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Abstract

In this paper a fixed bed downdraft gasifier model is described, where biomass is transformed into
syngas, which can be used in more efficient ways with respect to the direct combustion of biomass for
generation of heat and power, and can be transported much more easily where needed. The
gasification process is supposed to occur at ambient pressure using air as gasifying agent. The model
has been developed and implemented by means of the computer program “Cycle Tempo” developed
by TU Delft. The model is able to assess, with a good approximation, both the composition and the
heating value of the syngas. A relation between the equivalence ratio, 4, and both the granulometry
and the ash content of the biomass has been introduced, making more versatile the model. The
gasification process involves part of the gases produced during pyrolysis. The partial combustion of
these gases raises the internal temperature inducing a partial decomposition of tar. Therefore, hot gases
and carbon fractions react in the reduction zone, accelerating the formation of combustible species
(mainly CO and Hy). In the present gasifier model, all of the biomass gasification processes (i.e.
drying, pyrolysis, oxidation and reduction) have been separately implemented. The here proposed
gasifier model has been validated against several experimental data available in the literature. The
model allows to reproduce with a fairly good agreement the downdraft gasifier behavior with several
types of biomass, taking also into account the impact of its moisture content.
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1 Introduction

Unlike other renewable source of energies, as wind and photovoltaics, the bio-energy sector is
characterized by a high level of complexity, due to the necessary interaction with industry and the
agro-forestry world. The crucial problem is the lack of a biomass market, primarily as a consequence
of a scarce demand, and the lack of conversion plants arranged to use a potentially available energy
source. On the supply side, notwithstanding the large amount of biomass, the high dispersion, the
absence of rational and efficient systems of collection, packaging, transport and storage, the limited
diffusion of technical knowledge and the high costs are the main obstacles to its widespread use.
However, the use of biomass in the heat and power generation is becoming more and more common
[1]-[19].

Synthetic gas (syngas), usually obtained from fossil fuels (mainly coal and natural gas), is often used
as an intermediate in the production of different industrial products, such as synthetic lubrification oil
and synthetic fuel via the Fischer-Tropsch process, methanol or hydrogen. However, being the
biomass combustion “carbon neutral”, syngas derived from this renewable sources will have important
perspectives in the next future [20]-[34]. Furthermore, the syngas is suitable to be directly used as a
gaseous fuel, since it is easy to be conveyed and used in other industrial processes.

The gasification process consists in the conversion of a solid carbonaceous material, such as a
biomass, in a gaseous energy carrier through a partial oxidation at high temperature [35]-[55]. The
syngas produced from this process is mainly composed of carbon monoxide (CO), carbon dioxide
(COy), hydrogen (H,), methane (CH,), other light hydrocarbons such as ethylene (C,H,4) and ethane
(C2Heg), coal particles, tar and oil, nitrogen (N2), water (H,O). Either air, steam, oxygen or a mixture of

them can be used as a gasifying agent.
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The gasification process takes place within specific reactors (two examples are represented in Figure
1), through which the carbonaceous materials undergo several different sub-processes. The
fundamental sub-processes are the pyrolysis and the rich combustion of the pyrolysis products.

During pyrolysis, a thermochemical decomposition of biomass occurs above the critical temperature
equal to 350°C, as reported by Reed and Das [45] and the volatile components of the fuel (gaseous
hydrocarbons, hydrogen, carbon monoxide, carbon dioxide, water vapor and tar) are issued. What
remains after the pyrolysis process is mainly char (an agglomerate of complex nature consisting of
carbon, ash, sulfur compounds and volatile hydrocarbons).

During the rich combustion of the pyrolysis products, an increase of combustible compound
concentration occurs. Furthermore, there is the conversion of solid coal due to the reactions with the
gasifying agent. This last stage is the most important of the entire gasification process: being the
slower phase, it affects the kinetics of the entire process and, consequently, both the dimensioning and
the performance of the reactor.

A first classification on the existing gasifiers considers direct and indirect gasifiers.

e Direct gasifiers burn part of the pyrolysis products, providing heat to the pyrolysis itself and
for completing the gasification process.

e Indirect gasifiers perform a combustion in a separate combustion chamber and the heat is
carried to the pyrolysis zone by means of a flow glowing sand or other suitable material.
Indeed, the heat transport is the critical point for the development of this technology.

Additional criteria for the classification of gasifiers are the operating pressure, the gasifying agent, the
type of the reactor construction. The operating pressure in indirect gasifiers is normally equal to or
slightly higher than the atmospheric one, whereas in direct gasifiers the operating pressure can be
significantly higher, with the advantage of a final already pressurized syngas.

The choice of the gasifying agent is a very important aspect, because the syngas characteristics depend
on this choice. The composition and heating value greatly vary with the gasifying agent: air produces a
low heating value syngas, in the order of 4-6 MJ/Nm?®, while, operating with pure oxygen, a syngas

with a heating value comprised between 12 and 18 MJ/Nm? can be obtained.
3
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Moreover, the gasifiers can be classified in: fluidized bed gasifiers [35]-[40], fixed bed gasifiers [41]-
[55], bed dragged gasifiers. In turn, the fixed bed gasifiers can be distinguished in: co-current gasifiers
(downdraft) and counter-current ones (updraft).

