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ABSTRACT 

 

Bioenergy has been utilized for domestic purposes since pre-recorded history and 

it catches the highlight in the recent decades because it naturally benefits the world climate 

and energy security. Gasification is one of the key technologies to efficiently and 

economically convert biomass into syngas and further into biofuels. Despite these 

outstanding advantages, biomass gasification suffers from the formation of unfavorable 

byproduct tar and the consequential tar elimination. Moreover, the collected tar is toxic and 

thus requires storage and strict deposit method to avoid environmental pollution.  

To understand the mechanisms of biomass gasification and tar production, 

simulations with Aspen Plus were conducted for both downdraft and updraft gasifiers, 

which are presented in the Paper I and II, respectively. The kinetic models are implanted 

with reaction kinetics to ensure their ability to approximate the tar production, which are 

superior to the widely used Gibbs Energy Minimization model for predicting syngas 

compositions. Paper III focuses on the investigation of the impact of tar recycling on syngas 

compositions under various operating conditions including different reactor scales (4”, 8”, 

12”), different biomass feedstocks (pellets, picks, and flakes) and different equivalence 

ratios (0.15, 0.20, 0.25). 
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1. INTRODUCTION 

 

Human beings have been utilizing bioenergy for domestic purposes from pre-

recorded history. The relationship between humankind and fire was documented in the 

myth of Prometheus, who defies the gods by stealing fire and giving it to man. Starting 

from burning wood, we take the use of the combustion heat to warm shelters, cook food 

and make tools. The usage of language and controlled fire makes us humanity. The 

development of the human history has been closely related to fire since then. Until 2016, 

bioenergy still supplies 10% of the global energy supply, as most developing countries are 

mainly using biomass for cooking [1]. In the most recent decades, bioenergy is shifting 

from the indigenous energy source into a more modern and effective commodity. There 

are usually two characteristics of biomass energy that attract the world’s attention. The 

major benefit of adoption biomass energy is to bring the energy security and diversity of a 

country to a higher level. Biomass can be converted into solid, liquid and gaseous fuels, 

some of them are easy to transport and thus relieve the demand pressure off fossil fuels [2]. 

The other advantage is to reduce the greenhouse gases (GHG) emissions. The harvested 

biomass, if left in the field, decomposes and gives off the same amount of GHG as if burnt 

or converted to biofuels. As almost the same amount of forest is grown every year, the 

biomass is carbon-neutral if there is no additional forest harvest [3].  

Biomass gasification is an economic and effective way to convert biomass into 

combustible gases. The produced synthesis gas (i.e. syngas) could be used to produce 

high-value chemicals (such as ammonia, methanol, dimethyl ether (DME)) and liquid 
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carbohydrates. Syngas can also be used by some other devices, such as gas turbines, 

internal combustion engines, and fuel cells, to produce electricity or heat. See details in 

Figure 1.1. 

 

 

 

 

Figure 1.1. Applications of synthesis gas 

 

 

 

Gasifiers are the main devices used in the gasification process, in which biomass is 

converted to syngas, consisting mainly of CO, H2, CO2, N2, tar, ashes and small particulates 

[4]. Several types of gasifiers have been developed, which includes entrained flow gasifiers 
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[5-7], fluidized bed gasifiers [8-12], and fixed bed gasifiers [13, 14]. Fixed bed gasifiers 

can be further divided into downdraft [15-21] or updraft [22-26] based on the gas flow 

direction. The downdraft gasifier is commonly selected since it produces syngas with low 

tar content, and is suitable for engine applications [27]. In the gasification process, the 

produced syngas generally conserves 75% to 88% of the heat from the original fuel [28]. 

There are several basic chemical reactions: 

 C+1/2O2→CO -111MJ/kmol (1) 

 CO+1/2O2→CO2 -283 MJ/kmol (2) 

 C+O2→CO2 -394MJ/kmol (3) 

 C+H2O↔CO+H2 +131MJ/kmol (4) 

 CO+H2O↔H2+CO2 -41MJ/kmol (5) 

 CH4+H2O↔3H2+CO +206 MJ/kmol (6) 

 CH4+2O2↔CO2+2H2O -803MJ/kmol (7) 

 CH4+1/2O2↔CO+2H2 -36MJ/kmol (8) 

An operation parameter, equivalence ratio (ER), has been proved to be a critical 

operating parameter, which dominant the gasification temperature and syngas production. 

It is defined as the ratio of oxygen provided to oxygen required for stoichiometric 

combustion. In our experimental design, ER is also controlled between 0.10-0.35 to fully 

understand the gasification performances. 

 

1.1. RESEARCH MOTIVATION 

Gasification produces include not only fuel gases, char and chemicals, but also 

some unfavorable byproducts such as tar. For all the gasifier types, the economical tar 
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removal process is still considered to be the main technological barrier [23]. In the 

gasification process, high molecular weight compounds are condensed to form tar if the 

temperature drops below 450ºC. Two strategies are developed to remove the tar: (1) apply 

removal apparatus to clean the syngas [29], these apparatus include but not limited to: 

Cyclones, rotating particle separators (RPS), electrostatic precipitators (ESP), spray towers, 

packed column scrubber, wash tower, impingement scrubbers ceramics, fiberglass and 

sand; (2) improve the gasification technology to reduce the tar formation [30]. Most tar is 

deposited in the pipeline and the rest remains as an aerosol in the syngas. The tar causes 

metallic corrosion, clogs filters, valves, and internal combustion engines. Most tar is 

deposited in the pipeline and the rest remains as an aerosol in the syngas. Thus, it is 

necessary for process models to predict tar residue production. 

There are adequate experimental investigations on gasification process. For the 

numerical analysis, researchers developed Gibbs Energy minimization model (GEM 

Model) to approximate the syngas compositions and a uniformed bed temperature. The 

model assumes all reactions in the gasification process are assumed to reach chemical 

equilibrium before the syngas leaves the reactor. The equilibrium model is not reliable on 

the full span of ER (0.10-0.35). Since the GEM Model assumes that all reactions reach 

equilibrium, it cannot be used to approximate the tar residues because tar is an intermediate 

byproduct. In this case, models nested with kinetic information is needed for the 

approximation of tar amount and its compositions.  

Tar residues are mainly polycyclic aromatic hydrocarbons. Even after the cleanups, 

tar compositions are toxic and requires strict deposit method to prevent pollution. As tar 

can go through thermal cracking to generate volatiles, recycling of the tar might be 



5 

beneficial for the syngas compositions. The only related research is presented by Rabou 

[31], this paper only introduced one run, with unstable tar feeds during the total running 

procedure. The author concluded the tar recycle would increase 50% tar amount in 

producer gas, and the main advantage is the reduction of the disposal costs. Obviously, 

plentiful improvements regarding on the experiment design can be considered to further 

discuss this issue. For example, the feed of the tar should be known and fixed while taking 

syngas samples, and more runs should be taken to justify the results.  

Suffering from all the abnormal running status of the gasifier, our research group 

found there are seldom research papers deliberating the problems in startups, stabilization, 

and the shutdown process of the bed. Failure in bed maintenance will cause uncontrollable 

temperature increase or reduction, which can further develop to bed turbulence or 

shutdown. A report regarding the process control and safety issues is necessary to be 

addressed. 

 

1.2. RESEARCH OBJECTIVES 

The current study aims to numerically and experimentally investigate the formation 

and recycling of tar. Aspen Plus software is used to fully understand the gasification 

process. For the experimental part, a full gasification setup equipped with gas cleaning 

apparatus is built to study the influence of tar recycling. The general objectives of the 

current study can be summarized as follows: 

(1) Develop and validate kinetic models for biomass gasification to substitute the 

equilibrium-based model. The kinetic models should be able to correctly predict syngas 



6 

composition as well as tar formation and cracking. This dissertation presents models 

regarding updraft and downdraft gasifiers, respectively.  

(2) Collected tar is mixed with the plain biomass and fed into the gasifier. The 

controlled parameters include equivalence ratio, three types of biomass feedstocks and 

three different gasifier sizes. Syngas compositions are analyzed using gas chromatography. 

The prospect of tar recycling is assessed. 

(3) The experienced problems during the experimental runs are elaborated, the 

possible reasons are discussed, and, the solutions to our best knowledge is provided.  
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ABSTRACT 

 

Biomass gasification has attracted great interest recently for its great potential as a 

thermal degradation method that converts biomass or carbonaceous solids into combustible 

gases with a usable heating value. However, accurate simulation of biomass gasification 

faces significant challenges as it has a complicated dependence on reaction kinetics, reactor 

geometry, processing methodology and operating condition. In this paper, a reaction model 

(RXN model) based on comprehensive biomass gasification kinetics is introduced and 

validated to predict the syngas and tar compositions. By comparing the simulating 

predictions with data from two updraft gasification experiment findings available in the 

literature, it is demonstrated that the RXN model is able to provide a more accurate 

description for updraft biomass gasification than the minimizing Gibbs free energy model 

(MGFE model), which can substitute for the widely used yet not accurate MGFE model. 

Parametric optimization studies were conducted to investigate the impacts of equivalence 

ratio (ER), gasifier temperature, biomass feed types on syngas and unreacted tar 

compositions. The results of this work provide vital information for large-scale gasifier 

design, operating decisions, and optimization. 

 

Keywords: Biomass gasification; Process simulation; Updraft gasifier; Tar prediction 
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1. INTRODUCTION 

 

Biomass energy has gathered attention in recent years as it has great potential to 

contribute to sustainable energy development and security [1-4]. Biomass gasification is 

one of the key technologies to convert waste biomass or carbonaceous materials to syngas 

efficiently and economically. Syngas is the source for high-value chemicals (such as 

methanol, DME [5-7] and liquid carbohydrates [2, 8-10]). Syngas can also be used by some 

other devices, such as gas turbines, internal combustion engines, and fuel cells, to produce 

electricity or heat [11-13]. Biomass gasification is also considered as a greener alternative 

as it does not produce extra carbon dioxide during the process [14]. 

Gasifiers are the main devices used in the gasification process, in which biomass is 

converted to syngas, consisting mainly of CO, H2, CO2, N2, tar, ashes and small particulates 

[15]. Several types of gasifiers have been developed, which includes entrained flow 

gasifiers [16-18], fluidized bed gasifiers [19-23], and fixed bed gasifiers [24, 25]. Entrained 

flow gasifiers produce syngas with a lower tar content, but about 20% more oxygen is 

required [26]. In fluidized bed gasifiers, high amounts of oxygen bypass the reactor bed 

due to the low level of oxygen dissemination from the gas bubbles, which reduces the 

efficiency of the gasifier. Fixed bed gasifiers can be further divided into downdraft [27-33] 

or updraft [34-38] based on the gas flow direction. In downdraft bed gasifiers, tar content 

is much lower compared to that in an updraft gasifier, but the syngas has less calorific value 

[26]. 

The updraft gasifier is one of the oldest types of gasifiers due to its design simplicity 

and tractability. Biomass is normally fed from the top of the reactor and moves downwards, 
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while the gasifying agents are injected from the bottom of the gasifier and move upwards. 

Most chemical reactions take place at the bottom of the bed, where the temperature is the 

highest in the gasifier. The produced syngas exits from the top of the gasifier at a relatively 

low temperature (420K-570K) [39]. Updraft gasifiers have the ability to gasify high 

moisture content biomass as there is a high heat exchange rate between the combustion 

zone and the drying zone. Also, it could achieve relatively high carbon conversion rate due 

to the long residence time of biomass [40]. For all the gasifier types, the economical tar 

removal process is still considered to be the main technological barrier [35], thus it is 

necessary for process models to predict tar residue production.   

Table 1 summarised the experimental and numerical studies on updraft gasifiers in 

past decades. Notice that in the experiment section, the effects of different conditions on 

gasifier performance have been studied, including gasifier temperature, equivalence ratio 

(ER), mixed gasification agents, and biomass types. Compositions of syngas were analyzed 

in most cases to evaluate the processing conditions, gasifying temperatures were usually 

around 1000K, ER was usually controlled between 0-0.4, air and steam were the popular 

gasifying agents, and both hard and soft woods were fed into the gasifiers. 

Even fewer numerical studies on updraft gasifier have been reported. Some 

researchers were using the equilibrium-based model to proximate the syngas 

compositions[41, 42]. Although equilibrium-based models were widely used, not only for 

updraft gasifiers but also for fluidized gasifiers [43-46], entrained flow gasifiers [47, 48] 

and downdraft gasifiers [49-53], it is known that equilibrium base model is not reliable, 

especially when the equivalence ratio lays between 0.10-0.30. A few finite-rate kinetics 

models were developed for updraft gasifiers, while some models [54, 55] approximated 
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char conversion and tar formation were not discussed. Thus, developing and validation a 

kinetic model based on comprehensive and reliable reaction kinetics is needed. Also, a 

comparative study of equilibrium based model versus kinetic model is needed.  

The objective of this work is to develop and validate a kinetic model for biomass 

gasification in updraft gasifiers using Aspen Plus to substitute the equilibrium-based model. 

The proposed kinetic model is able to correctly predict syngas composition and 

approximate tar formation and cracking. The paper is organized as follows. In the following 

section, methods and simulations settings are presented. Then, the kinetic model (is also 

called RXN model in this work) was validated by comparing with the experimental data 

available in literature and the MGFE model. At last, the validated RXN model was applied 

to investigate the effects of equivalence ratio (ER), gasification temperature, biomass 

mixture, biomass moisture and compositions on syngas and tar products. 

 



 

Table 1. Experiments and simulations for the updraft gasifiers in past decades 

Experiments 

Authors Gasification 

agent 

Biomass type  Equivalence ratio or 

air/fuel ratio range 

Comments 

Aljbour and 

Kawamoto, 

2013 [56, 

57] 

Air and 

steam 

Japanese cedar 

wood 

0-0.3 Temperatures vary between 932K and 1223K, steam 

to carbon ratios vary between 0-2.0. 

Kayal and 

Chakravarty, 

1994 [58] 

Air Jute-stick Not documented Tested the influence of air inlet velocities on gas 

components, as well as the temperature along the 

bed. 

Chen et al., 

2012 [34] 

Air Mesquite and 

redberry juniper 

0.25-0.37 CO: 13-21%, H2: 1.6-3%, CH4: 1-1.5%, C2H6: 0.4-

0.6%, N2: 60-64%, CO2: 11-25%, and O2: 1-2%. 

Kihedu et 

al., 2016 

[59] 

Air and 

steam 

Black pine 

pellets 

Biomass feed 9g/min, 

gasified with 16L/min 

air or 11.3L/min 

air+1.5g/min steam 

Tested the bed height, temperature, gas and tar 

compositions inside the reactor. 

Pedroso et 

al., 2013 

[35] 

Air Japanese Poplar 

woodchip 

Not documented Presented a modified reactor design with two air 

inlets to decrease the tar production. The gasifier was 

run for 19 times, for 6h periods. 
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Table 1. Experiments and simulations for the updraft gasifiers in past decades (cont.) 

Saravanaku

mar et al., 

2004 [60] 

Air long stick wood 

(leucaena 

species) 

varied ERs between 0.19-

0.95 in the same run 

In the top lit updraft configuration, the gasifier 

was a top lit updraft system, was run 27 times, 

and 5 h and 15 min periods. This new design 

produced significant lower tar content than the 

conventional updraft gasifiers. 

Saravanaku

mar et 

al.,2007 

[37] 

Air long stick wood 

(prosophis 

species) 

Wood varies from 45-

50kg, air feed was 24.11-

24.45m3/h in selected runs  

In the bottom lit updraft configuration, the 

gasifier system was run ten times under various 

airflow rate operating conditions, each for a 

period of 5 h and 15 min. 

