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Summary 

In this work research is done on biomass pyrolysis and gasification in a grid 
reactor. In the temperature range of 800 to 1800 K pyrolysis of wood is carried 
out at a pressure of 1 and 2 bar N2 in the grid reactor. Products, obtained 
from pyrolysis are gas, tar and char. The obtained char is gasified at the same 
temperature and at the same pressures with C02 . An IR diode laser is used to 
detect absorption of CO gas in the grid reactor. Conversion times for pyrolysis 
(the time necessary to reach 90% of the normalised absorption fraction) are 
found to be independent of temperature and lie between 5 and 20 seconds (1 
bar), respectively 5 and 30 seconds (2 bar). The reason for this is that the 
effective size of a cluster of particles on the grid is determining pyrolysis time. 
A simulation of biomass pyrolysis is performed with an ECN model, written in 
mat lab. The model is basedon Di Biasi's kinetics scheme for biomass conversion. 

Pyrolysis experiments were also carried out with miscanthus to detect NH3. 
No production of NH3 could be detected, probably because the nitrogen sets 
free in other forms (of gasses) and no further reactions in the gas phase are 
possible in the grid reactor. 

Char gasification gives much more reproducable results, in comparison with 
pyrolysis experiments and a temperature dependance is found for the conversion 
time of char. Activation energiesof the char can be determined from Arrhenius 
plots. 

The ratio of CO production for gasification and pyrolysis is calculated and it 
is seen that CO production decreases with increasing temperature. This means 
less char is produced from pyrolysis of wood at higher temperatures. The ECN 
model does not show this, but it is believed to be that oxygen present in the 
material gasifies part of the char at higher temperatures. 

Gasification of char is compared to gasification of the wood, without preced
ing pyrolysis. Conversion times for wood gasification are faster than for char 
gasification. 
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Chapter 1 

Technology assessment 

Biomass accupies an unique place between renewable energy sources. In the 
pursuit of a sustainable society in the 21 st century, an important place is granted 
for biomass as an energy plant and as a raw material, which can replace oil [7]. 

Biomass is a vegetable material, e.g. waste wood, plants, manure or spe
cially grown plants like willows, popiars or elephant grass. Bio-energy, energy 
produced from biomass is going through a strong evolution. It is a form of a 
renewable energy, from an inexhaustible source. In The Netherlands, biomass 
is regarcled an important souree of renewable energy for the next five decades. 
The aim of the government is to get 10% of the energy from renewable sources, 
by the year 2020 [18]. 

The increase of C02 in the atmosphere is seen as the most important envi
ronmental problem of this era. Energy production from fossil fuels only leads 
to an increase of this problem. The objective is to find a souree of renewable 
energy, which produces less co2 and can keep the heating of the earth within 
bounds. Renewable energy sourees like solar-energy, wind, water and biomass 
will eventually replace fossil fuels like coals and oil. At the present moment we 
are in a transition period in which energy production from biomass is slowly 
developing. Biomass is often used for co-firing, besides other fuels in existing 
energy plants, but on the long term biomass has to become independent. At 
the moment in The Netherlands especially wood is being burnt or gasified in 
order to evoke bio-energy. There are also plans to burn manure from animals 
to produce energy. 

In this research a first start is made to investigate gas and char formation 
from biomass pyrolysis and gasification. One of the gasses formed in pyrolysis 
and gasification is CO. The gas is formed when wood is pyrolysed with N2. 
The obtained char from pyrolysis can be gasified with C02. Absorption of CO 
is detected with an IR diode laser. Experiments have been conducted in the 
range of 800 to 1800 K, at pressures of 1 and 2 bar. Char formation decreases 
with increasing temperature, and also CO production is maximum at lower 
temperatures. 

Experiments have been carried out to detect NH3 absorption from miscant
hus pyrolysis. No NH3 absorption was detected, probably because the nitrogen 
sets free in other forms (e.g. HCN). 
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Chapter 2 

Theory 

2.1 Introduetion 

The pyrolysis process consists of the thermal decomposition of a biomass feed
stock, in the absence of oxygen, leading to the formation of solid ( char) and 
gaseous (tar and gas) products. Pyrolysis can be used as an independent pro
cess for the production of useful energy holders and/or chemicals. It also occurs 
as the first step in a gasification or combustion process. During the pyrolysis 
up to 70% of the weight of the biomass can be lost. When biomass is heated 
it decomposes into a carbon rich solid residu and a hydrogen rich fraction, the 
volatiles. 

In this chapter, in section 2.2, a model is given to describe the pyrolysis of 
biomass particles. This model is based on Di Blasi [3]. At the Netherlands En
ergy Research Foundation (ECN) a program was written in Matlab, to simulate 
pyrolysis of a single spherical biomass partiele [19]. The simulation is basedon 
Di Biasi's kinetic modeland used to dosome numerical simulations on pyroly
sis here, section 2.3. Finally in the last section 2.4, the gasification process is 
described. 

2.2 A model for the pyrolysis of biomass parti
cles 

2.2.1 Pyrolysis principles 

Thermal decomposition of biomass results in the production of gas, char and tar. 
It is realized by transferring heat to the surface of the partiele and subsequent 
heat penetration into the partiele by conduction. The vapors, formed inside 
the pores of the partiele are subject to further cracking. This leeds to the 
formation of additional gas and stabilized tars. The longer residence time time of 
vapor molecules inside larger particles (at a lower temperature) can explain the 
increased formation of char is case of slow pyrolysis ( 600-700 K). For the small 
particles used in flash pyrolysis (900 K), the secondary cracking reaction inside 
the particles is unimportant due toa lack of residence time. However, when the 
vapor productsenter the surrounding gas phase, they can still decompose further 
if they are not condensed rapidly enough. To ensure a minimum production of 
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char and tar, it's required that the heating of the biomass takes place as fast as 
possible. 

The key chemical reaction involved in the carbonization of biomass is 

n = 1, 2, 3, ... (2.1) 

Secondary reactions which also occur during the process are 

1 
CO(g) c ( s) + 2 02 (g) -----+ 

C (s) + 02 (g) -----+ co2 (g) 

C (s) + C02 (g) -----+ 2 co (g) 

C (s) + H20 (g) -----+ CO (g) + H2 (g) 

C ( s) + 2 H 2 (g) -----+ CH4 (g) 

CO (g) + H20 (g) -----+ C02 (g) + H2 (g) 

CH4 (g) + H20 (g) -----+ CO(g)+3H2(g) 

2H2(g)+2CO(g) -----+ C02 (g) + CH4 (g) 

The produced gas, the synthesis gas, can be used to generate electricity. The 
synthesis gas usually first is being cooled after which it is cleaned. Next the gas 
will be converted to electrical energy in a steam- and gasturbine. The relatively 
clean gas that comes free during this process is being cooled again. The residual 
heat can now be used e.g. to dry the biomass or to heat a building. 

2.2.2 Kinetic scheme 

The complex chemistry of biomass pyrolysis can be broadly modeled through a 
primary and a secondary stage. The virgin material is considered as a homo
geneaus single species, named BIOMASS. Primary pyrolysis reactions (K1 , K2, 
K3) describe BIOMASS thermal degradation to GAS, TAR and CHAR (figure 
2.1). 

Reaction rates are assumed to be adequately represented as first order in 
the mass of pyrolizable material and having Arrhenius type of temperature 
dependence. 

In the present formulation, homogeneaus TAR degradation, within the pores 
of the solid matrix, may be related either to cracking, to give GAS, or to re
polymerization, to give CHAR. 

The componentsin figure 2.1, BIOMASS, GAS, TAR and CHAR have den
sities PB, PaPrand Pc· Basedon the kinetics scheme, the formation or disap
pearance of each component is expressed as 

(2.2) 

(2.3) 
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where 

X
GAS 

t 
IK4 

BIOMASS ..........__K
2 

• TÎ~5 
K~~ 

CHAR 

Figure 2.1: Kinetics scheme biomass. 

k = 1...5. 

(2.4) 

(2.5) 

(2.6) 

In the equations given above, s is the porosity, Ak the pre-exponential factor, 
Ek the activation energy, R the universa! gas constant and T the temperature. 

Generally, the assumption of first order kinetics in the decomposing compo
nent is accurate enough to predict the experimentally observed product distri
butions. 

p8 and Pc are the BIOMASS and CHAR densities 

Pr and Pa are the mass concentrations of volatile species 

Mr Mr 
Pr=v.= sV' 

g 

and s is the porosity of the medium 

(2.7) 

(2.8) 

(2.9) 

In the equations above, M is the mass of a component of the particle, V the vol
ume. Subsripts B, C, T, G again refer to biomass, char, tar and gas. Subscript 
g refers to the total gas. 
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Kinetic data, used by Di Blasi [3], are given in table 1. These data arealso 
used in the numerical simulations, section 2.3. In the table, b.h is the enthalpy. 