Indeed, the choice of the gasifier type depends on the characteristics of the biomass used and on the
power required, which will strongly influence the cost of the entire plant. In particular, in this paper,
only downdraft gasifiers have been analyzed. This kind of gasifier is usually used for the production of
a syngas with a high content of volatile and a low content of tar. Downdraft gasifiers are definitely the
most popular for the integration in heat and power plants.

The purpose of this study is to test the feasibility of syngas production from direct biomass
gasification, building up a simple but accurate thermodynamic model able to evaluate the syngas

composition and its thermodynamic properties, such as its Lower Heating Value (LHV).

2 Gasifier Models

A good and reliable theoretical model of a gasifier is a very important tool, which can give useful
information for the design of this important and complex system. Many theoretical models can be
found in the literature, simulating the performance of gasifiers [56]-[65] under different operating
conditions (e.g., in terms of type of biomass, granulometry, moisture and ash contents). In particular,
some of them use kinetic models in order to represent the biomass gasification process [61]-[65],
which are suitable and accurate at moderately high temperatures (T < 800°C). However, they are
characterized by a high level of complexity. Others apply equilibrium models for the gasification
process, particularly accurate at high temperature. Equilibrium models are based either on the use of
equilibrium constants or on the Gibbs free energy minimization in order to compute species
concentrations at equilibrium. When equilibrium constants are considered, simple reaction
mechanisms are solved, by using for input information regarding the chemical composition of the
biomass. The complexity of these methods primarily depends on the number of reactions considered.
In many cases, these methods can greatly simplify the analysis by using a limited number of reactions,

however, compromising the reliability of the result. When the Gibbs free energy minimization is
4
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considered, the exact knowledge of the chemical reactions mechanism is not required, allowing
directly the determination of the final composition at equilibrium. Despite its simplicity, several codes,
such as Cycle-Tempo [66], implement the Gibbs free energy minimization method, providing
acceptable results even though not accurate enough for certain applications.
Cycle-Tempo is a software package for thermodynamic modelling and optimization of energy
conversion systems, based on a modular structure. A plant can be represented by means of a set of
components, including the environment, connected by pipes and ducts. The component library,
available in the program, includes a large number of thermo-mechanical components (boiler, heat
exchanger, turbine, compressor, pump, etc.), chemical components (combustor, gasifier, reformer,
separator, fuel cell, etc.) and pipes for different operating media (refrigerants, water, steam, air, gas
mixture, liquid and solid fuels, etc.). The governing system matrix to be solved is then derived by
means of mass, energy and chemical species balances for each component and pipe.
The default gasifier model implemented in Cycle-Tempo have been gradually improved by the
Scientific Community in order to take into account the real phenomena, occurring within the gasifier,
hence improving its accuracy. For instance, Altafini et al. [41], have considered different gasifier
models remarking that the trivial use of the default Cycle-Tempo gasifier module determines an
under-estimation of the methane molar percentage into the syngas [41]. Altafini et al. [41], as well as
Vera et al. [42], [43] and Depoorter et al. [44], suggest the following modifications:
e introduction of three different simple reactors, simulating separately pyrolysis, oxidation and
reduction zones, respectively;
e separation of a fraction (5% by mass) of the inlet carbon content, in order to take into account
the unavoidable losses, which occur in the gasifier due to char formation;
e Dbypass of a fraction of the methane formed during the pyrolysis process directly to the
reduction zone outlet, in order to take into account that in a gasifier, generally, a complete

equilibrium composition is not achievable.
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2.1 New model developed in Cycle-Tempo

The structure of a gasifier is relatively simple, however, the development of an efficient gasification
process is very complex, since a general theoretical gasification model does not exist yet. Actually, the
development and the design of gasifiers are still based on empirical formulations, relying upon
experimental data. These empirical formulations provide guidance on the temperature, on the air
supply and on specific geometry-based parameters that depends on the gasifier layout. Most of these
findings derive from testing activities not directly related to gasification, such as oil and gas
combustion, however, these have contributed to a better understanding of the gasification process.

In order to set up in Cycle-Tempo [66] a simple mathematical model of a downdraft gasifier, all of the
three previous suggestions have been implemented here. In particular, the present gasifier model is
essentially composed of three reactors, related to pyrolysis, oxidation, and reduction, respectively,
connected as shown in the complete layout (Figure 2). Each part of the model proposed in this work
will be extensively described in the following subsections.

Developing the model, by using only the components available in the Cycle-Tempo library, allows
one to focus its attention on the problem set up without any concern on the solution of the final
problem, which is directly managed by Cycle-Tempo. The model should be robust and reliable, in
order to give an accurate syngas composition, fairly evaluate the gasification cold gas efficiency, n,,
and the syngas Lower Heating Value. A robust and reliable gasifier model could be then used in the
performance evaluation of thermodynamic cycles of complex plants.

In the scientific and technical literature, many models of downdraft gasifiers already exist, but,
usually, they are not general and heavily depends on the specific biomass characteristics, in particular
granulometry and ash content.

In the present paper a novel approach has been proposed in order to develop a more general gasifier
model able to operate with different kinds of biomass, in terms of composition, granulometry and ash

contents.
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2.1.1 Pyrolysis

Pyrolysis is a thermochemical decomposition of organic materials in absence of oxygen. This is the
first step of the biomass gasification: when the biomass is heated up above 350°C (as indicated by
Reed and Das in their Handbook of Biomass Downdraft Gasifier Engine Systems [45]) in absence of
oxygen, it partially devolatilizes, producing both gas (CO, CO,, H,, H,O, CH,4) and vapor (mainly tar,
consisting of various heavy organic compounds), leaving a solid residue characterized by a high
carbon content (char). Cooling down the devolatilized products, the vapor fraction condenses,
diminishing the tar content. The heat flux necessary to sustain the pyrolysis, is usually generated by
the combustion of a fraction of the volatile products in the oxidation and reduction zones.

