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ABSTRACT 

 
The poultry industry in Europe is vast and proper waste management is 

required in order to comply with environmental regulations. As a result, poultry litter 
represents a potential fuel candidate for thermal conversion technologies since it is 
an available source. Therefore, a process for the gasification of poultry litter is 
examined in this study. This process integrates a fluidised bed gasifier with a gas 
turbine with the aim of generating combustibles gases for energy production. This 
resulted in a viable solution for a small scale system to be installed on-site the 
biomass source. The system allows the treatment of waste with the additional benefit 
of generation of energy, and is suitable for a poultry farm to avoid the transportation 
of litter to centralised plants. Among the by-products generated during gasification, 
such as NOx, SO2, and fly ash, tar is a major issue when implementing this 
technology because tar can cause operational problems as a result of the possible 
formation of aerosols and soot formation due to repolymerization.  

A process simulation using Aspen Plus was used to evaluate four levels of 
integration. The equilibrium model was applied to evaluate integration schemes 
involving recuperation of energy from the gas turbine exhaust gases. The 
recuperation of residual heat to preheat air and product gases was performed with the 
aim of achieving the highest electrical efficiency. For the conventional “atmospheric 
layout”, the fuel gases have to be cooled down before being compressed to the desire 
pressure, which causes to waste energy from the hot fuel gases. The benefit of the 
“pressurised layout” is that all process stages can be maintained hot. Process 
efficiency analyses showed that even when the “atmospheric layout” was set with 
energy recuperation, the “pressurised layout” delivered higher efficiencies with or 
without the energy recuperation into the gasifier. 

After a bibliographic review, the lignin content of biomass was concluded 
responsible for tar formation because of its aromatic nature. As lignin components, 
guaiacol, vanillin and catechol were chosen as tar precursors due to its presence in 
lignin structure. A reaction mechanism and its corresponding kinetics were derived. 
This mechanism was based on the three-lignin unit decomposition into lighter 
molecules and greater aromatic rings. Some of the tar products were involved in 
combustion and/or steam gasification reactions. The tar reaction mechanism was 
introduced into the kinetic model for the gasification of poultry litter. The results 
showed agreement with experimental work from previous reports for the evolution of 
primary tars. However, the model overestimated the total tar concentration. When the 
model was compared with the equilibrium model, the trends of the main product 
gases agreed as the air:fuel ratio was varied. 
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LAY ABSTRACT 

 
The massive production of poultry in Europe generates waste referred as 

poultry litter. Proper waste management is required in order to comply with 
environmental regulations. As a result, poultry litter is an attractive source for energy 
generation while avoiding the disposal of litter to land. The process selected to 
transform litter to energy was gasification. Gasification consists of converting litter, 
using a controlled amount of air, into a combustible gas mixture at high 
temperatures. A process that integrates a fluidised bed gasifier with a gas turbine 
with the aim of generating combustibles gases for energy production is examined in 
this study. This resulted in a viable solution for a small scale system to be installed 
on-site to avoid the transportation of litter to centralised plants. Among the by-
products generated during gasification, such as NOx, SO2, and fly ash, tar is a 
complex mixture of heavy compounds that causes major issues when implementing 
this technology because of causing operational problems or damaging downstream 
systems.  

A process simulation using the engineering software Aspen Plus was used to 
examine the process performance. The equilibrium model was applied to evaluate 
integration schemes involving recuperation of energy from the gas turbine exhaust 
gases. The recuperation of residual heat to preheat air and product gases was 
performed with the aim of achieving the highest electrical efficiency. Two 
configurations were examined. One was a conventional “atmospheric layout” where 
the fuel gases had to be cooled down before being compressed to the desire pressure. 
This caused to waste energy from the hot fuel gases. The other was a “pressurised 
layout” that allowed all process stages to be maintained hot without heat wastage. 
Process efficiency analyses showed that even when the “atmospheric layout” was set 
with energy recuperation, the “pressurised layout” delivered higher efficiencies with 
or without the energy recuperation into the gasifier. 

The second part of this work consisted of modelling the formation and 
evolution of tar components. The main assumption was that tar is generated from the 
presence of lignin in poultry litter. The lignin structure is known to have an aromatic 
structure which is similar to the tar compounds formed during gasification. To 
simplify the reaction pathways, three compounds were chosen as representative of tar 
units and primary products. A reaction mechanism and its corresponding kinetics 
were derived. This mechanism was based on the three-lignin unit decomposition into 
lighter molecules and greater aromatic rings. Some of the tar products were involved 
in combustion and/or steam gasification reactions. The tar reaction mechanism was 
introduced into the model for the gasification of poultry litter. The results showed 
agreement with experimental work from previous reports for the evolution of 
primary tars. However, the model overestimated the total tar concentration. When the 
model was compared with the equilibrium model, the trends of the main product 
gases agreed as the air:fuel ratio was varied. 
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Chapter 1 

Introduction 

The use of renewable fuels in energy conversion processes represents 

a favourable option to reduce greenhouse gas emissions. Therefore, 

biomass and agricultural waste are increasingly gaining attention as 

a promising initiative to address Climate Change as substitute to 

fossil fuels. In this chapter, an overview of biomass uses, agricultural 

waste, waste management practises and the current challenges for 

waste-to-energy technologies is given. In addition, the objectives of 

this work are described. 