At = 5.16 · 10., s 1 

A 2 = 1.48 · ww s -1 

A3= 2.66 · ww s -1 

A4 =4.28·10os· 1 

As= 1· 10° s 1 

Et= 88.6 · 10° Jlkmol 
Ez = 112.7 · 10° J lkmol 
E 3 = 106.5 · 10° J I kmol 
E4 = 108 · 10° J lkmol 
Es= 108 · 10° J lkmol 
b.ht = b.hz = b.h3 = -418 · lO;j J I kg 
b.h4 = b.hs = 42 · 10;j Jlkg 

Table 1: Kznetzc data by Dz Blasz [3]. 

2.2.3 Mathematica! model by Di Blasi [3] 

In the physical model, described by Di Blasi, the reacting wood (or BIOMASS) 
is modeled as asolid matrix, where the pores are initially filled with inert gas. 
During the pyrolysis process gaseous species (TAR and GAS) and asolid residual 
( CHAR) are formed, as seen in the previous section. 

The energy balance can be written with the assumptions of negligible ki
netic and potential energy and by the replacement of the internal energy with 
enthalpy. the substitution of internal energy with enthalpy is entirely appropri
ate for solid-phase energy balance. 

The energy balance equation becomes 

ar 
(pBcB +Pace+ E: (pace+ Prcr)) 7ft (2.10) 

( 
8cB 8cc 8pc 8pT ) 8E: + (T- To) PBm + Pcm + E:ccfit + E:crm +(pace+ Prcr) at 

( 
8pru 8pcu ) + (T- To) er---;;;-+ cc----;;;-+ u (prcr +Pace) 'VT 

\7 (k*'VT) + L rkb.hk + L rkb.hk 
k=t,3 k=4,S 

In this equation, ck ( k = B, G, T, C) is the heat capacity per species, To is 
the initial temperature of the particle, u is the gas velocity and k the effective 
thermal conductivity. 

In the energy balance 2.10, the first two terms account for the accumulation 
of the enthalpy of condensed phase and gas phase species, the third and fourth 
terms for the convective transport of the gas phase species, the fifth for the 
conductive transport of heat and the last two for the heat release associated 
with chemical reactions. 

Momenturn transfer is described according to the Darcy law 
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K 
u= --'\lp 

J.L 
(2.11) 

In the equation for momenturn transfer, K is the permeability, J.L the viscosity 
and p the pressure. Medium properties, like porosity, permeability, thermal 
conductivity and heat capacity change during the process. This will bedescribed 
in the next section, descrihing the numerical simulations. 

2.3 Numerical simulation of pyrolysis [19] 

At the Netherlands Energy Research Foundation (ECN) research is carried 
out on thermal conversion processes of biomass, including pyrolysis. A one
dimensional model is developed to describe pyrolysis of a spherical biomass 
particle. The model is based upon Di Biasi's kinetic model. The effect of e.g. 
reactor temperature and partiele size on the burnout times and composition 
of the pyrolysis products can be evaluated and visualised with the program, 
written in Matlab. 

In the model a first order Arrhenius type of behaviour is assumed for the 
reactions, see figure 2.1. Anticipating the change of volume of the particle, in the 
ECN simulation, a difference is being made between concentration and density. 
The concentration is the mass of a component, divided by its initial volume is 
meant. Density refers to the mass of a component with regard to the changing 
volume. The consequence of this is that the concentration is proportional to the 
mass. In the ECN model the mass balances are therefore written in a slightly 
different way compared to Di Blasi (2.2 to 2.5): 

(2.12) 

(2.13) 

(2.14) 

(2.15) 

In the equations above, Mk (k = B, G, T, C) is the mass of each ofthe species 
in the particle. 

In order to simulate pyrolysis of a spherical particle, the heat-up of the 
partiele has to be taken into account in the model. Heat transport in general 
takes place whenever there is a temperature gradient between two objects. The 
main mechanisms for heat transfer are radiation, convection and conduction. 
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The heat flux due to radiation is calculated with Stefan-Boltzmann's law 
for an ideal radiator. The heat supply due to radiation (Qr) toa partiele is 
expressed as 

Qr=wA(T~-Tj), (2.16) 

where a is Stefan-Boltzmann's constant, A is the surface of the partiele, T0 

the temperature of the radiator and Td the partiele temperature. In the grid 
reactor the radiator is the grid underneath the biomass sample. In the ECN 
model, also the reactorwan radiates. So this is a distinction between the actual 
situation and the simulation. 

A nother souree of heat supply to the partiele is convection, the heat transfer 
between a solid surface and a moving fluid or gas. During pyrolysis a carriergas 
(N2 ) is present inthereactor and will transfer heat to the partiele by means of 
convection. How much heat will be transfered depends on the convective heat 
transfer coefficient, hconv. When neglecting the effect of the freecoming gases 
during pyrolysis, the expression for the convective heat transfer is 

(2.17) 

In this expression, T1 is the temperature of the carriergas. In the ECN model 
T1 is set equal to To, the temperature of the radiator. As mentioned before, for 
the grid reactor, the radiator is the grid. The walls are not radiating. Therefore 
the convective contri bution to the heat in case of the grid reactor is negligibly 
small. 

The partiele is heated at its surface by radiation (and convection). Further 
heat transport inside the partiele is due to conduction. The received heat at 
the surface will move towards the core of the partiele, dependent on the heat 
conduction coefficient (>.). Conduction can only take place, when there is a 
temperature difference inside the partiele. The heat transfer by conduction 
( Q cond) is not only dependent on the temper at ure difference (T1 - T2) between 
two points, but also on the distance between these two points (x1 - x2 ) 

(2.18) 

As the partiele heats up, a temperature profile will form inside the partiele. 
In the ECN simulation, the partiele is divided into layers, each layer having 
the samevolume initially. By doing this, the partiele can be divided into three 
parts, the outher layer, the inner layer and the layers in between. Each layer 
has a in- and outcoming heat flux, Qin and Qout· Every layer is assumed to 
heat up homogeneously. The temperature gradient in the core of the partiele 
(inner layer) is zero, because of symmetry. 

As mentioned before, the outher layer will heat up due to radiation ( and 
convection), coming from the grid. As this layer heats up, the incoming heat 
flux will decrease, because the temperature difference between this layer and the 
grid decreases. The rise in temperature of a layer in a certain period of time, 
will therefore be [19] 
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fJT (Qin- Qout) + f:lQprod 
-= ' EJt MtotCeff 

(2.19) 

where Mtot is the total mass of allcomponentsin the layer, Ceff the effective 
heat capacity of the layer and tlQprod the heat that either is being added or 
substracted by the reactions 2.25 and 2.26, described later on in this section. 

During the pyrolysis reaction, properties of the solid (biomass and char) 
will change. In the ECN model it is assumed that, at a certain point in time, 
properties of a layer are linear dependant on the conversion ratio (ry) 

(2.20) 

The porosity of the medium was already defined in equation 2.9. 
By means of radiation in the pores, heat transfer will occur. This can be 

modelled as an addition term to the effective conduction, Àeff (19] 

Àeff = 'TJÀB + (1- TJ) Àc + 13.5aT3d. (2.21) 

The additional term of the radiation in the pores is achieved by assuming 
spherical pores with a diameter d. The poreis divided in two halfs, one of which 
has a slightly higher temperature than the other, to cause a heat flux [19]. ÀB is 
the intial value for the heat transfer coefficient of biomass, Àc is the final value 
of the heat transfer coefficient of the char residu. 

The effective porosity ( E:ef 1) is defined as 

(2.22) 

The heat capacity is defined as the weight average of the weight fractions of 
all present components 

(2.23) 

The change in the permeability during pyrolysis is analogous to the change 
in porosity and therefore defined as 

K = 'T]KB + (1- ry) Kc. (2.24) 

During pyrolysis of the biomass, two heat effects take place. One is the 
change of heat capacity, the other the latent reaction enthalpy, which both 
infiuence the heat balance of the part iele. The biomass will react to form char, 
gas and tar. All these components have other heat capacities, compared to the 
biomass. The char that is formed has a lower heat capacity than the biomass 
and will therefore not be able to hold the heat that was necessary to heat up the 
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partiele. This heat will be released and influence the energy balance. Using the 
mass balances, which were given at the beginning of this section, it is possible 
to calculate the ammount of char, gas and tar, that is being created. The heat 
that is releasedor substracted by the change of heatcapacity (Qhc) in a certain 
period of time is than given by [19] 

Qhc MB(T-To)(Kt(cB-cc)+K2(cB-cr) (2.25) 

+K3 (eB- cc))+ Mr (T- To) (K4 (er- cc)+ Ks (er- cc)). 