In order to set up the model, the initial biomass taken into account is depleted pomace, having the
composition shown in Table 1.

A mass flow rate equal to 0.15 kg/s of depleted pomace at 20°C is fed by means of source 1 as
reported both in Figure 2 and Figure 3.

The pomace Lower Heating Value (LHV) has been calculated according to the Boie formula [67]:

LHVyomace = 348C +93.9H + 63 N +10.55 — 10.80 — 2.44 W (M] /kg)

based on the biomass ultimate analysis, which gives the composition of the biomass in wt% of carbon,
C, hydrogen, H, nitrogen, N, sulfur, S, oxygen, O, and moisture, W.

Figure 3 shows the first part of the gasifier scheme, containing the pyrolysis module (gasifier 2). From
source 1, the biomass is fed into gasifier 2 through duct 3, where, providing air (source 5) with an
air/fuel ratio, @« = 0.018, and allowing a heat exchange (by means of heat exchanger 2), the pyrolysis
process can be sustained at 600°C. From source 4, a water flow goes through the heat exchanger. The
inlet and outlet temperatures of the water flow are known, hence the software can compute the mass
flow rate satisfying the heat power requirement for the pyrolysis. The use of the water flow in the heat
exchanger is only an artifice in order to allow the heat transfer between the pyrolysis zone (gasifier 2)
and the reduction zone (gasifier 17, in Figure 2), where another heat exchanger brings back the water

flow to its initial condition at sink 18. In this way, the thermal power needed by pyrolysis is actually
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absorbed from the reduction zone, which is maintained at 850°C. The process temperatures for both
pyrolysis (600°C) and reduction (850°C) have been chosen according to the results contained in the
Handbook of Biomass Downdraft Gasifier Engine Systems [45] and in the work of Chao and Yuping
[68]. In the latter, the authors equipped their gasifier with thermocouples, even in the vicinity of the
reduction plate. The temperature of the outlet gas from the reduction zone is then computed and
depends also on the heat absorbed in the pyrolysis process. For both pyrolysis and reduction zones
(modules 2 and 17, respectively) a power loss, accounting for the heat exchange toward the
environment, is considered and quantified as 0.5% each (12.5kW) of the input biomass heat rate
(2.53MW). Actually, the pyrolysis model cannot guaranty an accurate assessment of the pyrolysis
products, however the aim of the model is to accurately assess only the final composition of the
syngas.

Through duct 5, pyrolysis products reach separator 6, where they are split toward the oxidation and
reduction zones. In particular, the solid fractions (coal and ash) are entirely conveyed by means of duct
6, together with an 80% by mass of the methane produced during pyrolysis. This value of the bypassed
fraction of methane is a characteristic value imposed in the proposed model, for the sake of simplicity.
Therefore, the final value of methane in the syngas is only affected by the composition of the biomass
that will determine the amount of methane produced during pyrolysis.

It is well known that the presence of coal is normal: in fact in a downdraft gasifier, part of the
biomass, varying from 10% to 20% , remains in the form of coal after the pyrolysis. Moreover,
according to Vera et al. [42], [43], in the separator 7, ash and a 5% by mass of coal are removed
flowing in sink 8 . This represents the effect of the non-reacting coal, following the formation of char
during the gasification process. The remaining part is conveyed with the bypassed fraction of methane

through duct 13 (see details in Figure 3).

2.1.2 Oxidation

As shown by Altafini et al. [41], Vera et al. [42] and Depoorter et al. [44], in order to improve the

accuracy of the gasifier model, an oxidation zone is introduced, in which high temperatures can be
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reached, where the cracking of the tar produced during pyrolysis can occur. This process is shown
schematically in Figure 4.

Pyrolysis products are partially conveyed by means of an ejector towards a combustion chamber,
without the solid fraction, where a complete combustion occurs at high temperature. The hot
combustion products are then injected in the middle of the gasifier to ensure the heat supply for
pyrolysis and gasification of the solid fraction. Then, the high temperatures promote the destruction of
tar.

Therefore, the gas output from separator 6, through duct 8, crosses splitter 9, which divides the gas
stream into two equal parts, through the ducts 9 and 12, which will be re-joined in the node 12.The gas
in pipe 9 reaches combustor 10, which represents the oxidation zone. Then an air mass flux,
previously heated up at 200°C [41] by the syngas, exiting the gasifier (node 20), is insufflated with an
equivalence ratio A = a/ay = 2, reaching a reaction temperature equal to 1440°C. The hot
combustion products reach node 12, where they are mixed together with the mass flux coming from
duct 12, generating a mass flux at 1269°C. As suggested by Altafini et al [41], a fictitious heat
exchanger (module 13) allows the combustion gases to heat the coal, coming from separator 23, up to

700°C (Figure 4).