1.1  Background 

The production of bioethanol started from sugar cane in the late 70’s in Brazil 

and it was followed some years later by the USA using maize and sorghum. The total 

grain consumption for bioethanol was 57 million tonnes in 2005. In contrast, EU 

countries have focused on producing biodiesel. It was forecasted that the demand of 

arable land for oilseed production would increase from 3.2 million ha in 2005 to 13.3 

million ha in 2010 [1]. However, the growing production of crops for bio-energy 

production may also pose negative environmental impacts, e.g. the reduction of 

tropical rain forests in Brazil due to sugar cane and soybean plantations. In addition, 

it has a social impact since food costs can increase affecting consumers, especially in 

developing countries. Instead of just dedicating land to the growth of crops for 

energy generation, agricultural residuals and animal manure represent an alternative 

source for fuels. This is especially important nowadays when food demands 

augment.  
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Intensive farming practices are promoted by the food demand of the 

continuously increasing world population. A consequence of these practices is the 

generation of significant amount of organic waste. For instance, in Mexico 18.3 and 

8.95 million tonnes of maize for grains and maize for forage, respectively, were 

produced in 2007. The maize for grain required a surface of 5.65 million ha, the yield 

was 3.24 ton/ha and represented 28.5% of the total production. The yield of maize 

for forage was 29.3 ton/ha [2]. The production of poultry was 293 million chicks for 

meat and 164 million chicks for eggs in 2005. The major producer owns 600 farms 

with an average production of 263,000 chicks per year. Of the 24.25 million hectares 

of land in United Kingdom, 18.5 millions are used for agriculture (statistics from 

2005); as a result agriculture is a large source of waste. In addition, the enormous 

poultry industry in the UK is producing 850 million birds every year [3]. Thus, the 

selection of the type of biomass employed will depend on the availability of the 

waste. Therefore, each country requires an evaluation of their resources in order to 

avoid the overuse of land for energy generation. Nevertheless, it is evident that 

biomass is already available as potential fuel without the need of using more arable 

land. 

The poultry industry also generates the so-called litter which is the waste that 

consists of a mixture of manure, waste bedding, waste food and feathers. The term 

poultry litter encompasses total manure and litter generated from chicken and turkey 

broilers, breeder chickens and layer chickens. Broilers are pullets and cockerels that 

have not yet reached sexual maturity. 

1.1.1 Poultry litter management 

Normally it takes nine to ten weeks for a crop to reach the market weight and 

five to six crops are grown per year in a farm. After that period, with every new crop 

litter is removed and substituted with fresh bedding material. An approximate 

generation of 4.4 million tonnes of litter results from poultry operations in the UK, 

from which 2.5 tonnes derived from broiler and turkey units [4]. Bedding material is 

spread over the floors within the poultry houses. The main purpose of the bedding 

material is to absorb moisture and promote drying by increasing the surface area of 

the house floor. Materials typically used as bedding include sawdust, straw, wood 

shavings, shredded paper and peanut or rice hulls [5]. As a result, the composition 
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and physical characteristics of poultry litter vary within production facilities and 

between farms and regions. This variability is caused by differences in the amount 

and type of bedding material, the number of flocks raised on the litter, the amount of 

dirt removed with the litter, water system employed, method of clean-out and storage 

time. Therefore, the resulting litter compared to woody biomass is more complex and 

challenging to employ because of its higher concentration of ash, nitrogen, sulphur, 

chlorine and alkali metals [6].  