Also the latent reaction enthalpy can have an influence on the energy bal
ance in a layer. The primary reactions are endotherm, the secondary reactions 
slightly exotherm (table 1). Again by using the mass balances, the released or 
substracted heat can be determined. The heat, released or substracted by the 
reaction enthalpy in a certain period of time (Qe) then equals 

(2.26) 

Now that all effects are described, which contribute to the term !::.Qprod, this 
term can be defined as 

(2.27) 

Initially, all layers are taken to have the same volume, but during the py
rolysis, the volume of the partiele will change. Gasses and tars will leave the 
partiele, so its mass will decrease. The final product will be char mainly. This 
char has another weight and another density than the original biomass. The 
volume of a layer can be determined using the following equation 

(2.28) 

Before they leave the partiele however, the gasses and tars will fill the pores 
of the partiele. More gas is produced than space is available in the pores and 
therefore the pressure in the pores will increase 

(Mc+Mr)RT 
p = W

9
é:V ' (2.29) 

where R is the universa! gas constant and W9 the average molecular weight. 
The velocity at which the gasses leave the partiele is given by Darcy's law 

( equation 2.11) 

K 
u= --'\lp. 

J1 
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For a full description of the ECN model refer to the report of Stoffelsen [19]. 
In this report the most important outcomes of the simulation will be presented 
in short. 

Pyrolysis conversion of a 200 JLm biomass partiele at 1200 K has been sim
ulated with the matlab program. In table 1 the property values, used in this 
simulation, are presented. The kinetic data were already presented in table 2. 

r (radius) 200JLm 
n (layers) 25 

PB 650 kgm -.1 

Pc 400 kgm -.1 

R 8.314·10.1 Jkmol 1 K ·1 

d 0.64JLm 
CB 2.3-10.1 Jkg "1 K ·l 
cc 1.1-10.1 Jkg ' 1 K ·l 

er 2.5·10.1 Jkg ·1 K ·l 
ca 1.1·10.1 Jkg ·lK ' 1 

Wq 30 
é:B 0.64 

t:c 0.94 

ÀB 10.46-10-:.:: Wm ' 1 K ·l 

>-..c 10.46-10-:.:: Wm ' 1 K ·l 
>-..a 25.77·10 -:.:: Wm ' 1K ·l 

hconv 20 Wm -:.!K ·l 

f.L 3-10 -n kgm ·1 s ' 1 

Ks 4.9·10 ·in m:.:: 

Kc 4.9·10 -14 m:.:: 

Table 2: Property values, used zn the simulations, taken from [3], {16] and 
{19]. 

In the graphs shown below the main results of these calculations are given. 
In this simulation the spherical partiele was divided into 25 layers, each having 
the same initial volume. 

As can be seen in figure 2.2 the biomass partiele is pyrolysed after about 
0.35 s. The remaining biomass in the figure is a fault in the ECN simulation. 
The innermost layer of the partiele is not converted in this simulation. The 
other layers of the biomass partiele is completely converted into tar, gas and 
char. 

In figure 2.3 the total ammount of char in the partiele is given in time. It 
can be seen that the char is created over the same period the biomass is being 
converted. From figures 2.2 and 2.3 it can beseen that some 80% (weight) of 
the biomass is converted to char. From the simulations it seems therefore that 
not much volatiles are produced. In practice, the percentage of char is more like 
50% and more volatiles are produced. 

Figure 2.4, representing the total mass of the tar component, present in the 
partiele during the conversion process elearly shows that tar is being created in 
the original conversion process, but it's disappearance also shows that the tar 
reacts further during the process, according to the kinetics scheme of Di Blasi, 
figure 2.1. By the end of the pyrolysis process (0.35 s), all tar has dissappeared 
and thus formed gas and char. 
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Figure 2.2: Total mass of biomass component in the partiele during pyrolysis, 
200 micron particle. 
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Figure 2.3: Total mass of the char component in the partiele during pyrolysis, 
200 micron particle. 
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Figure 2.4: Total mass of the tar component in the partiele during pyrolysis, 
200 micron particle. 
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Figure 2.5: Total mass of the gas component in the partiele during pyrolysis, 
200 micron partiele. 
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Figure 2.6: The pressure in the layers ofthe partiele during pyrolysis, 200 micron 
particle. 

In the figure of the total mass of the gas in the particle, figure 2.5, a strange 
effect can be seen. Other simulations have been performed with a partiele which 
was divided into 10 layers (instead of the 25 here), in which simulations the effect 
could not be seen. So the distortion in the figure is probably caused by too thin 
layers in the simulation in relation to the chosen time step. The gas formed will 
react too fast according to Darcy's law and the pressure has no time to react 
in time. Apparently there is some form of choking of gas inside the partiele, 
during the production of the gas. 

Finally in figure 2.6, the pressure builcl-up inside the 25 layers can be seen. 
Gas and tar that is produced during the pyrolysis will fill the pores inside the 
partiele in first instance. More gas is produced than there is space in the pores, 
so the pressure in the pores will increase according to equation 2.29 

(Ma+Mr)RT 
p= 

W9 sV 

Because of the pressure difference that arrises, the gas will flow out of the 
particle. The velocity at which the gas leaves the partiele is given by Darcy's 
law, 2.11. 

2.4 Biomass gasification after pyrolysis 

The conversion of biomass can be split up in three steps. The first step in 
this process is the pyrolysis in which the biomass partiele is decomposed into 
gaseous products, volatiles and char. In the experiments, presented in this 
report, typical timescales for pyrolysis are in the range of five to twenty seconds. 
The heterogeneous conversion of the char into gas, the gasification, is the second 
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step in the whole conversion process. The gasification is a much slower process 
compared to the pyrolysis. Typical timescales for gasification of biomass char 
are 60 secouds or more. In this research the biomass char is gasified with 
carbon dioxide. The third possible step to occur in biomass conversion is that 
of homogeneaus reactions in the gas phase. During this step the volatiles from 
the pyrolysis or any possible product from the heterogeneaus reactions eau react. 
These homogeneaus reactions are fast compared to heterogeneaus reactions and 
are most likely to occur right after the pyrolysis or during the heterogeneaus 
part of the conversion. 

The reaction rate of the gasification process eau be expressed with an Ar
rhenius type reaction (equation 2.6) 

(2.30) 

2.4.1 Heterogeneons reactions 

The endothermic gasification reaction of char with carbon dioxide is given by 

G + C02 ---+ 2 CO (-172 kJjmole) (2.31) 

Char eau also be converted into carbon monoxide with steam, which is also 
a endothermic reaction 

( -131 kJjmole) (2.32) 

One of the products of the steam gasification is hydrogen, so the char eau 
also be reduced to CH4 

(+75 kJjmole) (2.33) 

2.4.2 Homogeneons reactions 

Products of the heterogeneaus reactions, but also the volatiles that are produced 
during pyrolysis eau react further in the gas phase. The most important reaction 
in the gas phase is the combustion of carbon monoxide to carbon dioxide 

(+284 kJjmole) (2.34) 

The homogeneaus reactions are not of main interest during gasification, but 
they may influence the heterogeneaus reactions. The energy balance of a char 
partiele eau be influenced by the homogeneaus reactions. 

The resulting gas after complete conversion depends on the properties of the 
biomass and on process conditions during pyrolysis and gasification. To be able 
to reproduce the results of experiments the conditions have to be the same in 
all single experiments, so the experiment has to be standarised. 

Since the G: H : 0 ratios for different types of biomass are very similar, the 
main biomass parameter influencing the composition of the produced gasses is 
its moisture content. 
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Chapter 3 

Experimental setup 

3.1 Introduetion 

In this chapter the grid reactor setup and the diagnostics used, are being de
scribed. Insection 3.2, design and arrangment of the grid reactor are set out in 
brief, as wellas the experimental procedure. Beetion 3.3 describes the tempera
ture measurements and the IR diode laser absorption technique. These sections 
were both taken from Moors [15], who performed El Cerejon char gasification 
experiments, using the same grid reactor and diagnostics. In some places, ad
justments were made for the application of the setup in biomass pyrolysis and 
gasification experiments. Finally, in section 3.4, the wavelength spectrum scans 
which are obtained with a digital oscilloscope from two detectors are explained. 

