber wall to prevent heat leaking to the housing. Another option is 

to use a combustible gas with a known heating value to calibrate the combustor. This 

mimics the regular measuring conditions better, possibly resulting in a more reliable 

calibration. 

 Torrefaction of biomass is a relatively new subject in the scientific world (the first 

relevant research was published in 2005) and especially the gases resulting from 

torrefaction of biomass haven’t been studied extensively. However, literature does 

show that the gas composition has been researched. This is done using various kinds 

of spectrometry equipment. See Figure 1-3 and Figure 1-4 for an example of results of 

these experiments. If such experiments can be found in literature for similar biomass 

type and torrefaction conditions as used in this thesis, the heating value of all 

individual components could be used to find a value for the total heating value of the 

torrefaction gas. This could be used to validate the heating value calculated from 

experiments with the Biomass Tester better than current values from literature. 
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7 Appendix 

7.1  Technical drawings 

 

Figure 7-1 Technical drawing of biomass container 

 

Figure 7-2 Technical drawing of the brass plate that is used as thermal mass/gas preheater in the 
torrefaction setup. 
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7.2  Block diagram of the LabVIEW control program 

 

 

Figure 7-3 Overview of the complete LabVIEW block diagram. It is divided in four sections which shown 
in Figure 7-4, Figure 7-5, Figure 7-6 and Figure 7-7. 

1. Torrefactor heater control 

2. Combustor heater control 

3. Thermocouple readout 

& writing data to textfile 

4. Gas flow control 
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Figure 7-4 Section 1: Torrefactor heater control 
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Figure 7-5 Section 2: Combustor heater control 
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Figure 7-6 Section 3: Thermocouple readout & writing data to textfile 
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Figure 7-7 Section 4: Gas flow control 
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7.3 Additional information on temperature and gas flow 

control  

The setup has several sensors that provide information about the process conditions. For 

temperature measurements, there are five thermocouples. One is for controlling the 

torrefaction heater, one is for the combustion heater. Furthermore, there are two 

thermocouples to measure the temperature distribution in the biomass. At last there is a 

thermocouple for measuring temperature variations due to the combustion of torrefaction 

gas. All of them are of type K, which means it uses a chromel-alumel combination for its 

electrodes. The protective outer shell is made of stainless steel and they are heat-resistant up 

to 1100°𝐶. The dimensions are 𝐷 = 1𝑚𝑚 and 𝐿 = 150𝑚𝑚. The thermocouples are 

connected to a NI-9212 8-channel temperature input module, which has a TB-9212 isothermal 

screw-terminal block attached. The TB-9212 uses cold-junction compensation, which leads to 

a specified measurement accuracy of 0.25°𝐶 at room temperature (23°𝐶 ± 5°𝐶) or 0.45°𝐶 at 

700°𝐶. 

Table 7-1 Technical data provided by Bronkhorst about the mass flow meter and both the mass flow 
controllers which are used in the setup. 

 Type number Min. range Max. range Gas type 

MFM F-101E 28-1400  

mL/min 

240-12000  

mL/min 

Combustion  

gas 

MFC F-201CV-1K0 8-400  

mL/min 

8-1500  

mL/min 

Argon 

MFC F-201CV-5K0 40-2000  

mL/min 

40-7500  

mL/min 

Air 

 

To control the gas flows in the setup, a total of three mass flowmeters is used in the system. 

They are provided by Bronkhorst. Two of these are so-called mass flow controllers (MFCs), 

which have a valve in line with the flow measuring equipment. This valve is 

electromagnetically actuated and used to precisely control the gas flow through the device. 

The amount of flow can be set in the Labview control software. The MFC then uses its flow 

measurements for autonomously controlling the gas flow by actuating the valve. One of these 

MFCs is used to control the amount of argon gas entering the torrefaction chamber, the 

second is used to control the amount of air to be mixed in the combustion chamber. A third 

device, a mass flow meter (MFM), is used for measuring the amount of exhaust gas leaving the 
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combustion chamber. This amount is, with the argon and air input subtracted, a measure for 

the amount of torrefaction gas produced by the biomass.  