Inappropriate management of the bedding material can cause serious 

problems to the poultry health. Since birds are in continuous contact with litter, hock 

burns marks can be found on the upper joints of birds. These marks are caused by 

ammonia. In contact with the skin, ammonia burns the skin of the leg and leaves a 

mark. Blackened skin occurs leading to erosion and fibrosis on the lower surface of 

the foot pad, at the back of the hocks and sometimes, in the breast area. Wet litter can 

also cause problems, when moisture content exceeds 35%, health problems are 

encountered. Wet litter increases the incidence of foot pad dermatitis 

(pododermatitis) and folliculitis. Serious cases of folliculitis can turn into gangrenous 

dermatitis which causes downgrading of the end product. As a result, it is 

recommended that the litter moisture should be kept between 20–25% [7]. In 

addition, wet litter promotes the proliferation of pathogenic bacteria and moulds, and 

toxic fungi which can create a mycotoxin (toxic chemical products produced by 

fungi) threat. The growth of bacterial flora in wet litter contributes to a higher release 

of ammonia. Continuous exposure to ammonia can cause damage to the respiratory 

organs, inflammation of cornea and blindness. Consequently, the bedding material is 

removed with every new flock to maintain the quality of the bedding material that 

guarantees the welfare of the broilers. 

1.1.2 Poultry litter disposal: Environmental impacts 

Traditionally, disposal of poultry litter includes its utilisation as fertiliser, but 

its improper application and/or overuse represent potential environmental problems, 

such as spread of pathogens [8] and emission of greenhouse gases and odorous 

compounds. Nitrogen present in poultry litter can be converted to ammonia and 

nitrates. Infiltration of soluble nutrients can cause ground water pollution and favour 

high levels of nitrate in drinking water. These high levels of NO3 can cause cancer, 
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respiratory disease in humans, foetal abortion in livestock and 

methaemoglobinaemia, a blood disorder in infants commonly known as ‘blue baby 

disease’ [9]. Heavy rainfall can sweep the poultry litter applied to land into nearby 

ditches, streams and lakes. Surface water pollution by nutrients can lead to 

eutrophication, which is the excessive growth of algae that consumes aquatic 

nutrients and oxygen, and block sunlight [10]. As a result, the dispersion of nitrates is 

monitored under the Nitrates Directive (91/676/EEC), which was created for the 

protection of water through better farmyard management by the control of the 

application and storage of inorganic fertiliser and manure on farmland [11]. With this 

growing concern and new regulatory constraints, manure disposal is a less acceptable 

option. Therefore, an environmentally friendly method of disposing animal waste is 

needed and some methods are analysed in the following section. 

1.1.3 Waste management practises 

Alternative options for the treatment of poultry litter include composting, 

anaerobic digestion, combustion, pyrolysis and gasification. Composting is the 

aerobic degradation of biodegradable organic waste. It typically takes 4–6 weeks to 

reach a stabilised material. The composted poultry litter is odourless and pathogen 

free with low moisture content, and can be used as organic fertiliser. Poultry litter 

contains high levels of organic nitrogen from the high content of protein and amino 

acids. A disadvantage of composting is that nitrogen and other nutrients are lost 

during the process. Ammonia emissions during composting are of significant 

environmental concern. Therefore, additives had been tested to reduce NH3 

volatilisation, such as zeolites, clay, coir (fibres found between the hard, internal 

shell and the outer coat of coconut fruit), CaCl2, CaSO4, MgCl2, MgSO4 and 

Al2(SO4)3; where zeolite and coir proved to be more successful for the reduction of 

ammonia losses during the composting of poultry manure [5].  

Anaerobic digestion involves the degradation and stabilisation of organic 

matter by microbial microorganisms under anaerobic conditions [12]. The main 

products are methane (around 60% content) and inorganic gases such as carbon 

dioxide. The anaerobic digestion of poultry litter involves two stages. The first stage 

includes the hydrolisation and brake down of complex components, such as fats, 

proteins and polysaccharides, to their component units. This breakage is performed 
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by anaerobic bacteria and called acid fermentation wherein organic material is 

converted to organic acids, alcohols and new bacterial cells. The second stage 

includes the conversion of the hydrolysis products into gases (mainly methane and 

carbon dioxide) and is called methane fermentation. The residual sludge is stable and 

can be used as fertiliser. Poultry litter contains around 50–70% of total solid content 

which makes difficult to mix and requires dilution [13]. The purpose of mixing in 

anaerobic digestion is the dispersion of the incoming waste to improve contact with 

the microorganisms and replace the previously degraded products with fresh 

nutrients from the waste, and reduce stratification; in this manner, maintain a high 

rate of anaerobic biodegradation and high production of gases. Another issue during 

the anaerobic digestion of poultry litter is the minimisation of the levels of ammonia; 

this could also require dilution. Dilution, however, increases the volume of the 

material to be handled, and thus increases process energy requirements. Even though 

some ammonium anions formed can be used by some anaerobic bacteria, excess 

ammonium can inhibit the destruction of organic compounds and produce volatile 

fatty acids. Composting and anaerobic digestion practices reduce pathogens and 

generate a more uniform fertiliser. However, they require large facilities, control 

ammonia emissions and long processing times, from days to months [5]. 