3.2 The grid reactor setup [15] 

3.2.1 The design and arrangment of the grid reactor 

The grid reactor is a closed cylindrical reactor chamber with an inner diameter 
of 15 mm and a length of 224 mm. A scheme of the grid reactor is given in figure 
3.1. In the middle of the reactor a grid is placed, mounted on two supports. 
The supports act as electrical feed-through with an external power supply. In 
the experiments a single grid made of platinum (90%) and rhodium (10%) was 
used. The dimensions of the grid are 9 mm x 4 mm with a wire diameter of 
0.076 mm. The meshof the grid is 1024 cm- 2 . 

The grid and the particles on the grid are heated electrically through the 
feed-throughs. The melting temperature of platinum is 2045 K at atmospheric 
pressure and the temperature of the grid and particles is thus restricted to this 
temperature. Even at the highest temperatures a large variety of gases can be 
used without corroding the grid. The gas pressure in the reactor is measured 
with a piezo-resistive transducer. The gas is supplied tothereactor through two 
inlets positioned in the armsof the reactor, symmetrical to the grid (see figure 
3.1). Sintered po rous material is mounted in the tubing at the end of the inlets 
to provide a continuous gas flow. Also the sintered material acts as a resistance 
for the gas flow, so that the gas flows gently into the reactor. This construction 
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Figure 3.1: Schematic presentation of the grid reactor. The upper plot is a side 
view. The lower plot gives a top view. 

was chosen to minimise the possibility that the particles are blown from the grid 
when the gas is inserted. The reactor is designed tostand a maximum internal 
pressure of 3 MPa. 

In the center section of the reactor there are three windows, making it pos
sibie to observe the grid and sample on it during the experiments. Through 
these windows also the temperature of the grid is measured, using a calibrated 
photodiode or manual color pyrometry. The three windows in the middle of 
the reactor are made of glass (BK7) or quartz. At both sides of the reactor 
(see figure 3.1) CaF2 windowsare mounted. Infrared radiation from the tune
able diode laser, described in subsection 3.2.2, can enter and leave the reactor 
through these windows. 

The beam of the CO-laser has a diameter that is larger than the diameter 
of the windows of the reactor, so the complete reactor volume is scanned for 
absorbing gasses (see also figure 3.2). The NH3-laser only scans a part of the 
reactor volume, because the diameter of the beam (approximately 10 mm) is 
smaller than the diameter of the windows, which is 19 mm. 

3.2.2 Experimental procedure 

The complete setup of the reactor with the diagnostical tools is shown in fig
ure 3.2. In this setup a photodiode is used to measure the grid and partiele 
temperature. This technique is calibrated with a manual color pyrometer. Di
rect measurement of the temperature of the grid and particles with this color 
pyrometer is only possible for steady state temperatures, since this technique 
is time consuming (about 10 s). A digital oscilloscope is used to monitor and 
save the IR detector signal the signalof the temperature measurement, in this 
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case the photo-diode signal. This oscilloscope is controlled by an external doek. 
The external doek is set in such a way that the tuneable IR diode scans are 
measured in high resolution and also a complete experiment can be monitored 
before the memory of the oscilloscope is completely filled. This is clone by filling 
the memory of the oscilloscope by periodical short blocks of data. 

IR diode laser 

laserbeam 

reference cel 

photo 
./diode 

- detectors 

Figure 3.2: The setup of the grid reactor together with the diagnostical tools. 

Before starting the experimental procedure some actions can take place. 
These actions are only carried out once every few series of measurements: 

• The grid, the reactor wall near the grid and the three windows in the 
middle of the reactor are deaned with alcohol. 

• The IR diode signal is maximised by adjusting the collimating mirror, 
which is placed right in front of the diode laser, in three dimensions. 

The experimental procedure for, e.g., the pyrolysis or gasification of wood, 
miscanthus or char is as follows: 

• The reactor is evacuated while the grid is at high temperature in order to 
remove the alcohol from the reactor. 

• After the grid has been cooled down the sample is put on the grid. 

• The reactor is dosed and evacuated to a pressure smaller than 1 Pa. 

• The external clock and digital oscilloscope are set. The IR diodesignalis 
set to the required (spectrum, wavelength) scan and maximised. 

• The reactant gas is (slowly) fed into the reactor. 

21 



• The external power souree is switched on, resulting in triggering the os
cilloscope and heat-up of the grid and the sample. 

• The CO or NH3 concentration is measured until the memory of the os
cilloscope is filled. With the manual color pyrometer the steady-state 
temperature of the grid and the sample is measured. 

• When the temperature of the grid has to be known in a time resolved 
manner a calibration of the photodiode is clone. This is clone by relating 
the voltage of the detector to the temperature measured with the manual 
co lor pyrometer. 

From the diode laser scans the concentration of the absorbing gas now can 
be calculated. The method that is used to determine the concentration of CO 
or NH3 is discussed in section 3.3.2, where the tuneable diode laser technique 
is discussed. In conclusion, with the setup of the grid reactor and the tuneable 
diode laser technique, the temperature of the grid and the sample, the pressure 
and composition of the reactor gas and a produced gas can be measured in situ 
and real time. The concentration of the produced gas is directly related to the 
reaction rate as we will see insection 3.3.2. 

3.3 Diagnostics [15] 

3.3.1 Temperature measurements 

A photodiode is used to measure the absolute intensity of the grid and the 
sample on it. The method is calibrated with a manual color pyrometer. In order 
to measure the temperature of an object (working range: 1200-2500 K) this 
manual color pyrometer is directed towards the object. The emitted radiation 
of the object is compared to the radiation of a calibrated wire in the pyrometer. 
The current through the wireisthen a measure for the temperature of the object 
(with the emissivity of this object known). In this way the temperature can be 
determined with an accuracy of ± 30 K. 

3.3.2 IR diode laser absorption technique 

The arrangement of the IR diode laser absorption technique is schematically 
presented in figure 3.2. The system was developed and custom made by 'Laser 
Photonics'. The diode laser consistsof a leadsalt chip in a gold-plated copper 
package. It is cooled with liquid nitrogen. A computer controls the current 
through the diode, a modulating current which is added to the diode current 
and the temperature of the diode. The constant current and the temperature 
of the diode set the central wavelength of the emitted radiation. The modulat
ing current makes the emitted radiation (periodically) modulating and thus a 
spectrum scan is obtained. The width of the spectrum scans is between 1 and 
2 cm -l. Good thermal and electronic stability makes sure that the spectrum 
scan emitted by the diode laser is stabie and reproducible. Two diode lasers, 
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optimised for the detection of CO or NH3, are used. The set frequency of mod
ulation is 568 Hz and thus with the same frequency an absorption spectrum is 
obtained. 

The optical path from the diode laser to the detector is as follows (see figure 
3.2): 

• The IR radiation is reflected from the collimating mirror. The position of 
the mirror can be adjusted in three dimensions with three screw microm
eters. 

• After passage through a chopper ( optional), the beam falls on the reference 
cell. On the wall of the reference cell a grating is mounted. This grating 
functions as a beamsplitter. The part of the beam that passes the grating 
travels through the reference celland is projected on the reference detector. 
The reference cell is filled with a known amount of CO or NH3 and with the 
reference beam it is thus possible to set the diode ( current, temperature 
and modulating current) such that a suitable absorption spectrum scan is 
obtained. 

• The beam that is reflected by the grating is expanded to a parallel beam 
with a diameter of 19 mm in the case of the CO-laser and a beam of 
approximately 10 mm in diameter for the NH3-laser. 

• The beam then passes the grid reactor. In case ofthe CO-laser, the width 
of the beam is larger than the inner diameter of the grid reactor and the 
complete volume of the reactor is thus scanned for absorbing gas. Also for 
the NH3-laser, a large part of the volume is scanned. 

• When using the CO-laser, the beam passes a computer controlled, (blazed) 
grating monochromator. This monochromator is applied to make sure the 
IR radiation beam is single mode and surpresses detection of emission 
radiation of the absorbing gas and continuurn radiation of particles and 
grid. However, when using the NH3-laser, this monochromator is not used 
(because the wavelength is outside the range of the monochromator) and 
the beam is simply reflected towards the detector by a set of mirrors. 

• Finally the beam is projected on the detector. This detector is a liquid 
nitrogen cooled semiconductor device, HgCdTe - p on n - detector. 

A He-Ne laser is used to do the first alignment of the system. By placing a 
cube beam splitter in the optica! path of the IR radiation beam, the visible light 
of the He-Ne laser follows the same path astheIR radiation, from the diode to 
both detectors. The wavelength scale of the monochromator is calibrated with 
the He-Ne laser, so that the monochromator is not only a mode selection device 
but also a quantitative measurement of the wavelength of the IR radiation. 