Kurkela et 

al.,1989 

[61] 

Air and 

steam 

Peat and wood 

chips 

Not documented Peat gasification: CO: 16.1%-24.2%, H2: 

16.7%-18.8, CH4 2.0%-3.0%, CO2: 10.3%-

14.3%. For biomass: CO: 28.9%-20.6%, H2 

14.0%-17.6%, CH4: 1.6%-2.5%, CO2: 6.8%-

13.8%. 

Mandl et al. 

2011 [39] 

Air Softwood 

pellets 

Air/fuel ratio 1.0-1.6 kg/kg CO: 24.4%-26.6%, CO2: 4.7%-6.2%, CH4: 

1.6%-1.7%, H2: 3.9%-6.3%, H2O: 14.6%-

18.4%. 
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Table 1. Experiments and simulations for the updraft gasifiers in past decades (cont.) 

Lucas, 

2005 [62] 

Air/steam Wood pellets, wood 

chips, bark and 

charcoal 

20kg wood pellets feed 

with 50m3/h air 

Batch gasification with preheated agents 

at different temperatures. All the gas 

composition data were collected along 

with operating time. 

Gao et al., 

2008 [63] 

Air/steam pine sawdust 0, 0.05, 0.1, 0.3 The effects of temperature, ER, 

steam/biomass ratio, and porous ceramic 

reforming on the gas characteristic 

parameters were investigated. A 

steam/biomass ratio of 2.05 was found to 

be optimum in all runs. 

Chen et al., 

2013 [64] 

Air, 

air/steam, 

carbon 

dioxide/oxyg

en 

Mesquite 2.7-4.3 Compared to air gasification, both the 

peak and average bed temperatures 

decreased for using air/steam mixtures as 

an oxidizing agent. Using a CO2/O2 

mixture for gasification produced a much 

higher HHV syngas. 
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Table 1. Experiments and simulations for the updraft gasifiers in past decades (cont.) 

Simulations 

Authors 

and Year 

Bed type Codes Zone Comments 

Kayal and 

Chakravart

y, 1994 

[58] 

Updraft Matlab Entire bed Mathematical model predicts the 

biomass conversion, gas production 

rate, gas composition and stream 

temperatures along the gasifier as well 

as the final syngas, as a function of air-

input rate using jute-stick as the 

feedstock. 

Yang et al., 

2003 [65] 

Fixed bed Matlab Entire bed Effects of devolatilization rate and fuel 

moisture were assessed. 

Di Blasi, 

2004 [55] 

Updraft Matlab Entire bed A one-dimensional, unsteady 

mathematical model was presented, 

energy and mass transport, drying and 

devolatilization, char gasification, and 

combustion zone were coupled. 
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Table 1. Experiments and simulations for the updraft gasifiers in past decades (cont.) 

Mandl et 

al., 2010 

[54] 

Updraft CFD Entire bed The model considered one-step global 

pyrolysis kinetics. Drying, heat and mass 

transfer in the solid, gas and solid-gas 

phases, heat loss, particle movement and 

shrinkage were considered. 

Ramzan et 

al., 

2011[41] 

Updraft Matlab Entire bed Equilibrium method was used.  

Ueki et al., 

2012 [66] 

Updraft CFD Entire bed A Euler–Euler model was used to 

simulate the gasification process with 

superheated steam. The calculation 

showed there was a 150K–300 K 

temperature difference between gas 

phase and solid phase. 

Chen et al., 

2013 [42] 

Updraft Aspen Plus Entire bed Simulated two types of updraft bed based 

on a minimization of the Gibbs free 

energy at equilibrium. 
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2. MODEL DEVELOPMENT 

 

2.1. MINIMIZING GIBBS FREE ENERGY MODEL (MGFE MODEL) 

In the MGFE model, an RGIBBS operation block is used to convert biomass to 

syngas. Its mathematical theory is explained below. All reactions in the gasification 

process are assumed to reach chemical equilibrium before the syngas leaves the reactor. 

Thermodynamically, the total Gibbs free energy of a closed system at a constant 

temperature and pressure must decrease during an irreversible process. When the 

equilibrium state is reached, Gt attains its minimum value [67], 

 
,( ) 0t T PdG   (1) 

When applying Eq. (1), each component involved in the process also follows 

mass balance law, namely, the mass of each element in the biomass and provided air 

equals the mass of each element in the syngas mixture, char, tar and ash: 

 

,

0

N

i j i j

i

a n A


  
(2) 

Based on the assumption that all reactions reach equilibrium, the MGFE cannot 

be used to approximate the char and tar residues because tar is an intermediate byproduct. 

Thus, the development of reaction model is needed.  

 

2.2. REACTION MODEL (RXN MODEL)  

In this work, an RXN model based on detailed kinetic parameters of each reaction 

has been developed. The RXN model is fundamentally more accurate than the MGFE 

model because reaction kinetics are used instead of chemical equilibrium assumption. 

The kinetic reaction rate of species i of reaction r is expressed as follows: 
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𝑟𝑖,𝑟 = 𝑘𝑟 ∏[𝑐𝑖,𝑟]𝛼𝑖,𝑟

𝑁

𝑖=1

 

(3) 

where kr is computed using the Arrhenius expression: 

 
𝑘𝑟 = 𝐴𝑟𝑇𝛽𝑒−

𝐸𝑎
𝑅𝑇 

(4)  

To approximate and formulate the whole gasification process, H2, O2, N2, CO, 

CO2, CH4, H2S, H2O, char, tar and ash were considered, and all the other possible 

components are neglected. The RXN model is validated by comparison with both 

experimental data and the MGFE model. 

2.2.1. Schematic of the Kinetic Model. Figure 1(a) shows the structural diagram 

of a typical updraft gasifier. The simulation procedure, Figure 1(b), corresponds with the 

structural diagram. The bed in an updraft gasifier is usually divided into four zones. 

Biomass stream passes through four zones sequentially from the top to the bottom while 

the air stream goes upwards. Biomass is progressively decomposed when passing 

through each zone and reacts with air to produce syngas. The reaction path was inspired 

by previously published articles on biomass gasification stages and steps by considering 

more reactions details. Ahmed et al. [68] illustrated that gasification process consists of 

many steps and these steps overlap each other. Although there are no clear boundaries 

between each step, these steps were divided into several groups or zones for modeling 

purposes. The top layer is the drying zone in which moisture separates from the feedstock 

due to the heat coming from the reactor core, generating steam and dried biomass. 

Pyrolysis zone would decompose the biomass into gasses (CO, H2 etc.), liquids (tars and 

oils) and solid (char). Most Aspen Plus models only decompose biomass into basic 

elements and then used an RGIBBS block to optimize the final products, which allowed 
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no tar formation during the process This has also been a common defect in previous 

biomass gasification models [49, 69]. In this paper, a series of physical and chemical 

processes take place and dried biomass is decomposed to primary tar, volatiles, charcoal 

and ash [70]. Primary tar goes under thermal cracking to achieve light gases and 

secondary tar. Gasification zone (also called reduction zone) is where Water-Gas shift 

and Boudouard reactions are the dominant reactions taking place due to limited oxygen. 

The combustion zone lies at the very bottom of the reactor, in which light gases, volatiles 

and charcoal are partially burnt by the incoming air and generates CO2 and H2O. Ash is 

considered inert for all reactions. Temperatures may rise to around 1200°C due to the 

oxidation reactions, which provides the heat for the whole gasification process. All 

processes follow mass balance and energy conservation in the RXN model. As the model 

works primarily with mixtures of hydrocarbons up to their critical points, Peng–

Robinson equation of state was to approximate physical properties of the conventional 

components in the gasification process. The enthalpy and density model selected for both 

non-conventional components biomass and ash were HCOALGEN and DCOALIGT. 

Char is defined as pure carbon. 

2.2.2. Drying and Devolatilization.  Figure 2 shows the Aspen Plus simulation 

flowsheet of the RXN model. Biomass was specified as a non-conventional component 

and is defined by its ultimate analysis (UA) and proximate analysis (PA). The 

temperatures of the drying, pyrolysis and combustion zones were set based on 

experimentally measured values, the temperature of the gasification zone was  
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Figure 1. (a) Structural diagram of an updraft gasifier, (b) simulator schematic for the 

RXN model  

 

 

 

calculated that the temperatures in the drying zone were between 100°C-200°C, 70°C -

200°C, 150°C-300°C, respectively. Thus, the temperature of the drying zone was set at 

127°C in this work. Pyrolysis zone temperature was set at 330°C according to Reed [71], 

who estimated the pyrolysis temperatures to be 250°C-450°C, but mostly at 330°C. For 

drying and pyrolysis stages, see Figure 2(a) and 2(b). an RYIELD block was used to break 

down the biomass into basic chemical elements (carbon, hydrogen, oxygen, and sulfur etc.), 

ash, water and primary tar. The primary tar included acetone, toluene and phenol, and the 

compositions of which were defined under the assumption that tar takes 20% of the total 

biomass weight [66]. The secondary tar included naphthalene and benzene only for this 

model. A SEP block separated the primary tar and water from the ash and basic elements. 

Then, an SSPLIT block was used to separate fixed carbon from rest of the volatile elements, 
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the ratio if seperation equaled to fixed carbon/total remained carbon. The volatile elements 

contain basic elements to form volatiles, an RGIBBS block was used to convert these 

chemical elements to light gases (CO, H2, CO2, N2 etc.). The mixture stream of fixed carbon, 

light gases, primary tar, steam and ash was considered as a pyrolysis product. 

2.2.3. Gasification and Combustion. Char, secondary tar and volatiles reacted 

with abundant air in the combustion zone, and limited air in the gasification zone. In an 

updraft gasifier, the gas phase goes in from the bottom and flows to the top, while the solid 

phase flows in the opposite direction. Figure 2(c) shows how the streams and operation 

blocks corresponded to these reactor facts. The stream “Gas*” was not a recycle stream, 

but it was circulated since this gas phase stream comes out of the combustion zone and 

goes into the gasification zone. This flowsheet became complex when Aspen Plus blocks 

involved in it, see Figure 2(d). The returned stream “Gas*” was also labeled in this figure.  

The model divided char gasification into heterogeneous reactions and 

homogeneous reactions. Kaushal and Tyagi [46] used this thought and developed a kinetic 

simulation for a fluidized bed gasifier, but they did not specify any details regarding 

residence time. As is well-known, gas usually goes through the reactor much faster than 

the biomass: the residence time of the biomass is in the order of several hundred to several 

thousand times larger than that of the gas. Thus, the residence times for gas-solid phase 

reaction set and gas phase reaction set should be set separately. To cater this phenomenon, 

as shown in Figure 2(d), two RCSTR blocks were used for gasification zone considering 

different residence times, the same settings were applied to the combustion zone. Since the 

void ratio of the bed is around 0.5, the gas phase would have back flows and diverse 

velocities [72]. The gasifier was considered to have the hybrid nature of both PFR and 
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CSTR. To approximate this flow, one CSTR was used in each zone for each homogeneous 

or heterogeneous reaction set, but CSTRs in series were used to mimic the plug flow nature. 

Fogler [73] drew a conclusion that we can model a PFR with a large number of CSTRs, 

justifying that a number of CSTRs in series could be used to mimic a PFR. Nikoo and 

Mahinpey [74], Abdelouahed et al.[75] also used two RCSTR blocks in series to optimize 

fluidized gasifier. Due to these reasons, the use of CSTR blocks is appropriate. Notice that 

adding sets of heterogeneous and homogeneous blocks could benefit the model accuracy, 

it is also necessary when this model is used in industry scale gasifiers. 

Heterogeneous reactions were activated in “HETERO1” and “HETERO2”, and 

homogeneous reactions were activated in blocks “HOMO1” and “HOMO2”. All the 

reactions and their rates considered in this work are shown in Table 3. In this paper, the 

volume of gasification zone and combustion zone were assumed to be ¼ of the total bed 

height. Chen et al. [34] conducted an experiment for updraft gasifier, in which he provided 

temperature profile along the bed height. The total length of the bed was 22cm, and each 

zone occupied approximately ¼ of the total length (around 6cm). Hihedu et al. [59] and 

Ueki et al. [38] also reported bed temperature profiles, indicating the combustion and 

gasification zones were almost the same length, and they in total took half of the reactor 

length. The residence time of each block was calculated by a quarter of the total residence 

time of gas phase and solid phase. 

As CSTRs were used to mimic the gasification and combustion processes, the 

total residence time could be calculated by the feed, void ratio and zone volume. The 

total residence time of solid phase was estimated by Eq. (8), for gas phase was estimated 

by Eq. (9). For the approximation of heterogeneous reaction CSTR block, the simulated 
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reactor diameters were the same as those used in experiments, the reactor length could 

be calculated by Eq. (10). 

 
2 / 4rtV D L  (5) 

 , /ht total bio rt biot V F
 (6) 

 hom , (1 ) /o total rt airt V F 
 (7) 

 , ,1/ 4ht zone ht totalt t
 (8) 

 , ,1/ 4hm zone hm totalt t
 (9) 

 , ,/hm ht hm total ht totalL L t t 
       (10) 

A “COOLDOWN” block was used to simulate gas transformations and temperature 

change after it leaves the high-temperature zones and “syngas” stream was the final syngas 

product. 

Zainal et al. [33] reported that the combustion zone temperature was 1000°C. 

Dogru et al. [28] and Sheth and Babu [76] reported the combustion zone temperature for 

downdraft gasifiers were 1000°C- 1200°C and 900°C-1050°C, respectively. So, 

combustion zone temperature was set at 1000°C in this work. The gasification zone 

temperature was calculated by overall energy balance. The calculated temperature was 

around 570°C-670°C in this work, which was consistent with the values reports by Ueki 

[38] and Zainal [33] (approximately 450°C -800°C). The temperatures of “HOMO1” and 

“HETERO1” were the same, and were calculated by a “DESIGN SPEC” block. To 

maintain energy conservation, the net released energy were calculated by: 
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 1 1 2 2hm ht hm htQ Q Q Q     
(11) 

 1 1hm htT T  
(12) 

Development and validation of a reliable model for large-scale gasifier is 

definitely needed. However, the experimental data of industrial-scale gasifier that can be 

used for comparing with models is still insufficient. For example, as the gasification goes, 

the biomass shrinkage and breakup theory were not well developed yet, the void ratio 

along the bed length would not be as uniform as a pilot scale reactor. Furthermore, the 

heat loss to the surroundings, heat exchange between each zone and zone volumes would 

change vigorously due to the scaling up. For a large-scale reactor, a large number of 

CSTRs will be needed, which will also make this model harder to converge as the number 

of CSTR increases. 
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Figure 2. (a) Flowsheet for drying and breaking down; (b) flowsheet for pyrolysis; (c) 

streams and operation blocks corresponded to reactor facts; and (d) Aspen flowsheet for 

gasification and   oxidation zones 



 

Table 2. Reactions involved in biomass gasification and their kinetic parameters 

Reactions Kinetic Parameters 

Heterogeneous Reactions  ArTβ (mol(1-α)m(3α-3)s-1) Ea (kJ/kmol) 

Boudouard [77] C+CO2→2CO  589T 222829 

Carbon shift [78] C+H2O→CO+H2  5.714T 129706 

Combustion I [48] C+0.5O2→ CO  0.002 79000 

Combustion II [79] C+O2→CO2  7.96×10-7 27118 

Methanation [80] C+2H2→CH4  0.0342T 129706 

Homogeneous Reactions  ArTβ (mol(1-α)m(3α-3)s-1) Ea (kJ/kmol) 

Combustion III [81] CO+0.5O2→CO2  1.3×1011CH2O
0.5 125600 

Water-gas shift [77] CO+H2O↔CO2+H2 Fr 2.78 12560 

Rr 104.830 78364 

Steam methane reform [82] CO+3H2↔CH4+H2O Fr 312 30000 

Rr 6.09×1014 257000 

Combustion IV [77] H2+0.5O2→H2O  3.53×108.4 30514 

Acetone cracking [66] C3H6O2→0.5C6H6O+1.5H2O  104 136000 

Phenol cracking [66] C6H6O→0.5C10H8+CO+H2  107 100000 

Toluene cracking [66] C7H8+H2→C6H6+CH4  3.3×1010 247000 

 

2
6
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3. MODEL VALIDATION 

 

To validate the RXN model, the predicted syngas compositions at different 

equivalence ratios (ERs) were compared with the corresponding experimental data. ER is 

an essential parameter influencing gasification temperatures and syngas compositions. It is 

defined as the ratio of provided oxygen to oxygen required for full combustion: 

 
the actual  air/fuel ratio 

ER=
air/fuel ratio for stoichiometric combustion  (13) 

 

3.1. SIMULATION OBJECTS 

Two representative experiments were selected to test and validate the RXN-model. 