Biomass energy conversion through thermochemical processes, such as 

pyrolysis, combustion and gasification, are preferred because they offer the 

following advantages: the process can be designed to suit on-site application 

allowing a more compact system; the conversion process takes shorter times (a 

matter of minutes) compared to the long periods required in anaerobic digestion; 

destruction of pathogens and pharmaceutical compounds due to high process 

temperatures; the option of employing seasonal residues from farms; and more 

efficient recovery of nutrients [14]. Direct combustion of poultry litter has been 

proposed to provide heating to poultry houses or for power generation depending on 

the scale of the combustion process [5]. In contrast to combustion, where mainly heat 

is the end product, gasification involves the conversion of biomass into a 

combustible gas mixture by partial oxidation. Therefore, besides solving the problem 

of waste treatment, gasification of poultry litter on-site represents a viable solution 

for the disposal of litter and energy generation [15]. 
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A by-product from thermochemical processes, such as combustion and 

gasification of biomass, is ash. The resulting ash contains high phosphorus and 

potassium concentration that makes it a feasible fertiliser for agricultural crops. 

Poultry litter ash was evaluated as a potential phosphorus source for wheat and other 

crops, and showed similar effectiveness as potassium phosphate when the soils were 

limed [16]. The ash generated could be marketed as fertiliser. Poultry litter ash could 

be potentially sold at a price comparable to fertilisers with phosphorus and potassium 

of different ratios such as 0:7:30 and 0:10:20, at €11.45 per 50 kg bag. However, the 

ash might require formulation and granulation which might incur in additional costs. 

But at least the ash could be used in its original state and save the farmer the 

expenditure on agricultural fertiliser [13]. 

1.1.4 Challenges for waste-to-energy technologies  

The size of the facility for a waste-to-energy process –when located in rural 

areas or small towns– has proven to be of great relevance for the success of a project. 

For instance, the project of the installation of a 5-MWe wood gasification plant near 

the town of Cricklade failed to obtain planning permission due to public opposition 

in 2000 [17]. The proposed plant was designed as 126 m long and 46 m wide, 

requiring 36,000 tons of wood from surrounding farms in order to provide power to 

over 10,000 homes. Among the main negative perceptions from residents were: 

visual effects due to the height of chimneys and proximity to local residents, 

increases in traffic due to trucks, accidents and noise, and negative effect on property 

prices. Therefore, the design of a biomass electricity plant requires a sensible sizing 

of the plant and proper selection of the site. 

Additionally, the success for the wider application of the biomass gasification 

technology greatly depends on the control of ash-related problems and product gases 

quality. Among the ash-related problems are sintering, agglomeration, deposition, 

erosion and corrosion. Since poultry litter contains relatively high ash content, alkali 

metals can react with silica to form silicates or with sulphur to produce alkali 

sulphates. These compounds have melting points lower than 700°C which cause 

deposition on the reactor wall or if carried with the gases can cause corrosion and 

erosion of further equipments. In addition to the conversion of biomass to gases 

during gasification, char and tar are produced reducing the syngas yield and overall 
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conversion efficiency [18]. The presence of tar is undesirable because of the 

problems caused by condensation or formation of more complex tar compounds. 

These compounds can block and foul process equipment, engines and turbines used 

for the application of the product gases [19]. 

The understanding of the gasification process allows the operation and 

optimisation of the system. A useful tool to explore its complexity is the 

mathematical simulation of the gasification process. As a result, there is a vast 

literature on the modelling of coal gasification. However, coal and biomass differ in 

composition, the latter contains larger amount of volatile matter which makes it more 

reactive. This difference creates the need to develop models for biomass gasification 

and the state-of-the-art will be discussed in the next chapter. In addition, models 

often consider tar as a single lump in order to avoid the complexity of tars, which 

shows a need to include more detail models including tar formation and evolution. 

Since the main product of biomass gasification is a valuable mixture of 

combustible gases, gasification is frequently coupled to power generation systems. 

Integrated gasification combined cycle (IGCC) puts together a gasification unit and a 

combined cycle power system. The combined cycle system combines one or several 

gas turbines (GT) and/or one or several steam turbines which can include a heat 

recovery steam generator (HRSG). There are currently 18 installed coal-fired plants 

of large size (200–300 MW) worldwide, mainly located in Japan, the USA, Germany 

and Holland, which have reached the demonstration stage of commercial-scale IGCC 

plants [20]. Thus, the IGCC technology focuses on high efficiency and large 

capacity. 