2.1.3 Reduction

In a real reactor, the presence of methane in the gasification products is due to the reaction between
CO and H,, called methanation [45], which takes place if the temperature is maintained below 900°C

in the reduction zone:

CO + 3H, -» CH, + H,0
This reaction proceeds slowly in the absence of a catalyst and it is not contemplated in the commonly
used thermodynamic models. Usually, these mathematical models assume that the reactions occur in
thermodynamic equilibrium, condition that the pyrolysis products would attain in the reduction zone
before leaving the gasifier. Moreover, these models, are based on the Gibbs free energy minimization

principle in order to compute chemical species concentration at equilibrium, as it is reported in Zainal
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et al. [59] and in Altafini et al. [41]. This approach strongly underestimates the percentage of methane
in the syngas and it overestimates the hydrogen concentration. Therefore, in order to obtain the right
methane concentration in the syngas, a fictitious bypass of both oxidation and reduction stages by the
methane produced during pyrolysis is needed. This bypass is performed by means of two separators
(23 and 14) as shown in Figure 4. Separator 23 subtracts all the methane contained in the stream of
duct 13 (i.e. 80% by mass of CH,4 produced during pyrolysis), channeling it into duct 22, which ends
into node 24. Separator 14, already introduced in the study of Altafini et al. [41], subtracts all the
methane contained the stream of duct 15, channeling it to node 24. In this way, methane bypasses
gasifier 17 (Figure 5), and it is mixed with the reduction products in node 20.

Finally, after the methane spillover, coal at 700°C is mixed in node 15 with the hot gas, exiting
separator 14 (current in the duct 17), and it reaches gasifier 17, where the reduction zone at 850°C is
simulated. The gas, exiting the reduction zone, is enriched of methane in node 20, giving the final
syngas composition. This flow is then used to preheat the combustion air and finally is sent to the

cooling and depuration systems. The scheme of the last part of the process is shown in Figure 5.

2.2 Differences with respect to the model of Altafini et al.

The basic idea of splitting a gasifier process with three different Cycle Tempo modules, proposed in
this paper, has been derived from the work of Altafini et al. [41]. However, there are many important
differences between these two models. The main differences are here reported and they can be verified
looking at the layout of Altafini et al. reproduced in Figure 6.

e Heat flux to sustain the pyrolysis. In the present model, air is not considered in both pyrolysis
and reduction reactors. Therefore, heat is transferred from the reduction zone to the pyrolysis
zone, via a water flux and two fictitious heat exchanger. In the Altafini’s model, heat is
generated by chemical reactions in both pyrolysis and reduction reactors, which need specific
air mass flow inlets (for the combustion process). Moreover, even in the Altafini’s model, there
is the air mass flow inlet (module 7) related to the oxidation process. All of these air inlets have

to be quantified separately for each kind of biomass used in the plant. In the present model,

10
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when pyrolysis is considered, only a mass flow rate almost equal to zero (0.003 kg/s) is taken
into account and its value is the same for any kind of biomass used in the gasifier.
Furthermore, the air mass flow inlet in the oxidation reactor is calculated by the software on
the basis of the equivalence ratio, A, which is given as an input, according to the granulometry
and ash content of the gasified biomass, as will be shown later in this paper. In this way, this
approach allows the model to analyze the gasification process for different types of biomass
imposing only the biomass characteristics;
e Separation of methane CH,. In the Altafini’s model, the methane bypass is performed by
means of only one module (module 11), whereas in the present model three different modules
(6, 23 and 14) are involved, allowing a good agreement with respect to experiments in terms of
CH, content.
e Air preheating phase. This is not considered by Altafini et al.;
e Syngas depuration. This is not considered by Altafini et al.
Finally, the key feature in the biomass gasification modeling proposed in this paper is represented by
its capability in the prediction of the syngas characteristics (e.g. species concentrations and lower
heating value) independently from the biomass and, particularly, from its granulometry and from its

ash content, finding a good approximation in the results.

3 Validation of the model

As reported in the scientific literature, a downdraft gasifier is not very versatile because it cannot be
used with many different types of biomass. In fact, a gasifier is usually designed ad hoc according to
the physical and chemical characteristics of the selected biomass to be used.

The downdraft gasifier model here presented has been developed in order to well simulate the syngas
production of an Ankur gasifier [43], which can be fed with pomace, leaves and pruning, olive pits
prepared with a granulometry variable from 10 to 50 mm, an ash content lower than 5%, and a

moisture lower than 20%.
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In Table 2, the characteristics of the syngas derived from pomace obtained with the present model (FB
downdraft column) are compared with experiments [43] and with those theoretically obtained by Vera
et al. [43]. The syngas composition obtained with the present model is very close to that measured
during the experiments. A slight difference can be found in the air/fuel ratio, «, that is higher than the
one measured in the experiment.