Test Case I was conducted by Yasuaki Ueki et al [38]. The gasifier had a height of 1m and 

an inner diameter of 0.102 m, and the biomass bed height was 0.6m. The steady state 

biomass feeding rate was 0.75 kg/h with 20min internals, air flow rate was set at 20 L/min. 

Test Case II was reported by Seggiani et al. [83], who adopted a gasifier of 2 m height and 

0.165 m internal diameter with a bed height 1 m. Experimental tests were conducted at 

different mixing ratios of blending sewage sludge (SS) and wood pellets (WP) mixtures to 

analyze the effects on gasification behaviors. ER ratios at 0.15, 0.20, and 0.25 were 

operated for all mixtures. In our simulation, the ERs vary from 0.10-0.30, with a 0.025 

interval to achieve a better understanding of the compositions changes against ER. Table 

3 shows the results of the proximate analysis and ultimate analysis of biomass species used 

in these cases. 
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3.2. VALIDATION 

In Figure 3, the RXN simulation results and the MGFE model predictions were 

compared with experimental data at air/fuel ratio equals to 1.6m3/kg for Case I. It can be 

seen that the predictions of the RXN model corresponded closely to the experimental 

data, while MGFE model results failed to correctly predict the syngas compositions. For 

CO, the prediction error of the RXN model was about 11%, while the error of MGFE 

model was approximately 36%. For CO2 and H2, the values predicted by the RXN model 

were very close to experimental data, while the MGFE model gave a value twice bigger 

than the experimental data. Both the RXN and the MGFE models overpredicted CH4. As 

described in Case I, the woody biomass pellets were pre-dried for 24 hours prior to each  

 

 

 

Table 3. Proximate and ultimate analysis of biomass in the two experiments 

 Case I Case II 

 Wood pellets 

 

Wood pellets 

 

Sewage sludge 

 

Proximate Analysis (wt.%) 

Volatile matter                79.70 74.1 44.0 

Fixed carbon                    15.09 17.2 5.1 

Ash 0.57 0.7 30.9 

Moisture 4.64 8.0 20.0 

Ultimate Analysis (wt.% dry, ash-free basis) 

Carbon 49.58 49.3 51.2 

Hydrogen 6.65 6.2 8.2 

Oxygen 43.59 44.5 31.8 

Nitrogen 0.19 <0.1 7.1 

Sulfur  <0.1 1.7 
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run, yet the original analysis was used in the simulations. This also resulted in bigger 

errors.  

Figure 4 shows the comparison of the RXN and the MGFE models predictions with 

experimental data at ER 0.10 to 0.30 for Case II. In Figure 4a, the volume fractions of CO 

at ER= 0.15, 0.20, 0.25 obtained from the experiment were about 0.3. The RXN model 

reasonably underpredicted the CO mole fraction, while the MGFE model significantly 

misestimated it. In Figure 4(b), the experimental measurement of CO2 volume fraction 

slightly increases with the increasing ER from 0.15 to 0.25. The RXN model prediction 

gives a similar trend with the experimental data, while MGFE model gives an opposite 

trend. For CH4 and H2, the RXN model correctly predicted their value, while MGFE model 

gave more than 100% errors in CO2 predictions and more than 200% in CH4 predictions, 

both of which are not acceptable.  

 

 

 

 

Figure 3. Case I syngas compositions for CO, CO2, H2 and CH4 
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According to the comparisons above, the RXN model is more accurate than the 

MGFE model. The RXN model benefits from the theoretical fundamentals of using 

reaction kinetics as it takes the time scale into account, it. The application of different 

residence times for heterogeneous and homogeneous reactions are also considered the main 

parameter for a more precise model. 

 

 

 

 

Figure 4. Case II syngas compositions for (a) CO; (b) CO2; (C)CH4 (d)H2 
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4. MODEL APPLICATION AND OPTIMIZATION 

 

4.1. EQUIVALENCE RATIO INFLUENCES 

In updraft gasifiers, the ERs are usually controlled between 0.10-0.30 depending 

on diverse types of feed. Generally, a higher value of ER means more oxygen is provided, 

resulting in better combustion as well as a higher reactor temperature. For RXN simulation 

of Case II, it can be seen that CO volume fraction first increases as ER increases to peak 

values and then decreases. This trend is not obvious in Case II experimental data, but it can 

be clearly seen in the experiment of Chen et al. [34] and Blasi et al. [84] in the updraft 

gasifiers. Chen et al. reported that the CO volume fraction peak is at ER=0.3 for juniper 

gasification and 0.27-0.37 for Mesquite gasification. This difference of ER peaks may due 

several reasons, such as differences in bed void ratios, gasifier sizes, and chemical and 

physical properties of the biomass. For example, beds filled up by biomass of difference 

shapes have different void ratios, which influence gas phase flow pattern significantly. 

Picks usually suffer from a worse bridging phenomena than pellets [85], bridging and the 

resulted flow pattern would cause more air bypassing the bed, and therefore requires a 

higher optimized ER. Blasi et al. found that the CO volume fraction increases with the 

increasing ER (air/fuel ratio 0.80-1.50kg/kg), which matches the trendline before reaching 

the CO peak. This phenomenon is also observed in some downdraft gasification 

experiments [21, 36, 86].  

A slight discrepancy can be observed between the RXN prediction and the 

experiment. For example, the RXN model gives CO values lower than the experimental 

data. Possible reasons are as follows. First, the gasification reaction kinetics are very 
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complex and highly coupled as reported frequently in the literature. Therefore, the final 

predictions would divert from the experimental data, even if one of the reaction kinetics is 

not accurate. Moreover, as Aspen Plus restrains the RXN model to consider the detailed 

temperature and component concentration distributions inside the gasifier, uniform 

distributions were assumed for each zone. This also explains why there is a 1% oxygen in 

the experimental data, while oxygen concentrations are always calculated to be zero in 

simulation cases. 

To better understand the quality and calorific value of the syngas product, the lower 

heating value (LHV) of syngas is introduced and defined as follows: 

       LHV=CO×12.636+H2×10.798+CH4×35.818+C2H4×59.036+C2H6×63.772 (14) 

where, CO, H2, CH4, C2H4 and C2H6 are the molar percentages of components in the syngas.  

The η, LHV per kg biomass, represents the energy extracts from 1kg of biomass, 

which is calculated by  

 η=LHV×dgp/Fbio (15) 

Figure 5(a) and 5(b) show the LHV and η as functions of ER, respectively. It can 

be seen that LHV increases from ER=0.10 to ER=0.125, and then decreases, with the 

maximum value (7.0MJ/m3) occurring at ER=0.125. It has the same pattern with CO 

volume fraction as the function of ER as shown Figure 4(a). The maximum value of η 

exists at ER=0.15, which means the maximum energy of 15.5MJ can be obtained from 1kg 

of biomass. The η peak and CO volume fraction peak exist at the same ER, both are close 

to the LHV peak at ER=0.125. From the aspect of energy conversion, ER=0.15 is the 

optimum operation condition for gasification of the biomass we used in our simulation 

(wood pellets). The optimal ER may be adjusted according to the following chemical 
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processes. For example, if the syngas will be fed into a Fischer–Tropsch reactor to produce 

hydrocarbons, the ER should be set to 0.30 in order to cater the ideal feeding ratio H2/CO=2 

[87, 88]. 

 

 

 

 

Figure 5. The RXN simulations for Case II (a) LHV and (b) η at different ERs 

 

 

 

4.2. GASIFICATION TEMPERATURE INFLUENCE 

The biomass gasifiers are preferred to be energy self-sustainable, as the heat 

produced from the combustion zone transfers to other areas of the bed and fully support all 

reactions. Additional heat can be provided by adding water steam as a co-gasification agent 

or applying hot wire to raise the bed temperature. The syngas compositions would be 

reformed at a higher gasification temperature and thus preserve more energy. Figure 6(a) 

gives the syngas compositions at ER=0.25, +0°C represents the calculated temperature 

with no extra heat funneled, gas compositions are also given for raised temperatures to 

evaluate the effect of gasification temperatures. The figure clarifies the CO and H2 mole 
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fractions increase with the increase of temperature, while the H2O mole fraction decreases. 

This prediction matches the experiment facts in the review paper [89]. The mole fraction 

of syngas compositions after the water condensed are given in Figure 6(b). CO 

compositions are comparable at low temperatures (+0°C-+90°C) due to increased steam 

composition, but it increases to 0.24 at +120°C, H2 increases with increasing temperature. 

CH4 mole fraction remains fairly steady, CO2 fraction increases to a peak value at +60°C 

and then decrease on both wet and dry basis. This same trend can be found in experiments 

conducted by Lapuerta et al. [90] and Peng et al. [91]. The extra energy needed and 

produced are shown in Figure 6(c), this illustrates that the syngas has bigger heating values 

if the gasifier is operated at higher temperatures, but this needs a lot more energy to be put 

into the system. According to this prediction, it is not wise to use commercial energy 

resources (such as electricity or natural gas) to increase the bed temperature, but the hybrid 

of gasification and exothermic chemical processes could be a better solution. 

 

4.3. BIOMASS MIXTURE INFLUENCE 

Several authors have investigated the co-gasification of biomass-coal [92-97] as 

well as co-gasification of biomass mixtures [91, 98, 99]. It is very important for gasification 

plants to have different biomass feeds at the different times of the year because of the 

particular biomass harvest times. Feed type with a higher heating value (i.e., lower moisture, 

lower ash, and higher carbon content) will produce syngas with more combustible 

components, which means higher syngas quality. This phenomenon could be found in the 

experiments by Ong et al. [98]and Seggiani etc. [83], Ong et al. gasified sewage sludge and  

http://www.sciencedirect.com/science/article/pii/S0378382008000404
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Figure 6. Reduction zone temperature influence on (a) syngas composition (wet basis); 

(b) syngas composition (dry basis); (c) extra energy needed and extra energy produced 
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wood chips mixture, while Seggiani et al. used sewage sludge with wood pellets to test the 

compositions in syngas products. The wood pellets/chips have higher heating values than 

the sewagesludge, higher CO compositions are also found as a higher ratio of wood 

chip/pellets were mixed. Figure 7 shows the gasification products and their LHVs using 

different mixtures of sewage sludge and wood pellets, their UA and PA are provided by 

Seggiani et al. [83]. As it can be seen, the RXN simulation gave a similar prediction as 

experiments mentioned above. CO decreases significantly due to higher mixed sewage 

sludge, both H2 and CO2 composition first increase to a maximum and then decrease, while 

CH4 stays fairly constant. LHV decreases significantly as more sewage sludge was fed, this 

verifies the fact that it is favorable to add higher heating value biomass into the lower 

heating value biomass to reform the syngas composition. This operation also stabilizes the 

bed temperature and prevents the bed from a shutdown. 

Because of degradation on heating values, coal is a better fuel than hardwood, while 

softwood is the worst among these three. Traditionally, hardwood has been the preferred 

fuel in wood stoves and fireplaces, and also gasifiers due to its low moisture content and 

higher energy density. Softwood is easy to ignite so it is convenient for startups. Thus, 

experimentalists should be careful on what kind of biomass to use due to the different 

scenario, and these choices are also limited by the accessible kinds of biomass over 

different seasons at different locations. However, if both hardwood and softwood are dried 

and compressed to the same density, their BTUs are very similar, which means they will 

have the almost the same performance on gasification. Drying and compressing also benefit 

the bed performances, as these processes can reduce bed shutdowns and bridging 

phenomena. 
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Figure 7. Syngas compositions and lower heating value for different ratio of wood pellets 

and sewage sludge mixtures 

 

 

 

4.4. MOISTURE CONTENT INFLUENCE 

Moisture content has a significant impact on the outcome of the gasification process. 

Some type of biomass needs to be preheated and control the moisture content less than 15% 

for most gasifiers [100], yet some updraft reactors may process biomass with a moisture 

content as high as 50% [101]. Moisture content above 30% usually results in ignition 

difficulty and is more likely to cause bed failures. Higher moisture content means more 

energy is required for water evaporation in the drying zone, which lowers the bed 

temperature. Decreased bed temperature results in incomplete tar cracking and degrade 

syngas formation. Figure 8 gives the syngas compositions with different moisture contents 

at ER=0.15. The biomass UA and PA are exactly the same as wood pellets [83], except for 

the moisture contents are set at 4%, 8%, 12% and 16%. Figure 8(a) CO and CH4 

compositions illustrate syngas compositions are almost the same, yet the H2 composition 

decreases significantly as moisture content increases, thus resulting in a lower LHV value, 

as shown in Figure 8(b). At the same time, the dry gas production also decreases, so the 
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energy produced per kilogram of biomass (η) also decreases as moisture content gets higher. 

This verifies the increasing moisture impairs the syngas quality. 

 

 

 

 

Figure 8. Moisture content influence on (a) syngas compositions of wood pellets 

gasification; (b) LHV, dry gas production and η 

 

 

 

4.5. GASIFICATION CONDITIONS INFLUENCES ON TAR YIELD 

In the downstream of the gasification process, high molecular weight compounds 

are condensed to form tar if the temperature drops below 450ºC. Most tar is deposited in 

the pipe line and the rest remains as an aerosol in the syngas. Two strategies are developed 

to remove the tar: (1) apply removal apparatus to clean the syngas [102], and (2) improve 

the gasification technology to reduce the tar formation[103]. Mechanical/physical methods 

for tar removal face serious problems such as high operation cost and environmental 

discomfort [104], thus it became essential to enhance tar cracking (i.e. thermal and catalyst 

cracking) in the gasification process. Brandt et al. [105] claimed that it is necessary for the 
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gas to stay at 1250 ºC for more than 0.5 seconds in order to achieve efficient tar thermal 

cracking. Updraft gasifiers produce at least 10 times more tar than the downdraft gasifiers 

[26] due to the limited residence time. Since tar formation will cause harm to the engine 

system, it is beneficial to predict how much tar will be in the final syngas product. 

It is impossible for MGFE model to achieve tar compositions, due to the fact that 

tar is an intermediate product. Some researchers have developed models shows tar 

formation. Gagliano et al. [106] developed a numerical model for downdraft gasifiers. In 

Gagliano’s model to approximate downdraft gasification process, tar yield was fixed to  

4.5% w/w independent of the operating conditions, and the chemical formula C6H6O0.2 was 

used to represent the tar, and the thermochemical properties were assumed to be the same 

as benzene. An obvious disadvantage arises due to the tar yield ratio assumption that the 

tar yields and compositions do not change due to different operating conditions (such as 

ERs and bed temperatures). While in this model, the RXN model defined specific 

chemicals for primary and secondary tar, the amount of each chemical could be viewed in 

the final “syngas” stream.  