Conventional IGCC systems employ gasification at atmospheric pressure, 

where the product gases are cooled to facilitate the compression to the required 

pressure for the gas turbine engine [21-23]. Pressurised gasification is, therefore, 

more advantageous to avoid the cooling of gases when compression is required and 

maintain all process stages hot. However, systems employing a pressurised gasifier 

are usually of medium to large scale. This work considers a small scale on-site 

pressurised gasification unit to avoid the transportation of litter to centralised plants 

and maintain all process stages hot. 
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1.2  Objectives 

The aim of this project is the evaluation of a gasification process with poultry 

litter as a potential source of renewable energy. The proposed process consists of a 

fluidised bed gasifier integrated with a gas turbine engine.  

The objectives of this work are six folded. These consist of: 

• The simulation of a process that integrates a fluidised bed gasifier with 

a gas turbine with the aim of generating combustibles gases for energy 

production. This process should be suitable for a poultry farm in order 

to avoid the transportation of litter to centralised disposal facilities and 

maintain all process stages hot. 

• Comparison of different energy integration configurations and 

identification of the most optimal option in order to recuperate energy 

from the hot exhaust gases from the gas turbine.  

• Identification of the leading operating parameters that affect the process 

efficiency.  

• Evaluation of the emissions potentially released based on the operating 

parameters chosen. 

• Identification of a mechanism for the tar formation and evolution 

during the fluidised bed gasification. This mechanism will be 

incorporated into a two-phase model. 

• Identification of operating parameters and properties that require to be 

tested experimentally based on the modelling work. 

1.3  Outline 

The remainder of the study is organised into six more chapters, references 

and appendixes. Chapter 2 describes the advances in biomass conversion by 

thermochemical processes. The characteristics of poultry litter and its evaluation as 

fuel are examined. An analysis of experimental work on biomass gasification is 

shown which identified the main operating parameters that affect the system. 

Mathematical models that have been employed from coal to biomass are described. 

The last section explains the main challenges of the technology. 
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Chapter 3 starts describing the methodology employed for the modelling of 

the gasification of poultry litter. This section explains the assumptions made and how 

the process was split into sub-processes that allowed the representation of each unit 

modelled, such as the gasifier and gas turbine. This chapter provides the different 

heat exchanger configurations explored in order to maximise the recuperation of 

energy. The heat exchanger configurations were compared in order to identify the 

most suitable network. 

Chapter 4 presents the results obtained through an equilibrium approach. Two 

cases are compared, the conventional case versus the pressurised system. 

Subsequently, the gasification process is examined by varying the amount of 

gasifying agent (air) and moisture content of poultry litter. The effect of the ash 

constituents is also revised. The temperature approach of the heat exchangers is 

varied to find by how much the efficiency can be improved. Finally, the gas turbine 

is evaluated by changing pressure ratio and turbine inlet temperature.  

Chapter 5 provides the description of the kinetic model development. It 

explains the model assumptions and reactions involved in the proposed mechanism. 

This chapter explains the numerical method employed to solve the mass and energy 

balance equations and outlines the program used.  

Chapter 6 shows the results generated from the kinetic model. These results 

are compared with experimental data for wood gasification in order to verify the 

accuracy of the model. Finally, the kinetic and equilibrium models for the 

gasification of poultry litter are compared. 

Chapter 7 provides an overview of this work and the conclusions generated 

after the evaluation of the process configuration and results from the model. In 

addition, future work is proposed for the gasification of poultry litter. 
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Chapter 2 

Literature review 

Biomass gasification emerged in the early 1900s to produce fuels, 

chemicals and hydrogen, but the discovery of low-cost natural gas 

provoked the abandonment of manufacturing synthetic gas [24]. 

However, in recent decades concerns on power plant emissions, 

domestic and agricultural waste disposals, and the increased focus on 

greenhouse gases reduction have renewed interest and awareness on 

gasification technologies. In this chapter, thermochemical conversion 

processes are discussed in order to introduce the main topic of this 

work: biomass gasification. A review of experimental work on 

biomass gasification and biomass characteristics is examined. 

Subsequently, mathematical approaches for the simulation of the 

gasification process are presented and its integration with power 

generation systems. As a final point, software employed in the 

simulation of gasification is described. 

2.1 Thermochemical conversion processes 

The increasing demand for energy favours interest on the development of 

processes that generate electricity from sources different than coal, petroleum or 

natural gas. Biomass is preferred as a source for renewable energy due to its lower 

impact on the environment. Two main processes for the conversion of biomass to 

energy are used: thermochemical and bio-chemical/biological processes. 

Thermochemical processes transform biomass into energy rich products [25]. Bio-

chemical conversion comprises: anaerobic digestion for production of mainly 

methane and CO2, and fermentation for the production of ethanol [12]. 