The width of the speetral scan can be measured by placing a solid Ge etalon 
in the beam. The interference fringes leaving the etalon have a known spacing 
(in termsof wavelength) and by counting the number of fringes the width of the 
spectrum scan is found. Depending on the diode laser used and on the settings 
of the current, temperature and modulating current, the width of the spectrum 
scan is between 1 and 2 cm -l. 
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3.4 Labview spectrum scans 

In figures 3.3 and 3.4 an illustration of the measured spectrum scan without and 
with absorption is given. These figures are a representation of the spectrum scan, 
obtained with the digital oscilloscope and displayed with a Labview program, 
written by Vadim Banin. In the figures the zero emission level is plotted, as the 
up most line in the scan. The second line in the figures is a reference line, which 
can be slided up and down in the figure. The intensity of the signal increases 
in the negative vertical direction. The signal repeats itself, because of the fact 
that the oscilloscope is filled with short blocks of data. One period in the scan 
(ramp shape) corresponds to the modulation of the current. 

Figure 3.3: Heferenee spectrum scan without absorption, obtained from the sec
ond detector ('behind' the grid reactor) before the grid is turned on. Zero level is 
represented by the up most solid line in the figure. The intensity on the detector 
increases in downwards direction. 

Figure 3.4: Heferenee spectrum scan with absorption, obtained from the second 
detector, after the grid is turned on. lncrease of the peak indicates an increase 
in the absorption of CO, here at a pressure of 1 bar. 

The absorption peak increases in time until complete absorption has oc
cured. This occurs before the zero emission level is reached, so there will be 
no peak broadening. Using the Labview program, it's possible to calculate the 
percentage of absorption. In the results presented in this thesis, see chapters 
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4 and 5, the central wavelength of the absorption line is taken to evaluate the 
absorption percentage. 

Figure 3.5: The spectro with and without absorption placed 'on top' of each other 
for comparison in order to be able to determine the absorption peak. 

Figure 3.6: Difference between the two spectro, with and without absorption, to 
determine the hight of the absorption peak. 

In order to match the spectrum scans with the Labview program it is possible 
to move the scans horizontal (time or wavelength), vertical ( the detector voltage) 
and to multiply the spectra (change of amplitude). The spectrum scan with the 
absorption line(s) is matched to that (early) part of the spectrum scan when 
there is no absorbtion peak present, represented in figure 3.5. The difference 
of these two scans can be calculated and also be represented by the Labview 
program, figure 3.6. In figures 3.5 and 3.6 three peaks are visible, roughly at 
positions 40350, 40700 and 40950 on the x-axis (the left most peak in figure 3.5 
can be ignored, this peak is not compared to an appopriate part of the spectrum 
here). The noise on the signal in between the peaks in figure 3.5 is caused by 
the transition to the next period in the signal. The x-axis represents time, so 
by analysing the growth of the absorption peak over the whole spectrum length 
(x-axis , from 0 to 60000 points), the absorption is found in time (see figure 4.4). 

Once the absorption is known with time, the relative concentration of the 
absorbing gas can be calculated using Lambert-Beer's law 
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C(t) _ ln(l- Ia(t)) 
- ln(l- Ia(oo))' 

(3.1) 

where Ia is the absorption (fraction), t is time and C is the normalised 
concentration of the absorbing gas. The concentration of the absorbing gas is 
made dimensionless with the concentration after infinite time (practically, taken 
when the concentration is constant). The amount of wood, or char on the grid is 
not known. In order to calculate burnout with time it is assumed that when the 
concentration of the produced absorbing gas has become constant, the wood, 
miscanthus or char has been completely converted and burnout equals 1. The 
dimensionless concentration is the same as burnout, when a single step reaction 
process is considered. 
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Chapter 4 

Pyrolysis results 

4.1 Introduetion 

Results of the experiments are spread out over two chapters. First in this chapter 
the results from pyrolysis experiments are presented. Two types of experiments 
can be distinguished. In section 4.3 the pyrolysis of wood is presented. In these 
experiments the wood was pyrolysed with N2 to form char and volatiles (gas and 
tar). CO absorption was measured using the IR diode laser. Further gasification 
of the char with C02 is described in the next chapter. In the last section of 
this chapter some pyrolysis experiments on miscanthus are presented which 
were carried out to get more information on NH3 production during pyrolysis. 
Another laser was used for these experiments to determine the NH3 absorption. 
The chapter starts off with a section, descrihing the wavelength spectrum of CO 
and NH3, more precise how the central wavelength for absorption is determined 
in both cases. 

4.2 Central absorption wavelength 

In order to perform pyrolysis and gasification experiments, the monochromator 
has to he calihrated, to determine the central ahsorption wavelength. This can 
he done using the HeNe laser, which is placed parallel totheIR diode laser. By 
placing a cuhe heamsplitter in the pathof the HeNe laser, the HeNe laser can 
provide a visihle beam in the optical axis of the IR diode laser. The beamsplitter 
can simply he moved in and out the optical axis hy hand. If now the HeNe laser 
is switched on, the heam enters the heamsplitter and leave on two sides. One 
heam, reftected by the heamsplitter, points at the diode laser to makesure the 
alignment of the HeNe laser and the cube heamsplitter is correct. The other 
heam, reftected by the heamsplitter, follows the optical path, passes the grid 
reactor and finally reaches the detector. 

With the HeNe laser switched on, the monochromator can he calihrated. 
The used monochromator, type Laser Photonics 15110, is a compact 40 cm 
focal length computer controlled grating monochromator with a remote con
trol microprocessor interface. To perform the grating calihration, the grating 
must he moved until the zeroth order of the HeNe laser is visihle through the 
monochromator. After defining the home position, the monochromator must he 
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moved to the first order, seeond order and so on until the maximum of orders is 
reached (in practice some 6 or 7). The position of the monochromator at each 
order is stored in the microprocessor interface and the monochromator can now 
be set to any wavelength within it's reach (1600- 3800 cm- 1 ). 

When the monochromator is calibrated, the beamsplitter is removed from the 
optical pathand the HeNe laser can beshut down. Now the monochromator can 
be set to a fixed central wavelength. In case of the CO absorption measurements, 
the monochromator is set to 2082,2 cm- 1 . In the speetral scan, figure 4.1, the 
transmittance of CO is given in the range between 2070 and 2090 cm- 1 . This 
scan is obtained with the computer program MOLSPEC and is valid for CO 
gas, at a temperature of 300 Kandat a pressure of 1 bar in the grid reactor. In 
this figure, the speetral line that is used for the CO absorption measurement is 
at 2082.3 cm - 1

, so the calibration of the monochromator proved to be accurate 
to 0.1 cm- 1 . 
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Figure 4.1: Transmission spectrum for CO at a pressure of 1 bar, fora trans
mission length of 22.4 cm, equal to the length of the grid reactor. 

When first starting experimenting, the current, modulation current and tem
perature (see also seetion 3.3.2) of the tunable diode laser controller (Laser 
Photonics 15830) are set according to the following speeifications: 

• I= 96.4 mA, 

• Imod = 52.9 mA, 

• T = 98.43 K. 

When doing experiments with the NH3 laser, the monochromator can not be 
used, because it only performs in the range of 1600 - 3800 cm - 1 . Experiments 
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with this laser were done at a wavelengthof 1177.4 cm- 1 and this means the 
beam has to be reflected on to the detector by a set of mirrors as was previ
ously mentioned insection 3.3.2. Since the monochromator could not be used, 
the central wavelength for NH3 absorption measurements had to be found by 
scanning a part of the NH3 spectrum. This was done by adjusting the current, 
modulating current and temperature of the laser controller and camparing the 
spectrum that was obtained in this way with literature, i.e. the spectra ob
tained from the MOLSPEC program. The specifications that were used during 
the NH3 laser experiments, are given below: 

• I = 365.0 mA, 

• Imod = 50.0 mA, 

• T= 74.21 K. 

The central wavelength used to measure the NH3 absorption, was the line 
at 1177.4 cm - 1 . In figure 4.2, the transmittance of NH3 in the reference 
cellis represented. The gas is here at a temperature of 300 K, at a pressure 
of 50 mbar. 
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Figure 4.2: Transmission spectrum for NH 3 at a pressure of 50 mbar, for a 
transmission length of 6 cm, equal to the length of the reference celL 

4.3 Pyrolysis of wood 

In this section the results of the pyrolysis experiments will be presented. In 
practice pyrolysis was followed by gasification, i.e. first the wood was pyrolysed 
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with N2 to produce volatiles (CO and tar) and char. After completion of the 
pyrolysis, the remaining char was gasified with co2 to produce co (figure 4.3). 

pyrolysis gasification 
wood char +gas gas 

Figure 4.3: Reaction scheme for pyrolysis and gasification. 