Downdraft gasifiers usually produce 4.5% w/w tar [26, 40]. Since the updraft 

gasifiers produce more tar than downdraft gasifiers [107], the calculated tar yield 6-8% 

w/w could be trusted. This model predicted a complete char conversion, means that all the 

char reacts inside of the gasifier to support the gasification process. Experimentalists 

regularly report syngas compositions as they consider syngas as the mean product. Some 

researchers consider tar, the mean contaminant, but its composition is hard to analyze. Char 

is neither important nor hazardous so it seldom draws any attention. Although this model 
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predicts char amount, the predictions are not justified due to the lack of char information 

in the experimental findings. 

Figure 9(a) shows the simulated tar composition of wood pellets gasification by the 

RXN model, it can be seen that tar composition decreases drastically with increasing ER 

due to increasing gasification temperature. Figure 9(b) also gives the same trend that tar 

composition decreases with increasing gasification zone temperatures at ER=0.2. It can be 

concluded that higher gasification temperature is helpful for tar cracking to increase the 

combustible compositions. Figure 9(c) illustrates there is very little benzene presence in 

tar, toluene and acetone occupy more than 50% mole fraction of tar and they escalate a 

little, while the naphthalene and phenol vary as ER increases. 

 

 

 

 

Figure 9. Impact on tar amounts due to: (a) ER value, (b) reduction zone temperatures, (c) 

tar compositions  
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5. CONCLUSIONS 

 

A kinetic model of biomass gasification was developed to simulate and optimize 

reactor performance in updraft gasifiers. The kinetic model was validated by comparison 

with two experimental findings available in the literature. It is found that the kinetic model 

could correctly predict the syngas and tar compositions, which is more accurate than the 

equilibrium model. Systematic parametric studies were conducted to investigate the effect 

of ER, gasification temperature, biomass mixture and moisture content on syngas and tar 

compositions. This study reveals that: 1) The optimal ER depends on the specific 

application of syngas, 2) Recovering waste heat to achieve a higher gasification 

temperature is favorable, 3) Lower heating value biomass could be mixed with higher 

heating value biomass to improve syngas quality, 4) The gasification temperature has a 

significant effect on tar production amount and compositions. 
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NOTATION 

 

𝑎          number for atoms 

A                 total number of atoms entering the reactor 

Ar               frequency factor (mol(1-α)m(3α-3)s-1) 

C               concentration (mol/m3) 

D               diameter of the gasifier (m) 

dgp           dry gas production (m3/h) 

Ea              activation energy (kJ/kmol) 

ER             equivalence ratio 

Fbio            feed rate of biomass (kg/h) 

Fair             feed rate of air (m3/h) 

Gt              total Gibbs energy of system (kJ/mol)  

kr               reaction rate coefficient (mol(1-α)m(3α-3)s-1) 

L               total length of combustion and gasification zones (m) 

Lhm            reactor length of homogeneous reactor (m) 

Lht             reactor length of homogeneous reactor (m) 

LHV         lower heating value (MJ/m3) 

n               moles (mol) 

Qhm1          heat generated by block “HOMO1” (J/sec) 

Qht1           heat generated by block “HETERO1” (J/sec) 

Qhm2          heat generated by block “HOMO2” (J/sec) 

Qht2           heat generated by block “HETERO2” (J/sec) 
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R               gas constant (kJ/kmol K) 

r                 rate of reaction (mol/sec•m3) 

thm,total        total residence time of combustion and gasification zones for homogeneous 

reactor (h) 

thm,zone        total residence time of combustion or gasification zone for homogeneous 

reactor (h) 

tht,total       total residence time of combustion and gasification zones for heterogeneous 

reactor (h) 

tht,zone        total residence time of combustion or gasification zone for heterogeneous 

reactor (h) 

T              reaction temperature 

Thm1         temperature (K)  

Tht1          temperature (K)  

Vrt           volume (m3) 

Greek letters 

α        reaction order 

ρbio        bulk density of biomass (kg/m3) 

β        temperature exponent 

η        lower heating value of syngas out of 1kg biomass (MJ/kg) 

φ      void ratio 

Subscripts 

i        species index 

j        element index 

r        reaction index 
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ABSTRACT  

 

Biomass gasification is widely recognized as an effective method to obtain 

renewable energy. To predict the syngas composition, a kinetic model considering the 

reaction kinetics of biomass gasification inside downdraft fixed bed gasifiers was 

developed and implemented in Aspen Plus V8.6. The model considered different residence 

times for the homogeneous and heterogeneous reaction blocks. This model has been 

applied to a broad range of equivalence ratios (ER) more than commonly considered in the 

standard Gibbs Energy-Minimizing model (GEM model). The Kinetic Model has been 

validated by direct comparison to experimental results available in the literature. The 

Kinetic Model has been used to identify the optimal ER to maximize syngas production 

and to simulate the gasification process for different operating conditions to investigate 

how ER, gasification temperature, biomass moisture content and biomass composition 

affect final syngas composition. Accurate water gas shift reaction kinetics were found to 

be critical to achieving good comparison to experimental results. 

Keywords: Biofuel; gasification; biomass; downdraft gasifier; Aspen Plus; reaction 

kinetics 
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1. INTRODUCTION 

 

Biomass energy has been widely recognized and applied for hundreds of years as a 

renewable energy and is currently considered a good replacement to fossil fuels. 

Gasification is one of the most efficient methods of converting biomass to useful products. 

Biomass gasification is considered environmentally friendly because it does not generate 

additional greenhouse gases when producing energy therefore it is considered carbon 

neutral. 

Several types of gasifiers are currently available, including entrained flow gasifiers 

[5-7], fluidized bed gasifiers[8, 9, 32], updraft gasifiers[22, 24, 25] and downdraft 

gasifiers[17-21, 33]. The Entrained flow gasifiers produce a low amount of tar in the final 

product, but, with this process, a high percentage of energy is lost as sensible heat. The 

fluidized bed gasifier achieves efficient mixing and long residence time, offers high intra-

particle heat transfer rate, yet the product is contaminated with excessive particulates[34]. 

An updraft gasifier is flexible in design and allows a large range of biomass moisture 

content, and the heating value of its syngas product including tar composition is usually 

higher than the downdraft gasifiers[35]. But the syngas contains a high amount of ash and 

tar which needs extensive gas cleanup[36]. The downdraft gasifier is commonly selected 

since it produces syngas with low tar content, and is suitable for engine applications[27]. 

It has higher thermal efficiency because it efficiently transfers heat from the combustion 
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zone to the gasification zone. Air and steam are two common gasification agents in the 

gasification process. When air is the gasifying agent, the prominent product is carbon 

monoxide. When steam is used, carbon monoxide, hydrogen and methane are favorable. In 

a downdraft gasifier, biomass and air/steam are introduced into the reactor together and 

flow downwards simultaneously, where biomass is decomposed and gasified to syngas. 

Air gasification produces syngas within a range of 4-7 MJ/m3 higher heating value 

(HHV)[37], however, a range of 10-18MJ/m3 HHV could be achieved for oxygen fed 

gasification[37, 38]. Some other types of gasifiers (E.g., cross-flow gasifiers[29], dual 

fluidized gasifiers[39], circulating fluidized gasifiers[10], spouted bed gasifiers[40])were 

developed to search for better syngas compositions and operational feasibility. 

Various methods have been used for downdraft biomass gasifiers, which includes 

process models[38, 41-46] , computational fluid dynamics (CFD) models (i.e. Fluent[18, 

34, 47, 48], CFX[49] and OpenFOAM[50]),and artificial neural networks models[51-53]. 

Process simulators were used because of their user-friendly interface and lower CPU 

requirement. Aspen has been adopted to simulate coal-related processes, including coal 

liquefaction[54, 55], coal gasification[56], and integrated coal gasification combined cycle 

(IGCC)[57], and to optimize the species composition from biomass gasifiers and their 

performance. Table 1 summarized the experiments performed on downdraft gasifiers and 

the process simulations developed on all kinds of gasifiers for the last several decades. 
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Most Aspen-based gasification simulations were performed for fluidized bed reactors[38, 

44, 45, 58], some of them were used to simulate updraft beds[59] and downdraft 

gasifiers[60, 61]. For the Aspen simulations of gasifiers, researchers started with applying 

chemical equilibrium by minimizing Gibbs Free energy for gasification and combustion 

zones, which is performed by an RGIBBS block[59-62]. There are plenty of gasification 

models developed based on the equilibrium method, yet the kinetic models were limited to 

specific reaction steps or reaction zones. Kaushal and Tyagi[46] used the kinetic 

information to simulate each zone in a fluidized bed, but the reaction rates were not used 

in the devolatilization zone directly, instead, the composition ratios were defined by the 

ratios of corresponding reaction kinetics. The gasification zone composition was calculated 

by stoichiometric information. Nikko and Mahinpey[44] assumed biomass decomposition 

and volatile process reacted instantaneously, an RCSTR was used to perform char 

gasification by using reaction kinetics with an external FORTRAN code. They also divided 

the simulation zone into bed and freeboard regions and employed different hydrodynamic 

parameters, each region was simulated by one RCSTR. Few kinetic Aspen models were 

developed for downdraft gasifier to simulate the entire gasifier. 

The objective of this work is to develop an explicit steady-state model with 

chemical kinetics of the downdraft biomass gasification process, using Aspen Plus. This 

paper first discusses the Gibbs Energy minimization model, and then introduces the 
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proposed kinetic model. Next, simulation predictions are compared with previously 

published experimental data to validate the Aspen Plus model. Finally, the effect of 

Equivalence Ratio (ER), gasification temperature, moisture content and biomass 

composition on product composition are analyzed and discussed. 



 

Table 1. Summary of experimental investigations on downdraft gasifier and process simulations on all bed types in the past 

decades 

Experiments  

Authors Gasificatio

n Agent 

Reactor 

Scale 

Biomass Type Comments 

Dugru et al. 

2002[33] 

Air Pilot-scale Hazelnut 11 runs among air/fuel ranged 1.37-1.64m3/kg 

Zainal et al., 

2002[21] 

Air Lab scale Furniture wood and 

wood chips 

7 runs among ER 0.25-0.47, another 7 runs to test 

the performance of the gasifier 

Lv et al. 

2007[19] 

Air and 

oxygen/ste

am 

Pilot-scale Pinewood Ran temperature distribution tests, tested the 

biomass gasification with oxygen gas, air and 

oxygen/steam 

Janajreh and 

Shrah, 2012[18] 

Air Lab scale Wood pellets Got temperature profile along the reactor length 

and with time 

Gai and Dong, 

2012[17] 

Air Pilot-scale Non-woody biomass Temperature profile on varied ERs, syngas 

compositions of 7 runs among air/fuel 1.29-

2.88m3/kg 
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Table 1. Summary of experimental investigations on downdraft gasifier and process simulations on all bed types in the past 

decades (cont.) 

Simulations 

Authors and 

Year 

Bed Type Codes Zone Comments 

Chen,1986[63] Downdraft Matlab Entire bed Non-isothermal particle model, with intra-particle temperature 

and gas concentration gradients, developed a “lumped” zone 

for drying pyrolysis and combustion zones 

Wang and 

Kinnoshita, 

1993[64] 

Fluidized Matlab Entire bed A kinetic model was developed based on the mechanism of 

surface reactions 

Milligan, 

1994[65] 

Downdraft Matlab Entire bed Developed Milligan's flaming pyrolysis zone model to 

calculate the gas compositions 

Giltrap et al., 

2003[66] 

Downdraft Matlab Reduction Kinetic rates for reduction zone, methane was overpredicted 

Yang et al., 

2003[67] 

Fixed Matlab Entire bed Effects of devolatilization rate and moisture level in the fuel 

were assessed 
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Table 1. Summary of experimental investigations on downdraft gasifier and process simulations on all bed types in the past 

decades (cont.) 

Blasi, 

2004[68] 

Updraft Matlab Entire bed Finite-rate kinetics with mass and heat transfer 

across the bed, but only water-gas shift reaction is 

considered for homogeneous gas-phase reaction 

Dennis et al., 

2005[69] 

Fluidized  Matlab Combustion zone Derived the kinetics for char combustion 

Gobel et al. 

2007[70] 

Downdraft, 

two-stage 

Matlab Entire bed Developed a Langmuir-Hinshelwood kinetics from 

char conversion 

Shen et al., 

2008[58] 

Interconnecte

d fluidized 

Aspen 

Plus 

 

Entire bed Combustor and gasifier are separated, both of them 

reached chemical equilibrium 

Nikko and 

Mahinpey, 

2008[44] 

Fluidized Aspen 

Plus 

 

Entire bed Hydrodynamics and kinetics nested 

De Kam et al., 

2009[62] 

Fluidized Aspen 

Plus 

 

Entire bed Equilibrium method was used 

Sharma, 

2008[71] 

Downdraft Matlab Reduction zone Presented a thermodynamic and finite-rate kinetic 

model for char conversion 
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Table 1. Summary of experimental investigations on downdraft gasifier and process simulations on all bed types in the past 

decades (cont.) 

Zhong and 

Mei, 2009[72] 

Fluidized Matlab Entire bed Equilibrium in thermolysis step and kinetics for 

gasification step 

Roy et al., 

2009[73] 

Downdraft Matlab Entire bed Finite rate kinetic-controlled chemical reactions in 

the reduction zone 

Doherty et al., 

2009[38] 

Circulating 

fluidized 

Aspen 

Plus 

Entire bed Drying and pyrolysis were instantaneous, 

equilibrium blocks were used for bed calculation  

Ramzan et al., 

2011[59] 

Updraft Matlab Entire bed Equilibrium method was used  

Abdelouahed, 

et al., 

2012[74] 

Dual fluidized Aspen 

Plus 

Entire bed Pyrolysis was calculated by mass yield ratios. 

Kuo et al., 

2014[61] 

Downdraft Aspen 

Plus 

Entire bed The paper used thermodynamic equilibrium model 

to simulate the performance of raw and torrefied 

bamboo wood. 

Mendiburu et 

al., 2014[75] 

Downdraft Matlab Entire bed Model M1 was developed based on equilibrium 

model, M2-M4 considered equilibrium model 

constrained by correlating experimental data, 

apparent gasification rate, and both of them. 
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Table 1. Summary of experimental investigations on downdraft gasifier and process simulations on all bed types in the past 

decades (cont.) 

Keche et al., 

2015[60] 

Downdraft Aspen 

Plus 

Entire bed Equilibrium method was used. 

Jangsawaing 

et al., 

2015[76] 

All types GASEQ  Entire bed Provided optimum equivalence ratio for two cases: 

(1) excess carbon present and (2) excess gasifying 

agent with all the carbon completely gasified. 

Kaushal and 

Tyagi, 

2017[46] 

Fluidized Aspen 

Plus 

 

Entire bed Used two separate CSTRs coupled with kinetics to 

calculate gasification step. The devolatilization step 

was calculated by the ratio of reaction rates. 