Thermochemical conversion includes: combustion, pyrolysis, liquefaction, 
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hydrogenation and gasification. The main characteristics of these processes are 

giving below. 

a) Combustion. In this process, biomass is directly burnt using air to produce 

heat, mechanical power or electricity in boilers, furnaces, steam turbines, etc. The 

oxygen added should be at least the amount necessary for stoichiometric oxidation of 

the feedstock. The product gases are at temperatures around 800–1000°C. Any type 

of biomass can be burnt, but in practice only biomass with <50% of moisture content 

is feasible for combustion [12]. 

b) Pyrolysis. The process of pyrolysis is the conversion of biomass using 

external heating in the absence of oxygen to generate liquid, solid and gaseous 

products; pyrolysis starts at temperatures of 350–550°C and up to 700°C. Depending 

on the heating rate employed, pyrolysis can be categorised in: i) slow pyrolysis, 

which uses slow heating rates in the order of 5–7 K/min and favours char production; 

ii) fast pyrolysis, employs heating rates around 300°C/min and produces higher 

yields of liquid products, such as high-grade bio-oil; and iii) flash pyrolysis, requires 

special reactors for residence times of few seconds which increases the liquid and 

gaseous products. An extensive review of types of pyrolysis processes can be found 

in [25]. 

c) Liquefaction. In this process, a liquid hydrocarbon is obtained using low 

temperatures and high pressures with a catalyst in the presence of hydrogen [26]. 

d) Hydrothermal upgrading (HTU). HTU is a process that transforms biomass 

into partly oxygenated hydrocarbons in a wet environment and at high pressure [12]. 

e) Gasification. In a gasification process, biomass is converted into a 

combustible gas mixture by partial oxidation. The amount of oxygen employed is 

lower than the stoichiometric amount required for complete combustion [27]. The 

product gases can be burnt to generate heat and steam or used in gas turbines to 

produce electricity. The gasification reactions include: 

 
Reaction ∆HR Reference  

Combustion reactions:    

COOC →+ 22
1  -111 kJ/mol [27] R.1 

22 COOC →+  -393 kJ/mol [28] R.2 
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222
1 COOCO →+  -283 kJ/mol CO [29] R.3 

OHOH 222
1

2 →+  -241.9 kJ/mol H2 [29] R.4 

Water gas reaction:    

22 HCOOHC +→+  +131.4 kJ/mol C [29] R.5 

Boudouard reaction: 

COCOC 22 →+  

 

+172.5 kJ/mol C 

 

[29] 

 

R.6 

Steam methane reforming reaction:    

224 3HCOOHCH +→+  +206 kJ/mol [27] R.7 

2224 42 HCOOHCH +→+  +165 kJ/mol [28] R.8 

  
HTU and liquefaction are the least employed technologies since they are less 

practical: HTU is at the pilot stage [30] and liquefaction is an expensive process that 

produces a tarry lump difficult to handle [25]. The purpose of combustion 

technologies is the generation of heat or destruction of waste, whilst gasification 

produces a valuable product that can be use as chemical or fuel for energy production 

[24]. Conversion efficiencies for biomass combustion power plants are in the range 

of 20–40%. However, higher efficiencies require systems with a capacity of over 100 

MWel or co-combustion with coal [12]. Therefore, gasification represents a viable 

solution for a small scale system installed on-site the biomass source, with twofold 

benefits: the treatment of waste and the generation of energy. As a result, the 

following sections will be dedicated to biomass gasification. 

2.1.1 Types of gasifiers 

Gasifiers can be classified according to the reactor design. This classification 

is based on how the fluids or solids are transported through the gasifier and they are: 

fixed bed and fluidised bed gasifiers. The parameter that dictates whether a bed is 

fluidised or fixed is the velocity at which the fluid passes upwards through the bed 

[31]. For fluidised beds, fluidisation begins when the drag force by upward moving 

gas equals the weight of particles; this is the so-called minimum fluidisation velocity, 

a very important parameter for the operation of fluidised beds [32]. 

In the case of fixed bed gasifiers, reaction zones are distributed based on the 

type of gasifier: downdraft or updraft gasifier. In downdraft gasifiers, air and 
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biomass are introduced from the top. Pyrolysis and combustion take place 

simultaneously and reduction reactions in a separate zone. In updraft gasifiers, 

biomass enters from the top and the gasifying agent from the bottom. Pyrolysis, 

oxidation and reduction reactions occur in distinct zones, as showed in Figure 2.1 

[33]. In fluidised bed gasifiers, biomass is very rapidly mixed with the bed material, 

and almost immediately heated up to the bed temperature. As a result, the fuel is 

pyrolysed very fast. 