Then, the cold-gas efficiency, 74, has been calculated:

g = (GsynLHVsyn)/(G,LHV,) = 0.76

where syn refers to syngas and b to biomass.
Several numerical simulations have been also carried out in order to assess the impact of the biomass
moisture content on the final syngas composition. The moisture content of the exhausted pomace has
been gradually increased (10%, 15% and 20%), reporting the results in Table 3 and graphically in
Figure 7, where it can be observed:

e aconstant increase in the air/fuel ratio;

e alittle change in the syngas hydrogen content;

e asignificant increase in the CO content, responsible for the decrease in the LHV (Figure 7/a);

e aconstant increase in the percentage of CO; and N, in the syngas;

e areduction in the cold-gas efficiency (Figure 7/b).
Moreover, the validation phase has been carried out also by evaluating the change in the syngas
characteristics (composition, LHV, air/fuel ratio, cold-gas efficiency) when other types of biomass are
considered, namely, leaves and pruning residues and olive pits (woody biomass for which the Ankur
gasifier was designed). The comparison has been performed against the experimental data of the
Ankur gasifier and the theoretical results available in the work of Vera at al. [43]. Details of the
compositions of both leaves and pruning residues and olive pits are given in Table 4. Without any
modification of the operating parameters, the results show a good agreement with the experimental
data, as reported in Table 5. Despite a slight overestimation of the molar percentages of CO in the
syngas, a very good agreement of the final syngas characteristics with respect to the measured data can

12
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be recognized. Valuable is the improvement with respect to the model of Vera et al. [43] in the

estimation of the methane percentage in the syngas, which is very close to 3%.

4 Influence of biomass granulometry and ash content

By building the present gasification model, the authors have tried to overcome the limiting hypotheses
on the biomass characteristics (mainly granulometry ash content, and moisture), in order to compare

its results with a wide range of experimental data from other gasifiers.

4.1 Determination of the equivalence ratio

As previously depicted, the oxidation step in the gasification process is simulated by means of a
combustor. The equivalence ratio, /, is calculated from the analysis of various data available in the
literature. In particular, with reference to the previous validation study on the Ankur gasifier [43], the
equivalence ratio, A, has been evaluated to be equal to 2, considering the biomass characteristics
(variable granulometry from 10 to 50 mm and an ash content lower than 5%).

The validation of the model has been performed by choosing the process parameters and in particular
the equivalence ratio, 1. The model can be tuned adjusting only the equivalence ratio, 4, according to
the biomass characteristics in terms of granulometry, ash content and moisture.

As shown by Pérez et al. [69], there are many parameters that affect the gasification process, in
particular:

e the increase of the reactor dimensions determines an increase of the flame speed, the
consumption of biomass, the relationship between the equivalence ratio and the quality of the
obtained syngas;

e the content of volatile matter affects the flame speed and the generation of thermal power;

e the increase of moisture together with the increase of the granulometry determines the

reduction of the flame speed, the consumption of biomass and the equivalence ratio.

13
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Indeed, the use of a thermodynamic model makes difficult the description of the physical mechanisms
that influence the results. Therefore, the use of a kinetic model would be more suitable, but more
complex in terms of computational effort.

These effects on the gasification model have been initially tested retaining the settings in the various
program modules. However, the modification of the biomass (e.g. sawdust, RDF, sewage sludge)
affected the performance with a reduction in accuracy, predicting the syngas characteristics in
comparison to the experimental data. Therefore, it was necessary to introduce an empirical method
able to correct some of the parameters of the model. Our attention was focused on the equivalence
ratio, 4. We supposed that the equivalence ratio, 4, depends on the biomass average particle diameter,

D, and the biomass ash content, C:

A =2(1+ Agsn + Dgiam) 1)
where Ay is the change in A due to the variation in the ash content, C, with respect to the value

allowed by the Ankur gasifier model, given by:

Agsn = Kix (2)
and Adqiam is the change in A due to the variation of the average particle diameter, D, with respect to

the value allowed by the "Ankur" model, given by:

Agiam = K2y (3)

K7 and K> being constant to be determined and x and y defined as follows:

0 C<5%
x= % C > 5% )
101_0D D < 10mm
y=4 0 10mm <D < 50mm ®)
b-s50 D > 50mm

In Figure 8, the equivalence ratio, A, is reported as function of the ash content, ¢, for different values

of the average particle diameter, D.
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At last, in Figure 9, the equivalence ratio, 4, is reported as function of the average particle diameter, D,
for different values of the ash content, C.

In order to evaluate the K; and K, constants, sludge purification and sawdust biomass have been
exploited. The first one, in fact, has an ash content higher than 5% related to the biomass used in the
Ankur gasifier, but is prepared in compatible grain size. The sawdust, instead, has a low ash content,
but is normally constituted by particles with a diameter of about 2-3 mm.

Kept constant the pyrolysis conditions, in both cases, it was decided to proceed by varying the
equivalence ratio, A, in the oxidation module until the achievement of a compatible syngas

composition with respect to experimental data. The two values selected are the followings (Table 6):

Asludge = 2.6 (6)
Asawdust = 2.36 (7)
From equation (1), we obtained:
Asludge = 2(1 + A)Lash,sl + AAdiam,sl) = 2(1 + A/1ash,sl + 0) = 2.6 (8)
Asawdust = 2(1 + AAash,solW + AAdiam,saw) = 2(1 +0+ AAdiam,saw) = 2.36 (9)

Hence, the values of Ay s 5 and AAgigm saw Can be evaluated:

Alash,sl - 03 (10)
AAdiams,alw = 0.18 (ll)

Finally, the K; and K, constants can be derived from equations (2) and (3) and values (10) and (11):

Ky = = (12)

" 3146

18
K, = 30 (13)

4.2  Syngas from sawdust

In the hypothesis of gasifying the sawdust, the syngas characteristics, obtained by the proposed model,

have been compared with those obtained experimentally. The properties of the biomass are shown in
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Table 7. The characteristics of the experimental reactor are given by Altafini et al. [41], and the results
are visible in Table 8.