 

 

6
4
 



65 

2. MODEL DESCRIPTION 

 

2.1. MINIMIZING GIBBS ENERGY MODEL (GEM MODEL) 

The GEM Model predicts the composition of syngas by applying the 

thermodynamic equilibrium approach. The non-stoichiometric chemical equilibrium 

methodology is performed through minimization of the Gibbs free energy. Total Gibbs 

energy (Gt) of a closed system at constant temperature and pressure decreases during an 

irreversible process and, when equilibrium is reached, Gt attains its minimum value[77], 

which means: 

 (dGt)𝑇,𝑃 = 0 (1) 

When applying Eq. (1), it is essential to maintain the overall mass balance of each 

element, meaning that element mass in biomass and air must be equal to the total element 

mass in the product, plus ash and tar: 

 

∑ 𝑎𝑖,𝑗𝑛𝑖

𝑁

𝑖=0

= 𝐴𝑗 (2) 

It is assumed the final syngas product has the same composition as at the 

equilibrium point. For the Aspen Plus model, an RGIBBS block is used to accomplish this 

work when the pressure and the temperature of the block are given. The RGIBBS block is 

limited since it does not account for reactor geometry, plus all the chemical reactions are 

assumed to reach chemical equilibrium before the syngas leaves the reactor. Be specific to 

the gasification process, the RGIBBS block does not have the ability to predict the amount 

and compositions of the tar, since tar is an intermediate product. 
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2.2. REACTION MODEL (KINETIC MODEL)  

The Kinetic model and the less accurate GEM Model were each compared to 

experimental data to assess their performance and accuracy. The Kinetic Model uses 

detailed kinetic parameters for each reaction, with the rate of reaction is changing by the 

variation of its rate coefficient at different temperatures. The kinetic reaction rate for 

species “i” in reaction “r” is expressed as: 

 

𝑟𝑖,𝑟 = 𝑘𝑟 ∏[𝑐𝑖,𝑟]α𝑖,𝑟

𝑁

𝑖=1

 (3) 

Where kr is computed using the Arrhenius expression: 

 
𝑘𝑟 = 𝐴𝑟𝑇𝛽𝑒−

𝐸𝑎
𝑅𝑇 (4) 

Only H2, O2, N2, CO, CO2, CH4, H2S, H2O, char and ash are considered, with other 

possible components assumed to be negligible in both reaction pathways and in syngas 

production. 

 

2.3. SIMULATION STRATEGY AND DETAILS 

2.3.1. Test Cases. Two experiments were selected as simulation test cases to 

validate the kinetic model. Case 1 considered the experiment [33] in a downdraft gasifier 

for hazelnut shells. The internal reactor diameter of the oxidation zone was 0.45m and the 

total bed height was 0.81m. A hazelnut shell mixture with size of 17.9mm×16.5mm 

×8.5mm was used. The proximate and ultimate analysis of the shells are shown in Table 2. 

Case 2 considered the experiment using a reactor of 1.3m height and 0.35m inner diameter 

for pine wood gasification [19]. The biomass particles prepared with an average size of 
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3cm × 3cm × 3cm. The proximate and ultimate analyses for the biomass are shown in Table 

2. 

 

 

 

Table 2. Proximate and ultimate analysis of hazelnut shell [33] 

Proximate (wt.% wba) Ultimate (wt.% DAFb) 
Volatile matter                62.70 Carbon 46.76 
Fixed carbon                    24.08 Hydrogen 5.76 
Ash 0.77 Oxygen 45.83 
Moisture 12.45 Nitrogen 0.22 
GCV(MJ/kg) 17.36 Sulfur 0.67 
Bulk density (kg/m3) 319.14   
Absolute 
density(kg/m3) 

944.84   

a: Wet basis     b: Dry-Ash-Free basis 

 

 

Table 3. Proximate and ultimate analysis of pine wood [19] 

Proximate Analysis (wt. %, dba) Ultimate Analysis (wt. % DAF) 
Moisture 8   Carbon 50.54 
Volatile Matter 82.29 Hydrogen 7.08 
Fixed Carbon 17.16 Oxygen 41.11 
Ash 0.55 Nitrogen 0.15 
Bulk density (kg/m3) 222 Sulfur 0.57 
Absolute density 
(kg/m3)    

556   

a: Dry basis     b: Dry-Ash-Free basis 

 

 

 

2.3.2. Structure of Downdraft Gasifier. The downdraft gasification system 

includes four sections: 1) fuel hopper, 2) reactor body, 3) air feeding system and 4) ash 

removal box. Some kind of gas cleaning apparatus (E.g., spray towers, cyclones, filters), 

is required to remove the tar and particles to optimize the utilizing the producer gas. 

Biomass is usually fed through the top or shoulder of the reactor, with air moving 

downwards concurrently. 
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In general, biomass gasification occurs in four zones as shown in Figure 1. In the 

drying zone (50°C -150°C), raw biomass is dried by heat, either supplied by biomass 

combusting or the application of external heat. In the pyrolysis zone, a series of complex 

physical and chemical processes take place to generate char, tar, ash and light gases (H2, 

CO etc). The temperature in this zone is usually between 250°C -550°C[27, 45]. The third 

step is oxidation (combustion), light gases and tar generated in previous sections are mostly 

burned with the feed air, generating CO2 and H2O. In this zone, temperatures range from 

900°C to 1500 °C, which provides sufficient heat to support the whole gasification process. 

The final zone is the reduction (gasification) zone, where the water-gas shift and the 

Boudouard reactions take place.  

 

 

 

 

Figure 1. Schematic diagram of a downdraft gasifier 
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    ∑ 𝑎𝑖,𝑗,𝑖𝑛

𝑁

𝑖=0

𝑛𝑖,𝑖𝑛 = 𝐴𝑗 = ∑ 𝑎𝑖,𝑗,𝑜𝑢𝑡

𝑁

𝑖=0

𝑛𝑖,𝑜𝑢𝑡 (5) 

2.3.3. Aspen Plus Simulation (Kinetic Model). To model a downdraft gasifier 

using Aspen Plus, the overall process was broken down into a number of sub-processes. 

Each sub-process coordinates with the position and function of the four zones as mentioned 

before. Figure 2 shows the overall simulation scheme, Table 4 gives the description for all 

the operation units used in the Kinetic Model. The biomass stream passed through all of 

the four zones with different reaction temperatures. The biomass was decomposed gasified 

to yield the syngas product. For each operation unit, mass balance was considered as 

equation (5). 

The Aspen Plus simulation flowsheet is shown in Figure 3. Biomass was specified 

as a non-conventional component and is defined using its ultimate and proximate analysis. 

The gasification process is modeled in three stages. In the first stage, RSTOIC model was 

used to simulate the drying process of the feed biomass, which was controlled by a 

FORTRAN block. In the second stage, the RYIELD block was used to simulate the 

biomass decomposition into its basic elements (C, H, O, S and N) by specifying yield 

distribution. The yield distribution was calculated according to the biomass element mass 

balance, details see Eq (6) and (7). The carbon was split into fixed carbon and volatile 

carbon, the split ratio of the char stream over the original follows Eq (8). The fixed carbon 

stays inert in the pyrolysis step. While the volatile carbon with H, O, N, and S was sent 

into an RGIBBS block to generate light gases (CO, CO2, H2, H2O, N2, CH4, and H2S). 
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Table 4. Lists the Aspen Plus units 

Unit Description [78] Function 

RSTOIC-1 Conversion reactor with 

known stoichiometry  

Reduces the moisture content of the wet 

biomass 

RFLASH Performs rigorous two-phase 

equilibrium calculations 

Separates the steam from the biomass 

RYIELD Yield reactor with known 

product yields 

Decomposes dried biomass into basic 

elements 

SSPLIT Separates a stream into two 

streams, must specify each 

substream, for all but one 

outlet stream 

Split char 

RGIBBS Multiphase chemical 

equilibrium reactor (non-

stoichiometric) 

Models gas-phase chemical equilibrium 

by minimizing Gibbs free energy 

RPLUG Plug flow reactor with 

known kinetics 

Models a plug flow reactor. This unit 

was used to perform char-pyrolysis 

reaction when reaction kinetics is known 

RCSTR Continuous stirred tank 

reactor with known kinetics 

Models a continuous-stirred tank reactor. 

This unit was used to perform gas-phase 

reaction when reaction kinetics is known 

RSTOIC-2 Conversion reactor with  

known stoichiometry 

Models the full combustion of the  

productproduct syngas  excessive air product 

 

 

 

 𝑊𝑚% = 𝐷𝑚/( ∑ 𝐷𝑚)

𝑁

𝑚=1

   (6) 

 𝐸𝑛% = (1 − 𝑊𝐻2𝑂% − 𝑊𝐴𝑠ℎ%) × 𝑈𝑛% (7) 

 SR = 𝑊𝐹𝑖𝑥𝑒𝑑 𝐶𝑎𝑟𝑏𝑜𝑛/𝐸𝐶𝑎𝑟𝑏𝑜𝑛 (8) 

In the third stage, air was injected. The biomass gasifier is usually considered as a 

tubular flow reactor, since both the air and the biomass enter and flow axially down the 

reactor. However, the air goes through the reactor much faster than the biomass. In Case 2, 

the resident time of the biomass is approximately 700 times more than that of the air. In 

other Aspen Plus simulations[44-46], researchers used simple CSTR with kinetic 
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Figure 2. Model scheme of a downdraft gasifier 

 

 

 

information to simulate the syngas production, which might cause simulation errors. In 

order to build a simulation that better describes the gasification process, the Kinetic Model 

adopted four similar sections. Each section consisted of two blocks: an RCSTR block for 

heterogeneous reactions and an RPLUG block for homogeneous reactions. In this way, 

each section is a CSTR-PFR combined unit, and when repeated four times, it imitates the 

PFR for combustion and gasification zones[79]. In every heterogeneous block, one fourth 

of char was consumed, a DESIGN SPEC block was used to control the char reduction. For 

each RPLUG reactor calculation, the reactor diameter was set to be the same as the modeled 

gasifier. Reactor lengths were calculated using Eq. (9) and Eq. (10). In each section RCSTR 

and RPLUG have the same length 

 𝐿ℎ𝑚 = 𝐿𝑟𝑡𝑡ℎ𝑡/𝑡𝑡𝑜𝑡𝑎𝑙 (9) 

 𝑡𝑡𝑜𝑡𝑎𝑙 = 𝜌𝑉𝑟𝑡/𝐹𝑏𝑖𝑜 (10) 
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The temperatures were estimated according to the normal combustion and 

gasification temperatures (1000°C) for the first three gasification sections. In the last 

section, the temperature was calculated after applying the law of energy conservation. 

Table 5 gives the heterogeneous and homogeneous reactions considered in this work, with 

their frequency factor (A) and activation energy (Ea) as specified. Heterogeneous reaction 

kinetics were only activated in heterogeneous blocks. Homogeneous reaction kinetics were 

only activated in homogeneous blocks.  

In Figure 3, stream “syngas” was considered as the final product. The following 

process simulated full syngas combustion, as experimentalists normally burn the product 

gas using excessive air instead of releasing syngas directly to the atmosphere. 

 

 

 

 

Figure 3. Aspen Plus flowsheet for downdraft biomass gasification with air 
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Table 5. Reactions involved in biomass gasification and their kinetic parameters 

Reactions Kinetic Parameters 

Heterogeneous Reactions  Ar Ea 

Boudouard[80, 81] C+CO2→2CO  589T 222829 

Water gas shift[80, 82] C+H2O→CO+H2  5.714T 129706 

Combustion I[83, 84] C+0.5O2→ CO  0.002 79000 

Combustion II[85] C+O2→CO2  7.96×10-7 27118 

Methanation[86] C+2H2→CH4  0.0342T 129706 

Naphthalene cracking I[87] C10H8→10C+4H2  7.0×1014 360000 

Homogeneous Reactions  Ar Ea 

Combustion III[88] CO+0.5O2→CO2  1.3×1011CH2O
0.5 125600 

CO shift[80, 82, 89] CO+H2O↔CO2+H2 Fr 2.78 12560 

Rr 104.830 78364 

Steam methane reform[90] CO+3H2↔CH4+H2O Fr 312 30000 

Rr 6.09×1014 257000 
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Table 5. Reactions involved in biomass gasification and their kinetic parameters (cont.) 

Combustion IV[80, 91] 

Methane burning[80, 92] 

H2+0.5O2→H2O 

CH4+1.5O2→CO+2H2O 

 3.53×108.4 

1011.7 

30514 

24357 

Propionic acid cracking[93] C3H6O2→0.5C6H6O+1.5H2O  104 136000 

Acetone cracking[87, 93] C3H6O+0.5O2→0.5C6H6O+1.5H2O  104 136000 

Phenol cracking[87, 93] C6H6O→0.5C10H8+CO+H2  107 100000 

Toluene cracking C7H8+H2→C6H6+CH4  3.3×1010 247000 

Naphthalene cracking II C10H8+4.75H2→1.25C6H6+2.5CH4  1011 324000 

7
4
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3. RESULTS AND DISCUSSION 

 

The model validation simulations were conducted using the gasifier geometry 

described in the original cases. For all analysis to determine parameter effects, a cylindrical 

reactor with 0.4m diameter and 1.0m height were considered. Biomass feed was set at 

2kg/h. Since air was used as the gasification agent, carbon monoxide was expected to be 

maximized. 

The operation parameter, ER, is usually introduced in biomass gasification 

simulations. ER is known to have a significant effect on the final syngas composition, it is 

defined as the ratio of oxygen provided to oxygen required for stoichiometric combustion: 

 (dGt)𝑇,𝑃 = 0 (11) 

 
ER =

𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑖𝑟 𝑓𝑢𝑒𝑙 𝑟⁄ 𝑎𝑡𝑖𝑜

𝑎𝑖𝑟 𝑓𝑢𝑒𝑙 𝑟𝑎𝑡𝑖𝑜 𝑓𝑜𝑟 𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐  𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛⁄
 (12) 

 

3.1. MODEL VALIDATION 

Product concentrations, such as volume fraction of CO, H2 and CH4 for different 

ERs were computed and compared with experimental data. The comparison of test cases 1 

and 2 are shown in Figure 4a-4c and Figure 4d, respectively. As shown, the Kinetic Model 

corresponds more closely to the experiment for CO composition than the GEM model. For 

case 1, the Kinetic Model CO fraction increases from 0.17 at ER= 0.248, gives a peak 

around 0.205 at ER=0.264 and then decreases to 0.10 at ER=0.296. For case 2, the peak 

was located at ER=0.25. While, the GEM model gave a roughly linear trendline decreasing 

from 0.214 at ER= 0.248, to 0.208 at ER=0.296. For the GEM model, there was a big 
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discrepancy with the measured data, plus no peak was observed. Based on this comparison, 

the Kinetic Model appears to have a more accurate prediction.  

A slight discrepancy is observed between the prediction and the experiment, where 

the Kinetic Model gives different ER values when CO is at the highest point. This can be 

explained in three ways. First, the kinetic expressions used in the simulation were 

inaccurate, which significantly effects on the prediction. Second, although the whole 

gasification process must follow the law of energy conservation, temperature information 

is still not sufficient. For the first three gasification sections, the temperatures were 

assumed based on operating with experience, and only the temperature in the fourth section 

was calculated. Third, the species concentrations in the experimental reactor are not well 

mixed, while the simulation assumes the entire section to be uniformly mixed. This may 

also explain the small amount of oxygen remaining in the experiment, while oxygen 

concentrations are always zero in the simulated cases. 

As for the case 1, the H2 composition values are in good agreement with the 

experimental data. The kinetic results are lower than the experimental data at lower ERs, 

and correspond with the measured data between ER=0.26-0.27, then run lower again when 

ER>0.27. The GEM model decreases continuously as ER goes higher, it performs poorly 

at ER<0.27, but it has smaller error than the Kinetic Model when ER>0.27. As shown in 

Figure 4d, the methane composition is predicted to be higher than it is in the experiment. 

The biggest error for the RXN model occurs at ER=0.273 for 52%, while for the GEM 

Model the error is more than 95%. This difference is explained by examing a few 

assumptions. For example, the simulation used the ideal gas law, and allowed no tar  
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Figure 4. Comparison among experimental data, Kinetic Model and GEM Model results 

on (a)CO (b)H2 (c)CH4 of case 1; (d) CO (e)H2 (f)CH4 of case 2 
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formation during the process. This has also been a common problem in previous biomass 

gasification models [63, 64]. 