 

Figure 2.1 a) Downdraft and b) Updraft gasifiers [33] 

The comparison between fixed bed and fluidised bed gasifiers had shown 

advantages and disadvantages of both technologies [34]. Fixed bed gasifiers provide 

high carbon conversion efficiency and stand high ash content in the feedstock. 

Moreover, updraft fixed bed gasifiers generate a product gas with low dust content. 

However, fixed bed gasifiers have some disadvantages, such as: non uniform 

temperature distribution allowing hot spots which might cause ash melting, the need 

for long periods for heat-up, and limited scale-up potential. In contrast, fluidised bed 

gasifiers produce a gas with higher dust content; furthermore, the use of high 

reaction temperatures to achieve good conversion efficiencies conflicts with the low 

melting points of ash components. On the other hand, fluidised beds have beneficial 

advantages as good heat and material transfer between gas and solids by providing 

good temperature distribution and fast heat-up, plus variation in fuel quality and 

broader particle size distribution in fuels are tolerable.  
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Fluidised beds are divided in bubbling and circulating fluidised beds. For 

bubbling fluidised beds, velocities are above the minimum fluidising velocity, but the 

bed expands no much further than its volume at minimum fluidisation; bubbles are 

formed providing more space. The bubbling action helps particles to mix and 

promotes uniformity in the bed temperature. Conversely, circulating fluidised beds 

have higher fluidising velocities that cause entrainment of particles. Most of the 

particles are blown out of the vessel which can be re-circulated to the reactor using 

cyclones. The circulation of particles promotes gas-to-particle contact and high 

carbon burnout efficiencies; however, this bed requires removal of heat to keep 

temperature lower than the ash melting temperature [31]. Therefore, the present work 

will focus on bubbling fluidised bed gasification. 

2.1.2 Gasifying agents 

In addition to the type of reactor, the gasification technology can be classified 

according to the gasifying agent employed. The type of gasifying agent affects the 

product gas composition, and in consequence its higher heating value (HHV). The 

selection of the gasifying agent can depend on the end use of the produced gas. They 

can be air, pure oxygen, steam, CO2 or their mixtures. Main features of using 

different gasifying agents are: 

a. Steam. The use of pure steam produces a gas with a high HHV and 

hydrogen content; however, the tar yield is higher [35]. Steam gasification requires 

indirect or external heat supply as well as catalytic tar reforming [18]. 

b. Steam-O2. In order to supply heat for steam gasification, mixtures of steam 

and oxygen had been used [36]. The HHV of the product gases are slightly lower 

than when just gasifying with steam, and the tar yield is lower than when just using 

steam [35]. A H2O/O2 ratio of around 3 (mol/mol) and gasifier bed temperature 

between 800–860°C were recommended to generate a product gas with tar contents 

of around 5 g/Nm3 [37]. 

c. Air. The HHV of the product gas is lower than when steam or steam 

mixtures are employed due to the diluting effect of nitrogen, but the tar content is 

significantly smaller than when pure steam is used [35]. 
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d. CO2. This gasifying agent produces a gas with high HHV, and H2 and CO 

content, and low CO2 content; however, it requires indirect or external heat supply 

and catalytic tar reforming [18]. 

Gasifying with air has been pointed out as suitable for electricity production, 

whilst with steam or steam-O2 mixtures the produced H2-rich gas can be best used in 

fuel cells. The lower heating value (LHV) of the product gas when gasified with pure 

steam was around 12.7–13.3 MJ/Nm3; in contrast, with air gasification the LHV was 

4.5–6.5 MJ/Nm3 [35]. However, the use of steam or pure oxygen requires additional 

equipment for the generation of the gasifying agent which causes additional costs. 

This work, therefore, uses air-blown gasification because air is an available gasifying 

agent and produces a gas with lower tar content than steam gasification. 

2.2  Biomass gasification 

Even though coal gasification is a well established technology, its adaptation 

to biomass gasification poses challenges in the designing of the process. The main 

reason is the chemical and physical differences between biomass and coal. These 

differences are discussed in this section, as well as the most important physical and 

chemical characteristics of biomass. 

2.2.1 Physical and chemical characteristics of biomass 

Biomass is characterised by lower fixed carbon, and higher moisture and 

volatile matter contents than coal. Fuels are commonly characterised by proximate 

and ultimate analysis. Proximate analysis provides information on the content of 

volatiles, moisture, ash and fixed carbon. Fixed carbon is the mass that remains after 

the release of volatiles. Volatile matter, ash and moisture content are normally 

analysed by the standard test methods ASTM E (872), ASTM E (1755) and ASTM E 

(871), respectively, and the fixed carbon is determined by difference [38]. The 

ultimate analysis provides the elemental composition of biomass.  