An MFM is basically the same as an MFC only without the valve for controlling the flow. The 

basic operating principle is as follows: a small part of the flow is diverted through a separate 

channel. Here it flows consecutively over a temperature probe, a heating device and another 

temperature probe. The temperature difference together with the heat input and the heat 

capacity of the gas gives the mass flow of the gas. However, the device must be calibrated for 

the corresponding type of gas and a specific flow range. This calibration is done at the 

Bronkhorst facility according to the desired customer specifications. The product types and 

corresponding calibration settings for the flow meters used in this setup are stated in Table 

7-1. 

The flowmeters communicate with each other and the computer system using the FLOW-BUS 

protocol. This means that each flowmeter has its own pc-board that contains general 

functions needed for measurement and control. Information between instruments is done via 

rj45 connections where a set of Y-adapters is plugged into. They have a begin terminator and 

end terminator which are specifically designed to prevent signal interference. In this setup, 

one of the devices is connected to the controlling computer system and acts as the master 

device, while the others are connected as slave devices. The correct way to connect the 

different devices for this setup is displayed in Figure 7-8. It is important to follow this exact 

scheme, otherwise communication with the different flowmeters is not possible. More 

information about the FLOW-BUS system and the required drivers can be found at the 

Bronkhorst website. 
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Figure 7-8 Overview of the connection setup between the different mass flow devices and the control 
computer. 
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7.4 Additional explanation of the electrical control setup 

 

 

Figure 7-9 Inside of the electrical control box that switches the electrical heaters. This metal container 
houses a 24V power supply and two solid state relays. It is connected to mains power, the electrical 
heaters and a NI-9472 digital module for communication with control software. 

The electrical control of the complete setup is done by the Labview program that switches 

output channels on a NI-9472 digital module. This module has 8 output channels, which are 

compatible with signals from 6V to 30V, depending on the used power supply. The NI module 

is connected to the electrical control box that houses the power supply and relays to switch 

the main power for the electrical heaters in the system. The internals of this box can be seen 

in Figure 7-9. The control box has specifically been designed for this setup. It consists of a steel 

bottom and upper half, which enclose the aluminum front and back panel. It is shown in 

Figure 7-10. The top cover can be removed by removing four screws in the sides. 

 

Figure 7-10 Picture of the electrical control box. Visible are the two output cables that power the 
torrefactor heater (left) and the combustor heater (right). 
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The casing houses two solid state relays which operate at an input voltage of 24𝑉𝑑𝑐 and have 

a specified response time of 0.02𝑚𝑠. They can switch an output of 230𝑉𝑎𝑐 at 25𝐴 each. 

Furthermore, there is a power supply in the control box. This is an AC/DC power supply that 

powers a 24𝑉𝑑𝑐 circuit and has a maximum output of 15𝑊. The LED indication lights and the 

output channels of the NI-9472 module are connected to this circuit. The backside of the box 

houses the main power connection and a 15-pin D-sub port. This port connects a +24𝑉𝑑𝑐 and 

a ground wire to the NI-9472 to power the output channels and two wires that carry the 

control signals back into the box. The other pins are unused. The front panel has a toggle 

switch for breaking the main power circuit, which also switches a red LED. Furthermore, it 

houses two outlet sockets and for each socket a corresponding green LED and a resettable 

10𝐴 overload switch. The left socket is for the torrefactor, the right one is connected to the 

three cartridge heaters in the combustor (see Figure 7-10). The small heater coil for the 

calibration procedure is not powered by this electrical system, but rather by an external power 

supply. This was chosen to do so because it needs a different kind of power supply that can 

provide adjustable power levels. An overview of the complete electrical scheme is shown in 

Figure 7-11. 

 

Figure 7-11 Electrical scheme of the torrefaction setup, showing the 230Vac and the 24Vdc circuit. All 
components in this scheme are housed in the black electrical control box, except for the NI-9472 digital 
module which is installed on the setup together with the other NI components. 
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7.5 Measurement procedure 

In this chapter the procedure for biomass torrefaction and combustion with the Biomass 

Tester is described. In this procedure it is assumed that the setup has already been assembled 

correctly. 