Table 6 summarized some models developed in the recent years. The errors of each 

model may vary due to the different model parameters (i.e. gasifier temperatures and 

biomass types). Errors are usually around 10-70%, an average upper error is 18.3% for CO, 

25.3% for H2, 53.9% for CH4. The kinetic simulation has biggest CO error of 20% at 

ER=0.27, H2 error is 27% at ER=0.273, CH4 error at 44% at ER=0.273 (there is a big 

chance the experimental CH4 volume fraction at ER=0.295 or 0.30 is a bad point). So, the 

Kinetic Model upper errors are smaller than the average upper error for referenced models. 

As shown, the comparisons between the Kinetic Model predictions are basically 

corresponding with the experimental results. The Kinetic Model is able to provide useful 

guidelines for industrial gasification process design, optimization, scaling up and 

operations. 

 

 

 

Table 6. Analysis and errors for other Aspen Plus models 

Authors and 

references Comparison objects Error analysis 

Nikko and 

Mahinpey, 

2008 [44] 

Simulation results were compared 

with experimental data for product 

gas composition versus five different 

temperatures in the range of 700–

900 C. 

For H2, CO and CO2, the 

model gives bigger errors at 

700 C and smaller errors at 

900 °C; it is the opposite for 

CH4 
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Table 6. Analysis and errors for other Aspen Plus models (cont.) 

  H2: 70% at 700°C, 7% at 

900 C  

CO: 27% at 700 C, 0% at 

900°C 

CO2: 57% at 700°C, 30% at 

900°C 

CH4: 2% at 700°C, 33% at 

900°C 

Doherty et al., 

2009 [38] 

Model was compared with one set of 

syngas compositions 

Most compositions are in 

good match with experiment, 

but methane prediction is 

unacceptable higher than 

experiment. 

H2:3.6%, N2:6.9%, CO:1.1%, 

CH4:125%, CO2:2.5% 

Ramzan et al., 

2011 [59] 

The model used food waste, 

municipal solid waste and poultry 

waste as the raw biomass to produce 

syngas, the results were compared 

with experiments 

N2: <14.4%, O2: <37.1%, 

CO: <33.5%, CO2: <13.5%, 

H2: <19.7%, CH4: <83.6% 

Abdelouahed, 

et al., 2012 

[74] 

The author developed models with 1): 

WGSR kinetic, 2) optimized WGSR 

kinetic, and results were compared 

with experiments 

H2: 25%, 2%      CO2: 30%, 

5%, 

CO: 19%, 5%      CH4: 15%, 

18%,  

Kaushal and 

Tyagi, 2017 

[46] 

Simulation results were compared 

with experimental data for product 

gas composition versus five different 

temperatures in the range of 700°C, 

770 C,820°C 

H2: 8.3%, CO:11.1%, 

CO2:47%, CH4: 10% 
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3.2. ER EFFECT  

ER influences the product compositions from two aspects: combustion and 

temperature. During combustion, if the ER increases, the biomass becomes more fully 

combusted using more available oxygen, which increases CO2 composition. For the 

temperature aspect, a higher quality combustion results in more heat being generated thus 

increasing the reaction temperature; at the same time, extra air absorbs the heat which 

decreases overall temperature. Temperature also affects composition through the reaction 

rate, which is why close control of the ER is essential to good operation of a biomass 

gasifier. 

During each of the experiments described above, CO mass fraction increased with 

the ERs to peak values and then decreases, which is consistent with the results reported by 

other researchers[10, 24, 32]. When a small amount of air is provided, biomass is 

combusted to a limited degree, resulting in low gasifier temperature. As more air is fed, 

combustion reactions occur at much higher rates, thus increasing bed temperature 

significantly. Although more CO2 is produced in the combustion zone, it is more likely to 

be consumed by reacting with char in gasification zone to produce CO. Higher 

temperatures also help the water gas shift reaction to move right, and CO shift reaction to 

move left. If the ER keeps increasing, more CO is burnt to CO2, large amounts of cold air 

also stops the gasifier temperature from increasing, causing the CO amount to decrease. 

This explains the typical optimal ER appearance. At the ER where CO is at its peak, the 

energy is preferentially preserved in the final product.   

However, in the GEM model, the CO composition decreases with ER increasing, 

which means that the GEM model is only valid in a very narrow ER range (approximately 
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from 0.255 to 0.270 if 15% CO simulation error is acceptable). This model considers all 

the reactions taking place in infinite time scales and that the system achieves equilibrium 

states. This is usually not the case in reality. The Kinetic Model approximates this curve 

more accurately.  

 

3.3. TEMPERATURE EFFECT  

A biomass gasifier generally produces sufficient energy required to be self-

sustaining. The temperature in the reduction zone is set by the reactor design, feeding 

materials, biomass and air feed rate. The temperature profile can also be adjusted by using 

an external heat source, such as steam which can be used to control reactor wall temperature. 

The Kinetic Model estimates gas compositions at different temperatures are shown in 

Figure 5. The reduction zone temperature is the calculated temperature of the last block. 

This shows that the CO and H2 content increase as temperature goes up. As for the steam 

methane reforming reaction, higher temperatures push the reaction backwards. Although 

increasing the temperature is beneficial to achieve a higher quality product, it requires extra 

energy from the gasifier to sustain the higher temperatures. For some types of biomass 

feedstocks that are lower in carbon content and heating value, measured bed temperatures 

are relatively low, therefore CO and H2 content in the syngas is also low. 

Higher temperature is shown to lead to better gasifier performance (more syngas 

production). Adding extra heat would be very helpful in improving the syngas quality and 

reducing tar content. Higher operating temperatures are also good when there is some waste 

heat available from existing process in chemical plants. Yet, for the biomass contents with 

a high heating value, the reaction bed temperature is normally very high (>1800°C), 
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therefore, the CO and H2 contents do not change much after a sufficient amount of heat is 

added. Using external electricity or other fossil fuel to achieve higher reactor temperature 

is not advisable under this circumstance, due to the high cost of these resources. LHV also 

goes to an optimal and then decrease.  

 

 

 

 

Figure 5. (a) Syngas compositions, (b) LHV and η at different reduction zone temperature 

 

 

 

3.4. MOISTURE CONTENT EFFECT 

To evaluate the impact of moisture on syngas product composition, four 

hypothesized biomass samples were examined in separate simulations. Their hypothetical 

ultimate and proximate analyses are shown in Table 7. Compositions of biomass samples 

1-4 are the same, except that the moisture increases from 5% to 20%, which aligns closely 

to the moisture content of biomass feedstocks used for the gasification experiments. The 

simulated CO, CO2 and H2 compositions are shown in Figure 6. The volume fraction of 

CH4 was 0 for each biomass in samples 1-4 with ER 0.20-0.35. As moisture content 

increases, the volume fraction of CO decreases, and H2 and CO2 increase. For each biomass 
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sample, CO reaches a maximum value between ER=0.20 and ER=0.30; as more oxygen is 

supplied, the concentration of H2 decreases. For biomass samples 1, 2 and 3, CO2 

concentration decreases until it reaches a minimum, and then increases, which is opposite 

to the CO fraction; for biomass sample 4, CO2 concentration decreases consistently. The 

volume fraction of methane remains zero, since the total water fraction is small and the 

system temperature remains low when air is the oxidizing agent. 

 

 

 

Table 7. Composition analyses of biomass samples 1-8 

Biomass 

Samples 

Moist

ure 

(wet 

basis) 

Proximate analysis 

(dry basis) 

 Ultimate analysis  

(dry basis) 

Fixed 

Carbon 

Volatile Ash  C O H 

1 0.05 0.20 0.75 0.05  0.40 0.50 0.10 

2 0.10 0.20 0.75 0.05  0.40 0.50 0.10 

3 0.15 0.20 0.75 0.05  0.40 0.50 0.10 

4 0.20 0.20 0.75 0.05  0.40 0.50 0.10 

5 (C/O=0.80) 0.05 0.20 0.75 0.05  0.40 0.50 0.10 

6 (C/O=1.00) 0.05 0.20 0.75 0.05  0.45 0.45 0.10 

7 (C/O=1.25) 0.05 0.20 0.75 0.05  0.50 0.40 0.10 

8 (C/O=1.57) 0.05 0.20 0.75 0.05  0.55 0.35 0.10 
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Figure 6. Product composition of (a) CO, (B) H2, (c) CH4, and (d) LHV and η for 

Biomass 1-4 

 

 

 

3.5. EFFECT OF BIOMASS COMPOSITION 

Gasification of different types of biomass yield different syngas compositions, 

which has a significant influence on downstream product amounts and quality. Biomass 

usually contains 40% - 55% carbon, 35% - 55% oxygen, around 5% hydrogen and 

negligible nitrogen and sulfur. The biomass proximate analysis shows fixed carbon usually 

accounts for around 20% of the total mass, volatiles account for 70%-90%, and ash for 0%-

4%. Bulk density of biomass is around 300kg/m3. Biomass samples 5-8, listed in Table 7, 
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are shown to have compositions in the ranges listed above. Product composition and the 

optimized ERs for each biomass sample are shown in Figure 7.  

 

 

 

 

Figure 7. Product composition of (a) CO, (B) H2, (c) CH4, and (d) LHV and η for 

Biomass 5-8 

 

 

 

Four biomass samples are expected to produce syngas compositions at 22%-27% 

CO, around 15% CO2 and less than 5% methane. Hydrogen varies between 7% and 25%. 

Increasing carbon concentration in the biomass is shown to produce a higher CO volume 

fraction, as expected since more carbon is added to the system, which also causes an 

increased temperature in the gasifier bed. The kinetics for the water gas shift reaction 
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appears to be very important, since it controls the H2/H2O composition, which indirectly 

influences the yield of CO/CO2. Biomass samples 7 and 8 produce nearly the same CO 

product but increasing CO2 fractions. This appears to be due to decreasing hydrogen 

pushing the water gas shift reaction to the right. As the original carbon composition 

increases from 0.40 to 0.55, more air is fed for the same ER value, so that more oxygen is 

consumed by hydrogen to produce more water. Thus, the hydrogen composition decreases 

from Biomass sample 5-8. Methane volume fraction increases since the biomass produces 

more methane in the volatiles, which are not burned in the combustion section.  

 

3.6. TAR 

Tar is the mean unfavorable byproduct of the gasification process. It is a complex 

mixture of condensable hydrocarbons, which includes hydrocarbons, oxygen-containing 

hydrocarbons and complex poly aromatic compounds (PAH) [94]. It is usually condensed 

to dark liquid of high viscosity when the syngas stream is cooled below 100°C. Tar residues 

do harm to the pipelines and downstream facilities [95], and this problem is considered the 

main barrier of commercialization of biomass-based power generation [96]. The 

implantation of kinetic information makes reasonable tar prediction possible. Several 

dominant tar components, including acetone, benzene, naphthalene, propionic acid, toluene 

and phenol. The tar could be thermally cracked above 700°C [97]. For example, El-Run et 

al. reported phenol loses its stability as temperature increases [98]. The simulation results 

tell among all the simulated tar compositions, acetone takes approximately 50%, together 

with benzene, naphthalene are the main components of tar in the downdraft gasifier. It can 

be seen in Figure 8(a) that the tar amounts decrease slightly due to the increasing 
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gasification temperatures, this corresponds with findings of several literature that tar 

cracking is more effective at higher temperatures [97, 99, 100]. Figure 8(b) gives similar 

result, as the tar amount is lower at a higher ER. This is predictable as a higher ER means 

more oxygen is provided, so the combustion process is more performed and brings the 

reactor core to a higher temperature. Figure 8(c) and 8(d) illustrates the tar amount 

decreases when the biomass reserves more water, and increases when it contains more 

carbon. Yu and Smith [101] developed a RXN Model for updraft gasifiers, it is compared 

with the proposed downdraft Kinetic Model. According to literature reports, updraft 

gasifiers usually produce10-15g/Nm3 tar [102], which is more than 2g/Nm3 for downdraft 

gasifiers [103]. Figure 9 shows the comparison of tar amount and components for Biomass 

1 at different ERs, it is obvious to see that the updraft gasifier produce larger amount of tar 

with more complex components. 
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Figure 8. Volume fraction of tar for (a) Biomass 1 at different gasifying temperatures, (b) 

Biomass 1 at different ERs, (c) Biomass 1-4, (d) Biomass 5-8
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4. CONCLUSIONS 

 

A steady-state Kinetic Model was developed to simulate downdraft biomass 

gasifiers using Aspen Plus. In the Kinetic Model, syngas compositions were calculated 

using a series of chemical reactions with kinetics, which is fundamentally more accurate 

than a standard equilibrium model. Higher temperatures, higher carbon content and lower 

moisture were found to improve gasifier performance. Maximum CO production was 

predicted to occur for Equivalence Ratios (ER) between 0.20 and 0.30. Reactor geometry 

related hydrodynamic characteristics were not considered in the present model.  Future 

work includes implementing this model into a CFD flow model to account for local mixing 

and reactions phenomena.
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NOTATION 

 

𝑎 number for atoms 

A total number of atoms entering the reactor 

Ar frequency factor (mol(1-α)m(3α-3)s-1) 

C concentration (mol/m3) 

Ea activation energy (kJ/kmol) 

D proximate analysis value of a single category, dry basis 

E mass fraction of each proximate analysis category 

F feed rate (kg/s) 

Gt total Gibbs energy of system (kJ/mol) 

k reaction rate coefficient 

L reactor length (m) 

n moles (mol) 

q energy change for operation unit 

R gas constant (kJ/kmol K) 

r rate of reaction 

SR split ratio, the ratio of fixed carbon stream over the total carbon 

t residence time (s) 

T temperature (K) 

U ultimate analysis of each element 

V volume (m3) 

W mass fraction of each category 
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Greek letters  

α reaction order 

ρ bulk density of biomass (kg/m3) 

β temperature exponent 

Subscripts  

bio biomass 

i species index 

j element index 

m category index of proximate analysis 

n element index of ultimate analysis 

r reaction index 

rt reactor 

hm homogeneous reaction 

ht heterogeneous reaction 

total total reaction 
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ABSTRACT 

 

Tar is considered as the main barrier to commercial power generation using 

biomass gasification as it causes serious environmental issues even after efficient removal 

system. What’s more, the existed tar compositions contain high energy amount, thus lower 

the heating value of produced syngas. In this paper, tar is blended with three types of plain 

biomass at ratios up to 0.1; biomass and tar are gasified together at different equivalence 

ratios. Tar recycling is found beneficial to the syngas compositions. The size distribution 

of the biomass feed and the gasified char have been studied. Experimental evidence shows 

that the isolation time of shutdown procedure is proportional to the volume of the gasifier 

cores. This paper discusses the operation procedure and troubleshoot for biomass gasifiers 

in detail, which can provide useful guidelines for practical research in the future.  
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1. INTRODUCTION 

 

Tar is a complex organic mixture of condensable liquids, which is usually 

considered as a byproduct of the coal or biomass gasification processes. Tar will result in: 

1) the shutdown of gasification facilities, internal combustion engines, and turbines; 2) 

losing heating value of the produced syngas; and 3) environmental pollution due to the 

toxicity of aromatic hydrocarbons. Gasification processes usually produce a significant 

amount of tar: around 2g/Nm3 for downdraft gasifiers [1], 10-15g/Nm3 for updraft gasifiers 

[2], and 10g/Nm3 for circulating fluidized bed (CFB) [3]. However, the maximum 

concentration of tar for a stable operated internal combustion engine must be less than 

0.1g/Nm3[4, 5]. The tar compositions create process inefficiencies such as pipeline 

corrosion and blockage, thus it has to be cleaned from the syngas before feeding to 

downstream facilities. The tar removing is considered the current challenge for produced 

syngas utility[6]. 