From the comparison between theoretical and experimental results, a good approximation of the
theoretical composition of the synthesis gas appears. The Higher Heating Value (HHV) is well
estimated. However, these results have been obtained using an equivalence ratio, A = 2.07, that is
higher than the experimental one equal to 1.829. Such discrepancy is due to some settings of the
model, which operates with a constant conversion efficiency of coal equal to 95% (an optimistic value
for small size gasifiers). For the same reason there is also a sensible difference in the cold gas

efficiency.

4.3 Syngas from sewage sludge

In the hypothesis of gasifying the sewage sludge, the syngas characteristics, obtained by the proposed
model, have been compared with those obtained experimentally. The properties of the biomass are
shown in Table 9. The characteristics of the experimental reactor are given by Dogru et al. [46], and
the results are visible in Table 10. The Agyq4. €valuated by the previous analysis is 2.6. A slight
overestimation of the methane percentage compared to experimental data has been found, while the
HHYV is provided with sufficient approximation. There is still a discrepancy in the equivalence ratio,
this time under-estimated with respect to the one used during the experiments, again influencing the

cold gas efficiency.

4.4 Syngas from RDF

Previously, the syngas compositions have been obtained from sawdust and sewage sludge, represented
respectively in Table 8 and Table 10. The variation of the equivalence ratio, 4, is related to the
variation of both mean particle diameter, D, and ash content, C, with respect to standard values:
Dstandara = 10 — 50 mm and Cstgnaara = 5%. In Table 6, it can be noted that a reduction of 80% of
the diameter corresponds to an 18% increase of 4 and an increase of 314.6% of the ash content

corresponds to a 30% increase of A.
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With reference to RDF biomass, characterized by high ash content and by reduced granulometry (see
Table 11 for the RDF physical properties), the 4 value has been evaluated according to the present
model.

From Equation (2) and (3), the following relation can be obtained:

A/lash,RDF = K1 Xgpr (14)
AAgiamrpr = K2YrpF (15)

whereas xzpr and ygpr Values can be evaluated according to equations (4) and (5), once the values of

the corresponding mean particle diamenter, Dgpr, and ash content, Crpr, are considered (Table 11).

Aror = 2(1 + Dggn roF + DMaiampror) = 2.37 (16)
Starting from an RDF, whose characteristics are given in Table 12, the results shown in Table 13 have
been obtained. These results have been compared with those taken from the literature and regarding
urban solid waste [55] (see Table 9). There is a substantial difference in the prediction of the molar
percentages of both methane and hydrogen in the syngas, however a good agreement in terms of the
other chemical species.
The under-estimation of the molar percentage of methane and the over-estimation of the molar
percentage of hydrogen could be imputed to the Gibbs free energy minimization method, which the
Cycle Tempo software relies on. Actually, the Gibbs free energy minimization method do not consider
each single step of the methanation reactions neither all of the other reactions involving hydrocarbons,
CmHn, (e.g. the reactions in Angelova et al. [55]), but only a single global reaction. This is the reason
why, we introduced the recirculation of the 80% by mass of the CH4 produced during pyrolysis
directly downstream the reactor. For instance, also Zainal et al. [59] and Altafini et al. [41] obtained

the same behavior with their models.

4.5 Syngas from corn straw
Similarly, the calculation of the /1 parameter for a biomass consisting of corn straw, whose properties
are reported in Table 14 and Table 15 have been performed as follows:
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Magncs = 0.0177 (17)

Mgigmes = 0.14 (18)

Aes = 2(1 + Mgnes + Maiames) = 2.32 (19)

With these parameters, the syngas composition has been evaluated, and then the results compared with
the experimental data obtained by Chao and Yuping [68] as reported in Table 16.

The obtained syngas composition is close to the average values obtained in the experimental data,

showing again the validity of the present approach.

5 Cooling system and purification of gas

Usually, the syngas produced in a gasifier contains unwanted and potentially harmful constituents,
among others:
e Particles (dust, char, ash), which could be dragged in suspension in the syngas, causing erosion
and clogging, e.g. on guide vanes or rotor blades;
o Alkali metals (mainly Na and K), which can cause corrosion at high temperature;
e Nitrogen compounds (e.g. NH3 and HCN), which can contribute to NOx formation during the
syngas combustion;
e Tar (a mixture of long-chain hydrocarbons), which can condense in the form of aerosols below
300-400°C, generating fouling in the guide vanes or rotor blades of compressors and turbines;
e Sulfur and chlorine compounds (H,S, HCI), which can cause acid corrosion.
The purification of the syngas, therefore, will be fundamental for all those cases in which the direct
combustion at the exit of the gasifier is expected. Specifically, the system that has been simulated
(Figure 10), consists in a module for filtering particles and powders (module 34), followed by Venturi
scrubbers (modules 16 and 3).
The Venturi scrubber is particularly suitable for the treatment of highly soluble acid compounds and it
is simulated in the software “Cycle-Tempo” by means of a simple separator module, used for the
removal of selected substances, and a parallel flow saturator. Finally, the gas is dehumidified through

a condensate separation module (module 26), from which the syngas flows out at a temperature of
18
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30°C. In this case, a possible tar treatment has been neglected. However, in a downdraft gasifier with
combustion chamber, the tar content is negligible in the syngas. The composition of the purified

syngas, derived by exhaust pomace, is reported in Table 17.