Pyrolysis and gasification were always carried out at the same temperature 
and pressure. Gasification results however will he presented in the next chapter. 

Pyrolysis experiments were performed in the range of 700 to 1800 K, for 
two different pressures ( 1 and 2 bar) in the grid reactor. In each experiment, 
complete pyrolysis was carried out, this means until there was no further increase 
in CO production. So the absorption of the CO gas was at a constant level. 
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Figure 4.4: Uncorrected burnout curve for pyrolysis of wood, T = gso K, p = 1 
bar. 

The recorded temperature and humout curves were analysed in Labview 
to determine the growth of the absorption peak, as described in section 3.4, 
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and for each experiment a normalised concentration of the CO absorption was 
calculated, using formula 3.1. Using this method, the normalised concentration 
of the CO absorption equals 1 when pyrolysis is completed. 

An example of an 'uncorrected' (or not-normalised) burnout curve is given 
in figure 4.4. In this example the temperature of the wood particles was 980 
± 30 K, the pressure in the grid reactor was 1 bar N2. As can beseen in the 
figure, the pyrolysis starts after about 4 seconds. This is the point when the 
grid is turned on and heated. The experiment lasted 60 seconds. After some 
25 to 30 seconds the CO concentration got to a constant level, absorption is 
constant from this point. 
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Figure 4.5: Normalised burnout curve for pyrolysis of wood, T = 980 K, p = 1 
bar. 

In figure 4.5 the normalised burnout curve for the pyrolysis experiment, 
described above (T = 980 K, p = 1 bar N2), is presented. The absorped CO 
fraction was normalized to equal1 at complete burnout. Note that also the time 
base has been corrected, in order to let pyrolysis start on t = 0. The curvefit 
that is applied in figure 4.5 is deducted from formula 3.1 

C(t) _ ln(1- Ia(t)) 
- ln(1- Ia(oo))' 

In this formula I a ( t) is the absorption fraction at a certain time. When the 
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pyrolysis is completed, the constant absorption fraction is Ia(oo). At a constant 
temperature and pressure, the absorped fraction CO is assumed to behave like 

{4.1) 

in which ao is a constant. When substituting formula 4.1 into formula 3.1, the 
expression is obtained which is used for the curvefit of the normalised burnout 
curves 

_ ln [ 1 - I a { oo) + I a { oo) . exp (- ;
0 

) ] 

C (t)- ln [1- Ia {oo)] (4.2) 

From the nomalised burnout curves, pyrolysis time can be determined. The 
pyrolysis time is defined as the time necessary to reach 90% of the normaliBed 
absorption fraction. In figure 4.5 pyrolysis time is {18 ± 1) s. 
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Figure 4.6: Pyrolysis times of wood at a pressure of 1 bar. 

Pyrolysis experiments were carried out in the range of 800 to 1800 K at 
two different pressures, 1 and 2 bar. All pyrolysis experiments for 1 bar are 
summarized and plotted in figure 4.6. At several temperatures, experiments 
were performed several times in order to try to reproduce results (pyrolysis 
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time), but as can be seen, all pyrolysis times lie between 5 and 20 seconds, 
independant of temperature. The uncertainty in the temperature measurements 
is 30 K. Pyrolysis time (90% burnout) can be determined within an accuracy of 
5%. 
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Figure 4. 7: Pyrolysis times of wood at a pressure of 2 bar. 

A similar series of pyrolysis experiments were carried out at a pressure of 2 
bar N2 in the grid reactor. These results are presented in figure 4.7. Again it 
can be seen that pyrolysis times are independant of temperature and, in this 
case, lie between 5 and 30 seconds. 

4.4 Pyrolysis of miscanthus 

Several experiments were done to see if it was possible to detect NH3 concen
trations. These experiments were carried out with miscanthus instead of wood. 
The reason for using miscanthus is because at the Delft University of Technology 
similar reasearch was done (on a larger scale) in the section of Thermal Power 
Engineering, where it was found that NH3 is one of the main products of the 
conversion process of miscanthus. In this context, pyrolysis experiments were 
performed with miscanthus. The miscanthus (pellets) was obtained from the 
section of Thermal Power Engineering in Delft. 

Another Laser Photonics IR diode laser was used to measure NH3 absorp
tion, see section 4.2 for the laser settings. The central wavelength chosen for 
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measuring the concentration was 1177.4 cm- 1 . 
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Figure 4.8: NH 3 dissappearance times wken keating tke grid. Carried out witk 
tkree kind of samples, miscantkus under normal {laboratorium) conditions, 24 
kours oven-dried miscantkus and no sample at all on tke grid. 

Test pyrolysis experiments were performed to measure NH3 absorption from 
miscanthus, as was done for CO in the previous CO absorption measurements. 
Pyrolysis experiments were performed with different pressures of N2 in the grid 
reactor, ranging from 0 to 1 bar. No NH3 concentrations were found from the 
miscanthus. So instead, it was investigated if a change could be seen in the 
absorption, when the reactor was filled with a certain amount of NH3 before 
experiment ing. 

After placing a sample of miscanthus on the grid, the grid reactor was filled 
to a known pressure of 0.2 bar NH3. The absorption peak, registered by the 
detector, could be displayed on the digital oscilloscope. All samples (both 'nor
mal' and dried miscanthus) had a mass of (12 ± 2) mg. After filling the grid 
reactor with NH3, a clear line was made visible on the oscilloscope and the re
actor was evacuated largely until the absorption peak was at about 80% of the 
zero emission level. Then the grid was heated to four different temperatures 
in the range of 1000 to 1600 K and the NH3 concentration could be seen to 
dissappear in time. Because at these temperatures the water present in the 
partiele is a vapour, it is unlikely that the NH3 has dissolved in the water. A 
possible reason why no absorption of NH3 can be detected from pyrolysis is that 
the nitrogen is present in the reactor in another form, possibly HCN or other 

34 



( organic) compounds. 
The experiments were performed with three different kind of samples on the 

grid. First a series was done with miscanthus which had been in the laborato
rium all the time, at roomtemperature ('normal' miscanthus). The second series 
was done with miscanthus which was dried 24 hours in an oven and finally a 
series was done with no sample on the grid. 

Figure 4.8 is only meant to give an idea of the times for the NH3 peak to 
dissappear. The time of dissappearance is defined as the time necessary for 
90% of the peak to dissappear. Because of a very small amplitude on the IR 
diode laser signal, determination of the NH3 concentration was very difficult 
and therefore determining the peak dissappearance times also resulted in an 
inaccuracy of up to 25%. The error bars are not shown in the figure. The NH3 
dissappears faster at higher temperatures. Also the dissappearance time for 
dried miscanthus is larger than for laboratorium miscanthus. 
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Chapter 5 

Gasification results 

5.1 Introduetion 

In this chapter the results of the gasification experiments are presented. In the 
first section, 5.2, results are presented for gasification experiments performed 
on char which was obtained after pyrolysis of wood. The next section in this 
chapter, section 5.3, handles an overview of experiments which were performed 
to get some insight on the amount of CO production after pyrolysis and gasifi
cation. Also char production at different temperatures will be evaluated here. 
Inthelast section, 5.4, a comparison is made between gasification experiments 
with and without preceding pyrolysis. In the last case, the wood was gasified 
instantly with co2 and no pyrolysis was carried out before. 

5.2 Gasification of char 

The char that is being gasified is the char which is obtained after the pyrolysis 
of wood (see figure 4.3). After the pyrolysis, the grid reactor is opened, so the 
gases that are produced during the first process, are released. Then the reactor 
is closed again and the measurement procedure is carried out, like it is described 
in section 3.2.2. Only this time the grid cannot be heated during evacuation, 
because the char sample is on the grid. Instead the reactor is evacuated at 
room temperature. When the external doek is set again, the reactor is filled 
with co2 ( either at a pressure of 1 or 2 bar) and the char is gasified under 
the same conditions (pressure and temperature) as in the preceding pyrolysis 
experiment. 

From each gasification experiment, the normalised CO concentration is cal
culated with formula 3.1, as was done in the case of the pyrolysis experiments. 
A curvefit has been applied to each normalised burnout curve, according to 
formula 4.2. From the curvefits, gasification times are detemined. Gasification 
time is defined as the moment at which 90% of the final CO concentration has 
been produced (90% burnout is achieved). 

In figure 5.1 normalised burnout curves are given for different partiele tem
peratures, at a pressure of 1 bar C02 in the grid reactor. Gasification time 
increases with decreasing temperature. 
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Figure 5.1: Normalised burnout curves for the gasification of char at jour dif
ferent temperatures, at a pressure of 1 bar 002 in the grid reactor. 