1. Check connections 

a. Connections of electrical switch box are explained in appendix 6.4 

i. If switching of heaters does not work properly, check the 10A fuses 

ii. Make sure the electrical switch box is connected to 230VAC net 

power 

b. Connections of flow meters are explained in appendix 6.3 

c. Connections of gasses: 

i. Air comes from compressed air facility of the test room and is 

connected to the air mass flow controller 

ii. Argon gas tank is connected to the argon mass flow controller 

iii. Exhaust gas tube is put outside or under a fume extractor 

2. Prepare the setup 

a. Remove the biomass container from the torrefactor and lower the container 

lid onto the heater surface so that the lid will also warm up to torrefaction 

temperature. 

b. Start up the LabVIEW control program “Biomass_Tester_controller_v2.0.vi” 

on the PC. This will pop-up the user interface, like in Figure 2-6. 

c. Initialize process parameters by entering: 

i. Desired flow of air and argon gas 

ii. Desired torrefactor and combustor heater temperature 

d. Start the program by clicking “Run” 

3. Warm-up the torrefactor and combustor 

a. Enable the power switch on the electrical switch box.  

b. The red LED should turn on, showing that the system has power. 

c. The green LED’s should turn on/off based on the heater control PWM signal. 

d. In the user interface the live temperature can be tracked by the user 

e. Warm-up is considered finished when the combustor reaches a stable 

temperature. For 550 °C heater temperature the combustion chamber will 

reach steady-state after about 1 hour. The torrefactor warm-up time is 

about 30 minutes. 
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f. During warm-up logging may be enabled by clicking the “write to text” 

button in the user interface. 

g. During warm-up the biomass container can be filled with the biomass. 

Weigh the added biomass content. Position the torrefaction thermocouples 

in the chamber.  

4. Start biomass test 

a. After warm-up the whole setup is hot. Be careful not to touch hot surfaces.  

 

WARNING: do not touch the hot surfaces! 

b. Start logging sensor data by clicking “write to text” in the user interface. 

c. Put on thermal protection gloves. Lift up the lid, hang the lid on the 

aluminum frame with two hooks. Insert the biomass container inside the 

torrefactor. Lower the lid again and tighten the M20 bolt on top of the 

torrefactor in order to seal the torrefaction chamber. 

d. Now the torrefaction process is started. Connect the connectors of the 

thermocouples to the thermocouple readout cables fast in order to start 

measuring the temperatures. 

e. Connect the gas tubes to the biomass container for the argon gas input and 

torrefaction gas output to the combustor. 

5. (Optional) Calibration 

a. In case the user wants to do a calibration of the combustor, the biomass 

container is inserted in the torrefactor without biomass (in step 4c). 

b. The external power source (e.g. an adjustable lab power supply) for the 

calibration heater is turned on to the desired power level by adjusting the 

voltage. 

c. For the rest of the calibration experiment, steps 6,7 and 8 of the torrefaction 

procedure can be followed 

6. Monitoring 

a. During the process you can monitor temperature and gas flows using the 

user interface. 

b. It is important to check for leaks during the test by checking all connections 

for smoke. If you see a big leak, abort the measurement by following the 

procedure in step 7. 
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c. Also check for clogging, by looking at the gas flows in the user interface. The 

exhaust gas flow (output) minus the argon and air flow (two inputs) must be 

larger than zero. Clogging will result in pressure build up and eventually 

leaks. In this case, abort the measurement by following the procedure in 

step 7.  

d. Depending on your goal, monitor the process until it has reached the desired 

state. 

e. In case of emergency (e.g. a PC crash), the main power switch of the 

electrical switch box can be flipped to cut power to the heaters. The red LED 

will dim and the setup cools down. 

 

In case of emergency: flip the main power switch to cut power to the heaters. 

The red LED will dim. 

 

7. Stop sequence 

a. First disable the heaters by setting the heater target temperature to 20 °C.  

b. In case of calibration, also turn off the power to the calibration heater. 

c. Monitor the temperatures until it has cooled to below 100 °C. Below this 

temperature the biomass will not ignite in open air.  

d. Disable the air and argon flow by setting the flow setpoint to zero in the user 

interface and close the gas tank regulators. 

e. End the data logging in the user interface and close the Labview program. 

f. Turn off the power switch on the electrical switch box. 

g. Disconnect the gas and thermocouples connections from the biomass 

container, loosen the M20 screw, open the lid and extract the biomass 

container from the setup. 

h. Visually inspect and weigh the final state of the biomass. 

8. Processing 

a. Processing is performed in Matlab by reading the text file that was 

generated by the Biomass Tester controller. Details about this are explained 

in Chapter 3. 
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