Conclusions

In this paper a thermodynamic model to evaluate the performance of a downdraft gasifier has been
presented. The model has been built using the computer program “Cycle Tempo” developed by TU
Delft, with a modular structure based on linked objects. Even though the software already includes a
standard gasifier model, which compute the final syngas composition (based on the minimization of
the Gibbs free energy), this actually under-estimates the molar fraction of methane in the syngas. For
this reason, a more complex thermodynamic model of a downdraft gasifier has been built in the Cycle
Tempo environment. In order to describe the gasification process, the proposed thermodynamic model
is based on three separated reactors, simulating each one pyrolysis, oxidation and reduction,
respectively. Moreover, it includes a partial extraction of the initial carbon content (5% by mass) for
the formation of char, and a partial extraction of methane, produced during the pyrolysis phase,
bypassing the reduction zone, in order to guaranty the correct syngas composition. The model has
been applied to several type of biomass, showing a good agreement with respect to experimental data
available in the literature.

In the case of using exhaust pomace as biomass input, the results have been compared against the
characteristics of syngas obtained with an Ankur gasifier [43]. The syngas composition and the cold-
gas efficiency, #4, were very close to the experimental measurements. In the numerical simulations,
the impact of the moisture content in the biomass (10%, 15%, 20%) on the gasification process has
been also taken into account. Furthermore, the model has been used also in the case of gasifying
“leaves and pruning” and “olive pits” in the same plant, showing again a good agreement.

In order to improve generality and reliability of the model with respect to different types of inlet
biomass, an empirical method to evaluate the excess air ratio, A, as function of particle size and ash

content has been proposed. Thus, sludge purification and sawdust biomass have been considered.
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Actually, the former has an ash content higher than that obtained in the Ankur gasifier, however has a
compatible grain size. The latter, even if it has a lower ash content, is constituted by particles with a
diameter of about 2-3 mm. In both cases, simulations have been performed maintaining constant the
pyrolysis conditions, whereas the excess air ratio, A, in the combustion zone has been changed until
results, compatible with the experimental data, were reached. For all of the test cases considered in
this work, the syngas compositions predicted by means of the proposed gasifier model are always
close to the mean values obtained in the experiments. Finally, two modules have been added for the
cooling system and the gas purification, respectively. The results have shown that the proposed model
could be suitably used in the analysis of complex energy systems. For instance, the integration of the
proposed gasifier model in the simulation of combined cycles, using either internal or external
combustion systems fueled by different kinds of syngas obtained from waste biomass, or in co-firing

systems, appears to be promising.
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709 Tablel Composition of the pomace
Weight percentage Ash (F,0s3, . LHV
on dry basis ¢ H © N S | ALO, S0y | Mol | kg)
Depleted pomace 51.31 6.40 35.01 2.00 0.26 5.00 15.00 16836
710 Table 2  Experimental and theoretical syngas composition obtained by pomace
Syngas molar composition (%) FB downdraft Syngas by D. Vera (53) | Ankur experimental gasifier (53)
H, 17.19 18.22 18(+/-)3
CH, 3.15 1.45 Upto3
cO 19.23 17.0 19(+/-) 3
N, 48.70 44.5 45-50
CO, 11.10 9.31 10(+/-) 3
H,0 - 9.04 -
Syngas LHV (kJ/kg) 4860 4350 4400-5400
Oxidant/fuel ratio 1.88 2.21 1.5-1.8
711 Table 3  Theoretical composition of syngas obtained by pomace with three different moistures.
Syngas molar composition (%) 10% moisture 15% moisture 20% moisture
H, 18.43 17.19 15.70
Ar 0.54 0.57 0.61
CH, 3.03 3.15 3.29
CO 22.63 19.23 15.96
N, 46.23 48.7 51.38
CO, 9.07 111 13.01
H,S 0.06 0.06 0.06
Syngas LHV (kJ/kg) 5465 4860 4274
Oxidant/fuel 1.83 1.88 1.96
Cold gas efficiency 0.79 0.76 0.72
712 Table 4  Composition of “leaves and pruning”, and “olive pits”
Weight percentage on Ash (F,0s, . LHV (kJ/kg) on
dry basis c H o N S | AlL,O, si0,) | Moisture humid base
leaves and pruning 47.10 | 6.18 | 4166 | 0.55 0.10 4.46 4.76 16770
Olive pits 49.62 | 5.81 | 41.76 | 0.47 0.04 2.30 8.80 16427
713 Table5 Experimental and theoretical syngas composition obtained by “leaves and pruning” and
714 “olive pits”
Syngas molar plr_lj)r?i\;e; 12’1 T;:n prLIJ_ne;z:]\g/]efSrgnmdD Olive pits from | Olive pits from exp@rri];lgntal
o :
composition (%) FB downdraft Vera (53) FB downdraft D. Vera (53) gasifier (53)
H, 17.77 20.40 17.52 19.86 18(+/-)3
CH, 2.81 1.45 2.69 1.45 Upto3
CO 22.71 21.61 23.04 21.73 19(+/-)3
N, 45.70 40.89 45.34 40.35 45-50
CO, 10.43 8.30 10.85 8.82 10(+/-)3
H,0O - 6.99 - 7.27 -
Syngas LHV (kJ/kg) 5242 5270 5184 5180 4400-5400
Oxidant/fuel ratio 1.72 1.82 1.69 1.80 1.5-1.8
Cold gas efficiency 0.78 - 0.79 - Up to 0.85
715 Table 6  Physical properties of sludge and sawdust
Ankur gasifier Sludge Sawdust Sawdust variations | Sludge variations
Particle diameter (mm) 10-50 mm 35 mm 2-3 mm -80% 0
Ash content <5% 20.73 0.10 0 +314.6%
Value of A used 2 2.60 2.36 +18% +30%