From the burnout curves in figure 5.1, together with additional data at 
more temperatures, both at 1 and 2 bar, an Arrhenius plot of the reaction 
rate can be made. Figure 5.2 represents the Arrhenius plot. In the figure, the 
logarithm of the inverse of the gasification time is plotted against the inverse of 
the temperature, both for 1 and 2 bar co2. 

The applied curvefits are linear fits. Regression coefficients (r2) for both fits 
at 1 and 2 bar are 0.891 and 0.790. Since the inverse of the gasification time 
is a measure of the gasification rate, the linear fit is an Arrhenius expression of 
the gasification rate. As can beseen in figure 5.2, reaction rates are higher at a 
pressure of 2 bar, compared to 1 bar. 

From the linear curvefits the activation energy can be determined. The slope 
of the fit in figure 5.2 is the activation energy for gasification. In the case of 
the gasification experiments at 1 bar co2, the activation energy is found to be, 
E = ( -1.25 ± 0.07) .103 K. For the experiments performed with a pressure of 
2 bar, the activation energy E is ( -0.59 ± 0.07) .103 K. 
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Figure 5.2: Arrhenius plot for the gasification of char, at two different pressures 
of 1 and 2 bar co2 in the grid reactor. 

5.3 Ratio of CO production for gasification and 
pyrolysis 

To get an idea of the relative amount of char that is being produced from py
rolysis experiments at different temperatures and the resulting CO production 
from this char, the following experiments are conducted. At four different tem
peratures wood is pyrolysed with 1 bar Nz and the resulting char is gasified 
with 1 bar COz. All experiments were carried out three times, so in total twelve 
experiments have been conducted. In each experiment the final absorption frac
tion, Ia (oo), is determined. These values are averaged for all three experiments 
at the same temperature (see table 3) and from these results, the ratio between 
the final CO fraction for gasification and pyrolysis is determined. 

Temperature( K) I a ( 00 )pyrolysis Ia (oo)gasification 
fa\ 00 J~asi 'ication 

la(ooh",.o!_u_sis 

980 0.52 ± 0.02 0.53 ± 0.02 1.02 ± 0.08 
1200 0.80 ± 0.03 0.53 ± 0.02 0.66 ± 0.04 
1420 0.92 ± 0.03 0.43 ± 0.02 0.47 ± 0.03 
1640 0.95 ± 0.03 0.25 ± 0.02 0.26 ± 0.03 

Table 3: Ratzo of CO productzon. 
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Figure 5.3 shows the ratio between CO production fraction for gasifica
tion and pyrolysis. This ratio is decreasing exponentially when temperature 
increases. This means at higher temperatures there is relatively more CO pro
duction from pyrolysis then there is from gasification. In other words at higher 
temperatures less char is formed, so when this char is gasified, there will be only 
small CO production. Thus, at high temperatures, a large part of the wood will 
be converted to CO gas during the pyrolysis stage and little char remains after 
pyrolysis. Consequently, little CO gas is produced at high temperatures from 
the char, for the simple fact that there is only a small amount of char to gasify. 
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Figure 5.3: The ratio of the final CO production fraction after gasification and 
pyrolysis, at Jour different temperatures, with a pressure of 1 bar in the grid 
reactor. 

5.4 Instant gasification without pyrolysis 

A number of gasification experiments have been carried out without preceding 
pyrolysis. In these experiments the wood sample was directly gasified, using 1 
bar C02 in the grid reactor. These experiments are compared to the previous 
gasification experiments, which were carried out after complete pyrolysis. In 
figure 5.4, it can beseen that reaction rates for 'no pyrolysis' experiments are 
much higher (gasification times are much faster). 

In figure 5.4 also the results of Will [22] are presented. Will performed 
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Figure 5.4: Three series of gasification experiments. The first series was done 
with char obtained from wood after full pyrolysis. The second series are experi
ments performed by Will (22} with 10 seconds of preceding pyrolysis and the last 
series is that of a number of gasification experiments which were performed with 
wood, so without any preceding pyrolysis. 

four gasification experiments in the range of 1770 to 2110 K. All gasification 
experiments were carried out after only 10 seconds of pyrolysis. 
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Chapter 6 

Discussion 

6.1 Introduetion 

In this chapter a discussion of both chapters of results is given. In sections 6.2 
and 6.3 the pyrolysis experiments on wood and miscanthus are discussed. In the 
last three sections of the chapter (6.4, 6.5 and 6.6) the gasification experiments 
performed on char, obtained after pyrolysis, are discussed. 

6.2 Pyrolysis of wood 

In the pyrolysis experiments performed on wood, both at a N2 pressure of 1 
and 2 bar in the grid reactor, figures 4.6 and 4.7, it can beseen that the found 
pyrolysis times are independent of temperature. For experiments, performed 
with 1 bar N2, pyrolysis times lie between 5 and 20 seconds, for 2 bar this is 
between 5 and 30 seconds. It is therefore necessary to compare conversion times 
of the biomass (pyrolysis times) with a typical time of heat up of the particle. 

In order to calculate a heat up time, some physical values of the wood 
particles have to be known. According to specifications the main size of the 
wood particles is between 40 and 120 J.lm. Also, the distribution of the size of 
the particles was given as in table 4. 

> 71 J.Lm 
max. 65% 

If the typical time for the proces of heat up for the gas is larger than the 
actual pyrolysis time, then this is attributed to the largest particles in the 
biomass sample. To get a better view on the size distribution, particles were 
analysed of pictures, taken under a miscroscope. The results are shown in table 
5. 
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Radius (J.Lm) N urnher of particles (-) Weight distribution (%) 
0-5 50 0.0 

5-10 130 0.0 
10-15 50 0.1 
15-20 27 0.2 
20-40 30 1.1 

40-100 23 6.3 
100-200 5 31.5 
200-300 2 60.5 

Table 5: Szze dzstrzbutwn of wood partzcles accordmg to own observations. 

From table 5 it is clear that most particles (130 of 317 in total) have a 
radius between 5 and 10 J.Lm. However, when the particles are considered to be 
spherical, with the volume proportional to the third power of the radius, then 
it can beseen (in the third column of table 5) that only 7 particles (> 100 J.Lm) 
contain 92% of the total weight. From the results of table 5 it was therefore 
concluded that a representative size for one partiele would be a spherical partiele 
with a radius of 200 J.Lm. The largest partiele found in the observation of the 
317 particles was a partiele with radius 280 J.Lm. 

Now the heat up time of a wood partiele can be calculated. The wood partiele 
is represented as a spherical partiele with radius R. Heat transfer takes place 
from the partiele to the surrounding air ( described with heat transfer coefficient 
a) and the temperature of the surrounding air is constant. The typical time for 
heat up (TH) of the partiele is than expressed with the following expression [5] 

(6.1) 

and a can be calculated from the Nusselt number which is assumed to he equal 
to 2 in this case 

aR 
Nu=-. 

ÀB 
(6.2) 

Filling in the proper values from table 2 gives a value for the heat transfer 
coefficient of a = 1046 W m- 2 K- 1 . The typical heat up time TH can than be 
calculated for a partiele with radius R = 200 J.Lm, 

TH= 0.13 S. (6.3) 

It can indeed he seen in the simulation performed in section 2.3 in figure 2.2 
that the time, before a biomass partiele of 200 J.Lm will start to react, is of the 
same order of magnitude. 

The dimensions of the grid are 9 mm x 4 mm. Consider now the realistic 
example of a sample of wood particles, with a 'sample' radius of 2 mm, placed 
on the grid. If this sample is considered to be a cilindrical particle, then a 
typical time for heat up can be calculated again. For a partiele of radius 2 mm, 
the typical heat up time (TH) would be 13 s. 
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Fora large 'effective' partiele of radius 2 mm (which resembles a wood sample 
on the grid), it is seen that conversion time (pyrolysis time) is of the sameorder 
and definately not slower. Thus is the size of the effective partiele on the grid 
determining the pyrolysis time. 

So it is found that if a accumulation of particles on the grid is seen as one 
large partiele of 2 mm, heat up time is in the same order of magnitude as 
pyrolysis time. Therefore the size of the particles on the grid determine very 
much the pyrolysis time. 

6.3 Pyrolysis of miscantbus 

As previously mentioned in section 4.4, when performing measurements to de
tect NH3 concentrations in the grid reactor, there was only a smal! amplitude 
on the IR diode laser signa! ( compared to the other laser, used in the CO mea
surements). The small amplitude was also the main reason for the inaccuracies 
of up to 25% in the determination of the NH3 peak disappearance time. In 
order to get a larger amplitude, three possible actions can be taken in future. 
In this research there was not enough time for further investigation. 