Multiple tar control and removal technologies were developed during the past 

decades, and they can be broadly classified into primary and secondary methods. Primary 

methods refer to treatments during the gasification, such as thermal cracking by controlling 

the operating parameters (e.g. temperature, equivalence ratio and residence time), catalytic 

cracking using Ni-based catalysts, and plasma gasification. However, the primary methods 

incur high initial and running costs and thus are not implemented commercially [7]. 

Researchers also improved reactor design to overcome this barrier. Pan et al. [8] and 

Narvaez et al. [9] reported significant tar reduction by injecting secondary air. Cao et al. 

[7] developed a two-stage biomass gasifier, which consisted of sand fluidized region and 
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tar decomposition region, and reduced the tar from 1227 mg/Nm3 to 12.34 mg/Nm3. 

Secondary methods such as using scrubbers, centrifuges and filters, are relatively cheaper 

and easier to commercialize. However, the physical filtrations create two problems. First, 

physical tar removing will cause a huge pressure drop. Second tar contamination still exists 

as tar was collected instead of reducing its production. 

The compositions of the tar were analyzed using GC–MS or NMR. Yu et al. [10] 

categorized tar compositions according to the following:  

(1) Polycyclic aromatic hydrocarbons (PAHs), 

(2) Benzene, toluene, ethylbenzene and xylene isomers (BTEX), 

(3) Phenols and its derivatives, 

(4) Miscellaneous hydrocarbons.  

Among all the compositions above, benzene and toluene account for approximately 

70% of the total GC-MS detected tar [11]. Although tar is collected before feeding into the 

downstream pipeline and applicators, it requires storage and strict deposit method to avoid 

environmental pollution. As can be seen in Figure 1, the PAHs occupied approximately 

65%-90% of the total amount. PAHs usually are generated from the plant synthesis, forest 

fires and volcanoes, etc.[12], while the anthropogenic resources are primarily from the 

incomplete combustion of fossil fuels [13]. Many PAHs is mutagenic and carcinogenic. 

They are readily absorbed by intestinal tract of mammals and then go through metabolic 

formation, many PAHs forms carcinogenic bay- and K-region epoxides during this 

process[14]. Naphthalene, for example, is the first member of the PAHs, which was also 

considered in the Aspen Plus models as a main component of tar. It usually binds covalently 

to molecules and do harm to liver, kidney and lung tissues, 
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Figure 1. Relative content of different substance groups in gasification tar 

 

 

 

and is also shown to sabotage energy conversion to adenosine triphosphate (ATP) [15]. 

Occupational exposures to high levels of pollutant mixtures containing PAHs have resulted 

in symptoms such as eye irritation, nausea, vomiting, diarrhea and confusion[16]. The 

PAHs also interferes the metabolism and photo-oxidation of the aquatic organisms, 

especially with the presence of ultraviolet light. PAHs are moderately persistent in the 

environment, yet it could be accumulated in the organisms such as fish and shellfish[17]. 

As hydrocarbons are not considered as hazardous waste in the US, they are usually 

disposed to a waste depot directly. Thus, it is important to reduce the amount of the tar to 

relief the irritation to the environment. 



105 

2. METHODOLOGY 

 

2.1. BIOMASS MATERIALS 

Hardwood pellets, picks and flakes are fed into the gasifiers to investigate their 

influence on syngas compositions, heating values and bed performances. Five samples of 

each feedstock were taken randomly and go through the thermogravimetric analyzer (TGA) 

and CHN elemental analyzer. The physical properties, average proximate and ultimate 

analysis of each biomass are listed below in Table 1. Except for original plain biomass, 

biomass and tar blends are also prepared to test the gasification results. Tar and biomass 

are mixed at ratios 0.02, 0.04, 0.06, 0.08 and 0.10 w/w and then were fed into the gasifiers. 

Gasification tests were performed in three pilot-scale downdraft fixed bed gasifiers. These 

open-top gasification cores are cylinders of 19” height, 4”, 8” and 12” diameter 

respectively. See biomass samples and reactor cores in Figure 2. 

 

 
(a)

(b)

 

Figure 2. Biomass feedstocks and gasifier cores 
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Table 1. Proximate and ultimate analysis for feedstocks 

Physical Properties Pellets Picks Flakes 

Bulk Density (kg/m3) 664 146 42 

Absolute Density 

(kg/m3) 

938 508 352 

Bed void ratio 0.29 0.71 0.88 

Proximate Analysis    

Volatile 65.98 66.88 73.47 

Fixed Carbon 16.00 18.40 19.91 

Ash 18.01 14.71 6.60 

Moisture 

7.56 

35.19 (5.48 after 

dried) 11.01 

Ultimate 

Analysis(DAF) 

   

C 49.03 48.81 48.24 

H 5.58 5.96 6.15 

O 0.06 0.26 0.06 

N 45.33 44.98 45.55 

 

 

 

2.2. EXPERIMENTAL DESIGN 

The reactor cores are surrounded by a 20” reactor shell, which serves as a syngas 

plenum to reduce the ash and char residues carried by the syngas. A ¼” iron grate is 

attached 1” below the reactor core to support the biomass and dispose the ash. In addition, 

the produced syngas has a higher temperature than ambient air so that it helps to preserve 

the reaction core temperature. Three K-type thermocouples are inserted 4”, 8” and 12” 

above the grate and centered to obtain the temperatures of reduction, combustion and 

pyrolysis zones. The biomass is fed from the top of the gasifier. To safely monitor the bed 
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performances, one camera is installed above the bed to observe the movement of the bed, 

the other planted facing the burner to closely watch the syngas burning results. All the 

camera recordings, temperature and oxygen level data are monitored online using 

LabVIEW. 
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Figure 3. Flowsheet of the gasification process 

 

 

 

A 2-inch syngas pipeline is connected to the reactor shell to transport the syngas 

into a draft fan. A ball valve is installed before the fan to control the syngas flow rate. The 

ball valve is calibrated to setting levels 0-8, see Table 2, where 0 is completely closed and 

8 is completely open. The valve setting is controlled between 2 to 6 depends on different 

ER ratios and biomass feeds. Tar is condensed to liquid during this time as the syngas 
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temperature drops. As shown in Figure 3, the pipeline has two liquid trap jars and before 

the suction fan, one jar after the suction fan is used to collect produced tar. A char bed filter 

is also made to remove aerosol tar from the syngas as much as possible [2]. Two vacuum 

manometers are installed to measure the pressure drop of the char bed as an indicator for 

obstruction. Two oxygen sensors, one after the gasifier and the other one before the burner, 

are employed to record the oxygen residues inside the pipeline to secure safety issues. 

Syngas is carried to the burner and completely combusted to minimize the air 

contamination.  

 

 

 

Table 2. Calibrated gas flow for the control valve setting  

Valve Setting Gas Flow (L/min) 

Setting 0 0 

Setting 1 90 

Setting 2 200 

Setting 3 256 

Setting 4 269 

Setting 5 282 

Setting 6 295 

Setting 7 307 

Setting 8 320 
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2.3. GAS SAMPLING AND MEASURING SYSTEM 

The gas goes through the open valve when gas samplings are required, followed by 

a moisture absorption column and aluminum sampling bags. Gas samples are collected 

after the gasifier reaches steady state, three samples are taken when pure biomass is fed, 

while two samples are taken when the biomass-tar blend is fed. The syngas samples are 

analyzed by gas chromatograph. The equipment uses a TCD detector and helium as the 

carrier gas. The contents of H2, CO, CO2 and CH4 and some other light hydrocarbons were 

detected, N2 is calculated by the volume difference. The GC is calibrated by the calibration 

gas before it is used in analyses. The recommended GC testing details for syngas analysis 

is attached in Appendix B. 

Each run is fixed at one reactor scale (4”, 8” and 12”), one biomass feedstock 

(pellets, picks and flakes) and one equivalence ratio (0.15, 0.20, 0.25), but biomass with 6 

levels of tar contents are fed in one run. The combusted propane gas provides a stable flame 

to ignite any produced syngas during each experimental run. The LabVIEW and exhaust 

fan should be working before propane is ignited. The experiment starts with loading 5-10lb 

of plain biomass into the gasifier bed. Approximately 30ml of charcoal light fluid is poured 

onto the surface of the biomass bed to help the ignition. The suction fan is turned on when 

the top layer biomass should catch fire and glow. At this time, the combustion zone 

temperature is at around 1000°F, and the control valve is usually set between 5 to 6 for 

startups. The investigators can now feed new plain biomass to build the drying layer for 

the bed. As the reaction proceeds, the bed temperature increases from the room temperature 

to 1200-1700°F. Then the valve is set to the testing setting, the bed is usually stabilized in 

30 mins at this setting. An obvious drop of oxygen is observed as soon as the suction fan 
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starts working, two oxygen measuring points at most time keep identical oxygen levels 

around 0.6-1%. Six different feedstocks of plain biomass, 2%, 4%, 6%, 8% and 10% will 

be introduced into the gasifier in order. At least two gas samples are taken for each biomass 

feeds after both the bed and zone temperatures are stabilized. The collected tar is weighed 

every 15 mins. Longitudinal vibration is provided to help the bed move down and avoid 

piling. 

After all the data and gas samples are collected, the gasifier must shutdown before 

the experimentalists leave the facility, it includes all the actions to safely seal the gasifier. 

A seal plate is placed onto the top of the gasifier to prevent any fresh air flowing into the 

core. 1 scfm N2 is introduced into the bed and the valve is opened fully so that the reactor 

core is flushed completely by the N2 gas. It usually takes 5-30mins, depending on different 

operating conditions, for the bed temperature to fall under 600°F. It is now safe to turn off 

the N2 gas and seal the control valve completely closed, as the reactor core is filled with 

inert gas and the temperature is low enough to eliminate any combustion. The suction fan, 

propane cylinder and exhaust fan are shut down in an orderly sequence after no 

combustible gas is produced and the control valve is closed. The temperatures of 

combustion and reduction zone are monitored until the bed temperature goes below 300°F.  

To close the mass balance, cleanup procedures is required after the reactor is cooled 

down to the room temperature. Reopening of the system is only recommended after the 

bed temperature drops below 100°F, otherwise the fresh oxygen will enhance a slow 

gasification and takes at least three times longer than keeping a closed system to reach the 

room temperature. All the unburnt biomass and char are moved from the reactor core by a 

vacuum machine. The reactor core also needs to be dismantled so the ash can be retrieved 
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from the air plenum. Tar is collected from the collection jars and all the above are weighted. 

Char samples are taken at different height of reactor core to measure the size for all runs. 

The feed rate of the biomass is calculated by the total biomass consumed after the ignition 

over the total operating time.  
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3. RESULTS AND DISCUSSION 

 

3.1. EQUIVALENCE RATIO 

Equivalence ratio (ER), defined as the ratio between the supplied air and the 

stoichiometric air for complete combustion. The values of ER for the different experiments 

carried out are approximately constant (0.1–0.35). 

 
the actual  air/fuel ratio 

ER=
air/fuel ratio for stoichiometric combustion  (1) 

The equivalence ratio is the most critical parameter to control in the gasification 

process. This balance between the air flow and the biomass feed will influence, most 

importantly (1) the syngas compositions; (2) the bed temperature and gasification speed; 

(3) bed performance. During each experiment run, the ER should stay the same. However, 

the conductor sometimes needs to change the valve setting the control the movement of the 

bed or to control gasifying temperature, or test the respond of the process to identify the 

possible causes when there is a problem. 

 

3.2. THE SYNGAS COMPOSITIONS 

To assess the process technology, the following variables were defined and 

calculated by [18] as below 

                    ηc =
1000Vgas∗(CH4%+CO%+CO2%+2(C2H4+C2H6+C2H2)∗12/22.4

𝑊(1−𝑋𝑎𝑠ℎ)∗𝐶𝑎𝑟𝑏𝑜𝑛%
 (2) 

LHV=CO×12.636+H2×10.798+CH4×35.818+C2H4×59.036+C2H6×63.772 (3) 

Readers can achieve the syngas compositions after this paper is accepted by a 

journal. 
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3.3. TEMPERATURE PROFILE 

The cooldown time during the shutdown system has a significant dependence on 

the reactor size and biomass type.  

Figure 4 below shows a typical temperature profile of the gasification process. The 

temperature increases rapidly after the ignition, it only takes 2~3mins for the gasification 

zone to reach the desired gasification temperature. The whole system takes about 40 mins 

to achieve stability. The temperature starts to decrease after we feed biomass with tar due 

to the increasing moisture. When shutdown procedure starts, both combustion and 

gasification temperatures will decrease. 
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Figure 4. Typical temperature profiles 
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3.4. TAR  

Bio-tar is a dark liquid of high viscosity, see Figure 5. It has a significant amount 

of miscible water for about 30-70%. The water has a negative effect on syngas production 

when fed back into the gasifier, researchers may consider over dry the tar before recycling. 

In this experimental setup, a small amount of tar enters the furnace, burning along with the 

syngas and generate soot. The hard soot rock lays on the syngas outlet and causes blockage. 

 

 

 

 

Figure 5. Bio-tar produced during the gasification 

 

 

 

3.4.1. Tar Compositions. The tar samples are collected and analyzed by H1-NMR 

to examine the difference before and after the tar recycling. Additionally, a thermal 

cracking investigation of the tar residue is performed. 2±0.1g of tar samples are heated to 

800°F for 2s, 4s, 6s and 8s. All the tar samples are diluted 1:200, and are then analyzed by 

NMR.  
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3.4.2. Tar Amount. The tar amount has a significant relationship on the running 

time, see Figure 6. The tar production runs the highest within the first 15 mins of the startup. 

In this region, the biomass bed is still accumulating heat and increasing its temperature, 

this match the claim that the tar is produced at lower temperatures. When the bed 

temperature keeps climbing and getting stabilized between 15-30min, the tar amount 

reduces significantly. And then tar amount stays almost the same for 30-45min and 45-

60min, as there is slightly temperature fluctuation at this stage. Among all the biomass 

feedstocks, the pellets produce the most tar at start up session, as pellets has big density 

thus needs more time to stabilize. But, they produce least tar after being stabilized, as they 

achieve higher operation temperature than the other two feedstocks. 
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Figure 6. Amount of tar production every 15mins 
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3.5. CHAR SIZE DISTRIBUTION 

Since plenty of researchers are simulating the gasification process using 

computational fluid dynamics, the void ratio and size distribution are important numerical 

parameters. Biochar is the leftover stable solid inside of the reactor core, which is rich in 

carbon. Table 3 gives the measured physical properties of char. When compared to Table 

1, it is obvious that biomass beds increase their void ratios. 

 

 

 

Table 3. Physical properties of gasified char 

Physical Properties Pellets Char Picks Char Flakes Char 

Bulk Density (kg/m3) 234 73 24 

Absolute Density 

(kg/m3) 

779 359 379 

Void Ratio 0.70 0.80 0.94 

 

 

 

During the process of gasification, the biomass starts to be gasified from the surface 

to the core, causing the shrinkage and increased porosity of the biomass. The plain biomass 

and the gasified char are separated by sieves of different sizes, the meshes are 1mm, 2mm, 

3mm, 4mm, 5mm, 6mm, 8mm. The separated biomass and char are weighted and recorded 

at the average size intervals, in other words 0.5mm, 1.5mm, 2.5mm, 3.5mm, 4.5mm, 

5.5mm, 7mm, and 8.5mm. Figure 7 is a photo of the pellet char after the combustion.  