34




716

717

718

719

720

721

722

Table 7

Composition of “sawdust”

Weight percentage on C H O N S Ash (F,0s, moisture LHV (kJ/kg) on

dry basis Al, O3, SiO,) humid base

Sawdust 52.0 6.07 | 4155 | 0.28 - 0.10 10 16935
Table 8  Experimental and theoretical syngas composition obtained by “sawdust”

Syngas molar composition FB downdraft Experimental gasifier — Altafini (51) Relative difference (%)

H, 14.95 14 6.8%

CH, 2.60 2.31 12.6%

CO 19.45 20.14 -3.4%

N, 50.23 50.79 -1.1%

CO, 12.16 12.06 0.8%

H,O - -

Syngas HHV (kJ/Nm°) 5259 5276 -0.3%

Oxidant/fuel ratio (Nm®/kg) 2.07 1.829 13.2%

Cold gas efficiency 0.73 0.629 16.1%

Table9 Composition of “sewage sludge”

Weight percentage on C H o] N S Ash (F,0s, Moisture LHV (kJ/kg) on

dry basis Al, O3, SiO,) humid base

Sewage sludge 39.48 | 6.19 | 25.46 | 3.93 1.45 23.51 11.75 14893.70

Table 10 Experimental and theoretical syngas composition obtained by “sewage sludge”

Syngas molar composition

FB downdraft

Experimental gasifier — Dogru et al. (58)

Relative difference (%)

H, 10.30 8.80...11.15 17.0% ... -7.6%
CH, 3.20 2.07 54.6%

CO 9.77 9.2...10.63 5.3% ...-8.1%
N, 61.86 62 ... 64.41 -0.2% ... -4.0%
CO, 13.78 11.11...13.24 24.0% ... 4.1%
H,0 - - -

Syngas HHV (kJ/Nm°) 3864 3820 1.2%
Oxidant/fuel ratio (Nm*/kg) 2.0 228 ...2.69 -12.3% ... -25.7%
Cold gas efficiency 0.567 0.62 ... 0.64 -8.5% ... -11.4%

Table 11 Physical properties of RDF

Ankur gasifier RDF RDF variations
Particle diameter (mm) 10-15 mm 7 mm -30%
Ash content (on humid base) <5% 11.04 +120.8%

Table 12 RDF composition

Weight percentage C H @] N S Cl Ash (F,03, | moisture | LHV (kJ/kg) on
on dry basis Al,Os, SiO5) humid base
RDF (59) 4823 | 6.37 | 28.48 | 1.22 0.76 1.13 13.81 20 12900

Table 13 Experimental and theoretical syngas composition obtained by RDF

Syngas molar composition (%) FB downdraft Fix bed downdraft gasifier (59) Relative difference (%)
H, 10.55 7...9 50.7% ... 17.2%
CH, 2.82 6...9 -53.0% ... -68.7%
COo 10.20 9...13 13.3% ... -21.5%
N, 49.93 4..52 1148.3% ... -4.0%
CO, 12.04 12...14 0.3% ... -14.0%
H,O 13.52 10...14 352% ... -3.4%
Syngas LHV (kJ/kg) 3037 - -
Oxidant/fuel ratio 2.31 - -

Cold gas efficiency 0.75 - -
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723 Table 14 Composition of corn straw

Weight percentage C H 0] N S Cl Ash (F,0s, moisture | LHV (kJ/kg) on
on dry basis Al,Os, SiO;,) humid base
Mais 4338 | 595 | 45.01 | 0.97 | 0.13 | 0.49 5.93 6.17 14903
724 Table 15 Physical properties of corn straw
Ankur gasifier Corn straw Corn straw variations
Particle diameter (mm) 10-50 mm 3.75 mm -62.5%
Ash content (on humid base) <5% 5.91 +18.2%
725 Table 16 Experimental and theoretical syngas composition obtained by corn straw
Syngas molar composition (%) FB downdraft Experimental gasifier (Gai et al.)
H, 13.25 6.91-13.51
CH,4 2.62 1.27-3.96
CO 15.90 11.35-19.81
N, 52.83 48.58-59.71
CO, 14.72 11.58-23.93
H,O - -
726 Table 17 Experimental and theoretical composition of the purified syngas, derived by pomace
727 according to Gai et al.
Syngas molar composition (%) FB downdraft Experimental gasifier - Gai et al. (12) | Relative difference (%)
H, 13.25 6.91 ... 13.51 91.8% ... -1.9%
CH,4 2.62 1.27 ...3.96 106.3% ... -33.8%
CO 15.90 11.35...19.81 40.1% ... -19.7%
N, 52.83 48.58 ...59.71 8.7% ... -11.5%
CO, 14.72 11.58...23.93 27.1% ... -38.5%
H,O - - -
Syngas LHV (kJ/kg) 4317 2690 ... 5390 60.5% ... -19.9%
Oxidant/fuel ratio 1.49 1.29 ... 2.88 15.5% ... -48.3%
Cold gas efficiency 0.75 - -
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