First of all, the whole experimental set up has to be alligned again. Because it 
was not possible to use the monochromator for selection of one wavelength from 
the NH3 spectrum, a plain mirror was used to refiect the laser beam ( coming 
through the grid reactor) on to the reactor. So for any future experiments, an
other monochromator should be used in the experiments. In these experiments, 
NH3 absorption was measured at a wavelength of 1177.4 cm - 1 . The current 
monochromator only performs in the range of 1600 to 3800 cm- 1 , so another 
monochromator is required which performs in the range of 1150 - 1200 cm - 1. A 
final option for the improverneut of the amplitude of the IR diode laser, which 
is detected, should be to consider other glasses in both sides of the grid reactor 
(see figure 3.1). In these experiments it was seen that the CaF2 glasses which 
are placed in the grid reactor now, only transmitted roughly between 25 and 
50% of the incoming laser beam. 

The only general remark that can be made from the NH3 experiments, in 
figure 4.8, is that for each temperature the NH3 peak dissappears faster for the 
'normal' miscanthus, which has been in the laboratorium, than in the case ofthe 
dried miscanthus. This indicates that water vapour inside the miscanthus could 
play a role in the dissappearance of the peak. The dried miscanthus obviously 
has less water inside than the normal miscanthus and it takes longer for the 
NH3 peak to dissappear. 

In the case of dried miscanthus several test experiments were performed to 
investigate if any NH3 production could be seen from pyrolysis experiments, 
but no NH3 was detected. The experiments with miscanthus were performed 
because at the University of Technology in Delft in the section of Thermal Power 
Engineering, similar experiments were conducted on a larger scale. The only 
basic difference however is that in Delft, the reactorwalls are also radiating, 
so the gasses in the reactor are at higher temperatures and therefore further 
reactions of gasses can take place. In Delft, NHa is detected from pyrolysis 
experiments. In the grid reactor however, only the grid is radiating and the 
gasses which set free are at room temperature. It is therefore assumed that in 
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these experiments, the nitrogen which sets free from the material is released 
in other forms, such as HCN or other ( organic) compounds and does not react 
further to form NH3. 

6.4 Gasification of char 

It is assumed that after pyrolysis the remaining char is of a more homogeneaus 
composition than the wood which is being pyrolysed. The main believe for this is 
the assumption that there is no water left in the char after pyrolysis. Therefore 
char samples are much more homogeneous and gasification experiments with 
char are pretty good reproducible. &pecially in figure 5.1 and also in figure 5.2 
it can clearly been seen that gasification times are dependent on temperature. 
At higher temperatures of the grid, the char is gasified faster. 

The different slopes in figure 5.2 indicate the different activation energies 
for gasification measurements of char at 1 and 2 bar co2 in the grid reactor. 
Similar effects were found by Moors [15] who gasified El Cerejon ( coal) char in 
the grid reactor. 

6.5 Ratio of CO production for gasification and 
pyrolysis 

For the measurements of the ratio of CO production for both processes, pyrolysis 
of the wood and gasification of the char, only qualitative results can he given. If 
it would have been possible todetermine the weight of the wood sample which is 
placed on the grid, then also quantitative results could have been obtained. In 
order to do so in future experiments, a method has to he developed to determine 
the mass of the wood sample on the grid and also the remaining char sample 
after pyrolysis. Because of the small dimensions of the grid, this was not possible 
in the current experiments. 

Only relative CO production can he given therefore. In the previous section, 
it was shown that gasification experiments were much more reproducable than 
pyrolysis experiments. This is a good reason to believe the obtained char is a 
rather homogeneous materiaL 

The ratio of CO production for gasification and pyrolysis is found to de
crease with increasing temperature. This gives a good indication that at higher 
temperatures less char is formed from the wood conversion and more gas ( and 
tar). It could also indicate that a part of the char formed, still reacts with 
oxygen from the biomass under pyrolysis to form gas ( and tar). When less char 
is formed during pyrolysis, the result will he that also less CO is produced when 
gasifying the char. 

In the ECN simulations it was not found that char production from biomass 
decreases with increasing temperature. A possible reason for the decrease in 
char production is that at higher temperatures, oxygen present in the sample 
gasifies part of the char. 
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6.6 Instant gasification without pyrolysis 

Insection 5.4 results were presented of a series of four gasification experiments 
without preceding pyrolysis. This means that in these experiments not char, 
but wood samples are gasified. These experiments were compared to gasification 
experimentsof char, which were presented insection 5.2. It can beseen that the 
wood (third series in figure 5.4) gasifies much faster than the char (first series). 

The second series of data in figure 5.4 were data, obtained from Will [22], 
who performed these experiments on the same setup, with the same samples. 
The only difference is that Will pyrolysed the wood for only 10 seconds. As can 
beseen in figure 4.6, only 7 of 16 pyrolysis experiments (with 1 bar N2) were 
completed within 10 seconds, the majority of the pyrolysis experiments took 
longer to be completed. This means Will's data have to he considered with 
great care, because pyrolysis may not have been completed in one of more of 
the experiments. 

The fit in figure 5.4 for the data of full pyrolysis is an exponential fit (similar 
to the linear fit in figure 5.2) and it can heseen that from this fit, Will's data 
are not comparable. This would indicate the earlier suggestion, that pyrolysis 
was not completed in her experiments after 10 seconds and the wood sample 
on the grid was not completely converted yet. Apart from char, also a part 
of the wood maybe still was present on the grid and therefore the remairring 
sample after pyrolysis gasified faster, compared to the other experiments with 
preceding pyrolysis. 
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Chapter 7 

Conclusions 

The pyrolysis simulation, performed with the ECN matlab model, gives a good 
indication of the conversion process of a spherical biomass particle. In these 
simulations however, the obtained char is 80% of the initial biomass. In the 
experiments the char fraction is not that high. 

The grid reactor set up is adequate to perform experiments on CO absorption 
from pyrolysis and gasification of wood. A typical heat up time for a 200 11m 
partiele was calculated and found to be in the same order of magnitude as the 
conversion time for a wood particle, computed with the ECN model. If a cluster 
of particles on the grid is regarcled as one effective partiele with radius 2 rum 
( the size of the grid is 9 rum x 4 rum), than typical heat up time is 13 seconds. 
In the experiments, pyrolysis times (the time necessary to reach 90% of the 
normalised absorption fraction) lie between 5 and 20 seconds for experiments 
performed with 1 bar N2 in the grid reactor and between 5 and 30 seconds for 
2 bar. This means, the size of the effective partiele on the grid is determining 
pyrolysis time. 

All calculations with the ECN model and also the estimations of the typical 
heat up time for a partiele are executed with the literature values for properties 
of the material in table 2 and in future experiments more information is neerled 
from the actual biomass materiaL 

NH3 absorption could not be detected with the IR diode laser, probably 
because the nitrogen is present in the grid reactor in another form, as HCN or 
another ( organic) compound. 

Gasification experiments, performed with char, obtained from wood parti
cles pyrolysis, were reproducable. This indicates the char has a much more 
homogeneous composition than the wood. Another effect can be that the gasi
fication process is up to a factor 10 times slower than pyrolysis. In gasification 
experiments performed with wood, it was found that the wood is gasified much 
faster than the char. 

Finally the ratio of CO production clearly shows that less char is produced 
at higher temperatures, and consequently less CO is produced from gasification 
at higher temperatures. This is not seen in the ECN simulation, but a possible 
explanation is that the char gasifies with oxygen, present in the material, at 
higher temperatures. 
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Chapter 8 

Recommendations 

The main recommendation that can be made is to investigate the wood and 
char particles thoroughly, in order to replace the property values in table 2 with 
data, which apply correctly to the wood and char used in these experiments. 

Also it should become possible to determine the weight of the wood and char 
samples on the grid, in order to give quantitative results from char production 
at different temperatures. 

In section 6.3 three further recommendations were made, regarding the grid 
reactor setup. The allignment of the whole setup has to be carried out again. 
In case of the NH3 absorption measurements, another monochromator has to 
be applied and finally it should be investigated if it is possible to place other 
windows in both sides of the grid reactor, because the CaF2 glasses used now, 
only transmit some 25 to 50% of the laser beam. 

The last option would be to perform experiments at a broader range of tem
peratures. The maximum temperature is limited because of the melting tem
perature of the platinum grid (2045 K). Experiments at temperatures beneath 
800 K however should be possible, with some adjustments in the temperature 
measurement equipment. In the present situation, the calibration with the color 
pyrometer is the limiting factor, because its range is 1200- 2500 K. 
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