Figure 8 illustrates the size distribution of all three types of biomass. These 

distributions have been fitted into Gaussian distribution curve, and the curve parameters 
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Figure 7. Char particles after sieving 

 

 

 

are also listed below. As can be seen, the plain pellets and flakes have wider size span, their 

peaks are also located at the same position, say 6.8~7mm. However, the distribution peak 

of the picks is higher, which means their lengths are more centralized to about 7.3mm. 

Figure 9 gives the size distribution of biochar. Generally speaking, the biomass at the top 

receives shorter gasifying time than the biomass lies in the middle, the bottom char has the 

longest gasifying time. The size distribution confirmed this in another way- the peaks 

moving to smaller sizes as we dig deeper into the bed. At the same time, the gasification 

process also changed the standard deviation of the biomass size in various ways: it 
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centralizes the pellets, disperses the picks and flakes. Moreover, the pellets and picks char 

particles do not disappear at small sizes, they stopped pyrolysis reaction while the particle 

size <2mm, so that the weight starts to accumulate. However, the flakes do not have this 

phenomenon.  

 

3.6. THE AGGLOMERATION PHENOMENA OF THE CHAR PARTICLES 

Agglomeration of bed material is a major operational problem in the gasification 

process. Agglomeration can result in biomass bridging inside the bed, as well as low carbon 

utility due to the decreased surface area of carbon particles. Among all types of gasifiers, 

fluidized bed might be the one most sensitive to the agglomeration. According to Lackner 

et al., the presence of low melting chemical compounds during the gasification process, the 

liquids increase particle stickiness and thus cause the agglomeration. In our case, the 

agglomeration exists for all the biomass, see Figure 10. The flakes form biggest 

agglomerated bulks, but they are the easiest to breakdown when interfered. 
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Figure 8. Size distribution for three types of feedstock 
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Figure 10. Agglomeration phenomena for pellets, picks and flakes 
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4. PROCESS CONTROL   

 

4.1. PREPROCESSING OF THE BIOMASS 

The goal of pre-processing options for the biomass is to make the overall system 

works better or to be more cost-effective. The pre-processing includes pre-drying, chipping 

and pelletizing for the biomass. Biomass with a high moisture content has a high failure 

ratio on ignition. In our case, the original picks refuse to catch fire, they are air dried before 

feeding. Bridging is more common for picks and flakes than pellets and is more likely to 

exist around the thermocouples, see Figure 11. Pelletizing or baling the biomass can avoid 

this processing problem. 

 

 

 

 

Figure 11. Bridging phenomenon when processing picks 
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4.2. TROUBLESHOOTING 

Troubleshooting during the experiment is critical when (1) the experiments do not 

yield the expected results, and (2) the system is operating under unsteady state, the 

collected results could not be trusted. Experimental failure causes loss of time and money. 

However, due to the involvement of big amount of equipment and controlling parameters, 

troubleshooting is not easy. The first step is to properly distinguish normal and abnormal 

scenario.  

The normal scenario refers to the system fluctuations that are not drastic and 

controllable. They are usually not fatal to the system and can be self-stabilized after a short 

time. They include: (1) temperature drop when adding new batches of biomass, (2) elevated 

temperature with increasing ER. 

Abnormal scenario is the ones requires an immediate response or/and emergency 

shutdown. Table 4 lists the difficulties this setup experienced during the investigation. 

 

Table 4. Troubleshooting and rectification 

Problem Statement Possible Causes and Recommendations 

Startup Process  

Temperature does not 

increase after ignition. 

1. System blockage, due to the tar accumulation; 

2. Check the fan and make sure it is working properly; 

3. system leakage, due to the unsecured tar collection 

jars or pipe connections; 

4. During the initial ignition step, the flow rate of the air 

should be carefully controlled. Intensive air blows the 

flame down, while the low-velocity air causes the flame 

to burn upwards, which prevent heat accumulation inside  
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Table 4. Troubleshooting and rectification (cont.) 

 of the bed. Experiment conductors can put a flame at the 

open inlet of the bed, the flame should go downwards 

slightly, rather than upwards. 

Harsh temperature 

drop/bed shutdown after 

loading new feed. 

temperature drop within 100°F is acceptable after new 

loads of biomass. However, it might result in a harsh 

temperature drop if there is not enough preserved heat in 

the bed before adding new biomass batches. Avoid adding 

new biomass before the combustion zone temperature 

achieves 100°F. 

Ignition difficulty The biomass may result in ignition difficulty if the 

biomass contains high moisture (>20%). To process this 

kind of biomass, either 1. dry the biomass before loading 

into the reactor, or 2. Put another layer of drier and smaller 

size biomass (e.g. sawdust) on the top to pass the flame 

forward. 

Bed height lost after 

ignition. 

1. Decrease the valve setting; 

2. Change to a smaller grate to avoid biomass falling to 

the ash tray; 

3. Avoid the vibration of the bed. 

Steady State Process  

Syngas stream is not 

stable. 

1. Fan is not working continuously; 

2. Cavities inside of biomass bed when elongate biomass 

is used. These cavities may cause localized oxygen 

building up, even a small-scale explosion. Vibration is 

needed for this case to dismiss the bridging. 
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Table 4. Troubleshooting and rectification (cont.) 

Temperature drops 

continuously, and it could 

not be improved 

significantly by increasing 

valve setting. 

This usually indicates there is no sufficient air passing 

through the bed, Usually due to a block in burner due to 

the tar accumulation.  

1. Consider unclogging the burner first, and enhance the 

tar collection efficiency to prevent further block. 

2. Check the tar collection jars and see if they are full. 

Sometimes those jars are not replaced on time, the tar pile 

up inside the pipeline and thus weakens the air suction. 

Bed temperatures do not 

respond to valve setting, 

the oxygen sensor 7(b) 

has higher read than 7(a). 

The unidentical oxygen reads imply a leakage in the 

pipeline. In our setup, since the tar collection jars need to 

be replaced every 15 mins. The fresh air may slip in from 

the jars rather than the pipe joints. 

Tar amount reduced 

significantly compared to 

other runs, and/or lighter 

color tar is produced. 

Jam in tar collection jar. Dismantle the pipeline and clean 

the inner surface. Tar is sticky and has difficulty 

dissolving in kerosene, gasoline or degreaser. Thanks to 

the thermal cracking of tar, propane torch could be used 

to heat up the tar and convert it into soot. The soot can 

then be removed from the surface using a metal brush 

easily. 

Solid biomass is ejected 

from the opening top 

This reflects a serious bridging phenomenon inside of the 

packed bed, resulting in local areas with high O2, hence 

produces local syngas explosion. When this happens, start 

vibrating the bed first, if the problem persists, shutdown 

the system.  

The drying zone 

temperature is higher than 

the normal drying 

temperature (500°F). 

This indicates a pile up of the biomass bed. The bed 

should be maintained at a stable level to achieve a 

continuous production. The main idea of solving this is to 

increase the biomass consumption of the process. 
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Table 4. Troubleshooting and rectification (cont.) 

 1. Vibration should be enhanced to increase the biomass 

passing through ratio at the grate; 

2. increase the grate mesh; 

3. increase the valve setting. 

Temperatures inside the 

bed are lower than any/all 

temperature(s) in the 

pipeline. A slow bed 

shutdown may be 

observed. 

A leakage should be considered between the bed and the 

gas pipeline. In our case, this leakage is located between 

the reaction core and the gasifier shell. The air goes in 

and relocates the combustion zone to the shell plenum, 

the combustion heat mostly transferred to the 

environment rather than the biomass bed. The biomass 

bed is left to burn with very limited air by natural 

convection. 

Shutdown Process  

Smoke comes out from 

the seal plate. 

 The proper seal of the shutdown plate should always be 

a priority if this scenario exists. However, one can still 

shut down the bed in time by controlling valve setting as 

an alternative. First open the valve completely when N2 

purge starts, keep this until the temperature drops to 

~800°F. Then close the valve completely, and slowly 

increase the valve setting to a level that the smoke just 

stops coming out from the seal plate. Keep it until the 

gasification temperature is lower than 300°F. Then shut 

down the N2 and close the valve, seal the system 

completely. In this way, there is no fresh air leaking into 

the system due to the plate gap. 

It takes 2-3 days to shut 

down a pilot-scale gasifier 

The reactor is not properly sealed, check the reactor body, 

seal gate and the valve to make sure there is no air going 

into the gasifier. 
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5. THE SHUTDOWN TIME 

 

Shutdown is one of the most important steps when a gasifier is running. In the 

process of experimental investigation of the pilot scale gasifiers, shutdown is always 

needed when we have an overheated bed, or when one run is completed. In industry, the 

gasifier might need a shutdown due to time to time inspection or a catalyst refill, even there 

is no sign of abnormal operation. In this paper, the N2 gas is fed into the bed at 1scfm, using 

as the inert gas to kill the active reactions. Some other researchers used a vacuum fan or 

machine to dilute the gas phase and accelerate the shutdown process. Figure 12 illustrates 

the comparison of the shutdown time among biomass feeds and gasifier sizes. For 8” 

reactor, pellets take longer than flakes and longer than the picks. For different sizes, the 12” 

reactor takes longest to shut down and the 4 inch takes shortest. After the shut the N2 purge 

and the valve, the whole reactor becomes a closed system full of inert gas. There is a 

temperature revival after this, the possible reasons involve: (1) Both the thermocouples and 

the N2 inlet are placed very near to the center of the reactor, the thermocouples are more 

likely detecting the temperatures of the N2 could flow rather than the average zone 

temperature; and (2) The cold N2 gas goes through the bed with the void between the 

biomass and decrease the biomass temperature from the surface, the heat inside of the 

biomass core must conduct along the diameters to transport to the surface, thus the biomass 

cores thus have higher temperatures than the surfaces. When the N2 is shut, the heat from 

the biomass will increase the temperature of the gas phase until reaches the heat balance. 

The larger the gasifier is, the drastic this temperature revolve will be, and for sure will take 

longer for the whole reactor to reset to the room temperature.  
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Figure 12. Shutdown time comparison 

 

 

 

In our case study, the N2 purge time is defined the time from the beginning of 

shutdown to the time that gasification zone temperature drops to 250°F. Since the speed of 

N2 is stable during the flushing, N2 consumption is proportional to the purging time. From 

Table 5. It can be known that the N2 purge time does not vary a lot for pellets and picks, 

but takes much shorter for flakes. And, it does not change from 4” to 8”, but doubled from 

8” to 12”. The isolation time is the duration from system closing to when the gasification 

temperature goes below 300°F. The cooldown time is exponentially related to the reactor 

diameter, or proportional to the reactor volume. Say, 

 Isolation Time ∝ reactor volume  (4) 
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Table 5. The cooling down time for each gasification setups 

  N2 Purge Time (min) / Isolation Time (min) 

 4” Reactor 8” Reactor 12” Reactor 

Pellets  4.40 / 56 4.40 / 163 8.48 / 374 

Picks  4.70 / 66  

Flakes  1.40/ 92.6  

 

 

 

An industrial syngas plant that consumes 1ton biomass per hour may have a reactor 

size 500 times more than our 12” reactor, then it takes approximately 3 months to cool 

down to 300°F. Due to this reason, a gasification plant should always perform a shutdown 

only when necessary. At the same time, they may modify the procedure to minimize the 

shutdown time. For example, purging the N2 gas for 1-2 days instead of shutting down at 

a specific temperature, purging the system several times instead of only once, and/or using 

a fan to vacuum the system.
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6. CONCLUSION 

 

Experimental investigations of biomass gasification in downdraft fixed bed 

gasifiers of three different sizes are carried out using three different biomasses (pellets, 

picks and flakes) under various operating conditions. This paper reported the syngas 

compositions, tar compositions and their concentrations, biomass and gasified char size 

distributions and the agglomeration phenomena. The pellets produced the largest amount 

of tar at low temperatures. The original biomass size could be fit using a Gaussian 

distribution, while the gasified char size distribution derives from the Gaussian distribution. 

Agglomeration is a main process problem in the runs and the size of the agglomerated 

bulks are reported. 

As the study of the general procedure and process control is lacking in the literature, 

this paper elaborates the detailed procedure of all the three stages for a single experimental 

run, including startup stage, steady-state stage, as well as the shutdown stage. In the process 

control section, experimental issues are separated into normal and abnormal scenarios; the 

recommended solutions are provided for each problem. The shutdown process is not 

favorable unless it is necessary, as it takes months for an industrial plant to return to 

ambient temperature. 
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SECTION 

 

2. OVERALL CONCLUSION 

 

The key findings of this work are summarized in this section. The main objective 

of this work is to have a better understanding of the main troublemaker tar in the 

gasification system. To achieve this goal, this subject is divided into several aspects: 

formation, cracking and evolution mechanism, collection, disposal and recycling procedure.  

In the Paper I and II, kinetic-based Aspen Plus models for both updraft and 

downdraft fixed bed gasifiers were developed to investigate the tar formation and cracking 

mechanism. The kinetics models are fundamentally superior to the traditional Gibbs 

Energy minimization model, thus can predict tar and syngas compositions more accurately. 

In Paper III, experimental investigations on tar recycling process in biomass gasifiers are 

carried out. This paper discusses the syngas composition, typical temperature profile, tar 

composition and amounts along the runtime. This study helps the reader to have a deeper 

understanding of tar. 

This dissertation is also aiming to provide useful guidelines for other researchers 

working on biomass gasifiers. Note that there is a lack of reference focusing on the standard 

procedure and process control, this study reports the detailed procedure of the startup, 

steady state, and shutdown in Paper III. This paper also describes the problems experienced 

during the setup and provides the possible causes and recommends solutions.  

 



 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX A. 

FORTRAN CODE IN THE PYROLYSIS CALCULATOR BLOCK 
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Calculation code: 

      FACT=(100-MOI)/100 

      H2O=MOI/100 

      ASH=ULT(1)/100*FACT 

      PROPI=0.05 

      ACET=0.05 

      PHENOL=0.03 

      TULENE=0.02 

      C1= PROPI/74*36 

      C2=ACET/58*36 

      C3=PHENOL/94*72 

      C4=TULENE/92*84 

      CTAR=C1+C2+C3+C4 

      H21=PROPI/74*6 

      H22=ACET/58*6 

      H23=PHENOL/94*6 

      H24=TULENE/92*8 

      HTAR=H21+H22+H23+H24 

      O21=PROPI/74*32 

      O22=ACET/58*16 

      O23=PHENOL/94*16 

      O24=TULENE/92*0 

      OTAR=O21+O22+O23+O24 



136 

 

      C=ULT(2)/100*FACT-CTAR 

      H2=ULT(3)/100*FACT-HTAR 

      N2=ULT(4)/100*FACT 

      CL2=ULT(5)/100*FACT 

      S=ULT(6)/100*FACT 

      O2=ULT(7)/100*FACT-OTAR 

 



 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX B. 

GC ANALYTICAL METHOD 
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Method A 

The columns used are:  

Thermo Scientific™ TracePLOT TG-BOND MSieve 5A, 30 m, 0.53 mm, 50 μm. 

The precolumn is: 

Thermo Scientific™ TracePLOT TG-BOND Q, 15 m, 0.53 mm, 20 μm. 

The method used is listed in Table 1. 

 

 

 

Table 1. GC analytical method 

 

 

 

 

Method B 

The column used is:  

Agilent J&W GS-CarbonPLOT column, 30 m, 0.320 mm, 3.00μm, part number 

113-3133 
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Method: 

Helium at 27cm/sec (calculated off N2 at 35oC) 

Oven: -40 oC (below ambient temperature) 

Injector: split 1:30,185 oC, 250μL injection volume 

Detector: TCD, 150 oC 
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