Biomass is also characterised by evaluating the energy content of the fuel, i.e. 

the heating value or calorific value. The energy released during complete combustion 

including the heat of vaporisation of water is known as the higher heating value 

(HHV) or gross calorific value. When the heat of vaporisation of water is subtracted 
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from the HHV, it is called net heating value or lower heating value (LHV) [27]. Over 

the years, numerous correlations to estimate the HHV from the elemental 

composition of fuels have been reported. Most of these correlations were developed 

from coal data such as the famous Dulong’s formula. A correlation that unified the 

estimation of solid, liquid and gaseous fuels was derived from experimental data of 

HHV and elemental analysis from a number of fuels, including biomass, versus 18 

HHV correlations; the resulting correlation for HHV (with an average absolute error 

of 1.45%) was: 

ANOSHCHHV 0211.00151.01034.01005.01783.13491.0 −−−++=   (2.1) 

where HHV is in MJ/kg, and C, H, O, N, S and A represent carbon, hydrogen, 

oxygen, nitrogen, sulphur, and ash contents of fuel, respectively, in mass percentages 

on a dry basis [39]. 

Among the identified biomass characteristics that affect the rate of 

gasification are size, shape, structure and ash content [40]. In the following section, 

the effects of the presence of ash will be discussed. 

 2.2.1.1 Ash content 

Ash is the solid residue that remains after thermo-chemical or bio-chemical 

processes [27]. Ash consists of inorganic species such as alkali oxides and salts and 

its composition varies depending on the type of fuel. In general, potassium, sodium, 

and chlorine are the inorganics more problematic in fluidised bed gasification. The 

presence of ash in fluidised bed gasifiers represents a potential risk since bed 

agglomerates can lead to loss of fluidisation (defluidisation) and alkali vapours in the 

product gases can increase rates of hot corrosion on turbine surfaces in integrated 

systems [41]. For that reason, combustion turbine manufacturers recommend a total 

fuel-gas alkali content of less than 50 ppb which ensures the safe operation of the 

machines [42].  

The analysis of ash constituents is normally reported in the form of oxides. 

However, ash is composed of different species and has been classified in three main 

groups that include [43]: 

• salts ionically bound, 

• inorganics bound organically to the carbonaceous material, and 
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• minerals present in the fuel structure and foreign material from biomass 

harvesting. 

X-ray fluorescence (XRF, ASTM D4326) or Inductively Coupled Plasma 

spectrometry are normally used to determine the minor elemental composition of 

ash. For the speciation of the alkali salts and the organically bound inorganics 

present in biomass ash, the chemical fractionation method has been used, which uses 

strong leaching chemicals to extract ash constituents according to their solubility 

[43]. Table 2.1 shows a summary of species often found in biomass ash. Ash-

forming matter in wood was grouped in three classes: water-soluble salts, minerals, 

and organically associated ash-forming elements, and shown in figure 2.2. 

Table 2.1 Speciation of biomass ash [43] 

Element Ionic salts 
Organically associated 

inorganics 
Minerals 

Na Sodium nitrate   

 Sodium chloride   

K Potassium nitrate   

 Potassium chloride   

Ca Calcium nitrate Calcium pectate Calcium oxalate 

 Calcium chloride  Calcite 

 Calcium phosphate   

Mg Magnesium nitrate Chlorophyll  

 Magnesium chloride Magnesium pectate  

 Magnesium phosphate   

Si Amorphous silica  Phytolite 

   Quartz 

S Sulphur tetraoxide-2ion Sulfolipids  

N  Amino acids, protein  

  Sulfolipids  

P Phosphate -3ion Nucleic acids Phytates 

   Phytic acid 

Cl Chloride ion   

Al   Kaolinite 

Mn  Organic structures of 
proteins and carbohydrates 

 

Fe  Chelates Phytoferritin 

  Organic sulphates Iron oxide 
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bed agglomeration. In contrast, chlorine was predominantly found in the product gas 

stream. 

Gas-phase concentration of alkali constitutes and low melting temperature of 

alkali ash components can cause ash deposit formation. As a result, work on the 

determination of melting and gas-phase release behaviour of biomass ashes have 

been conducted [46, 47]. Thermogravimetric analysis and differential scanning 

calorimetry (TGA/DSC) have been used simultaneously for the estimation of ash-

melting characteristics. TGA/DSC analyses were performed on 12 biomasses and 

inorganic model compounds, such as SiO2, KCl, K2SO4, K2CO3, CaSO4, CaCO3 and 

some mixtures, in order to elucidate the behaviour of biomass ashes. The initial 

melting temperatures were observed at 600-700°C for ash samples with high chlorine 

content (> 3 wt % in ash). The mechanisms identified as responsible for most of the 

weight lost consisted of: release of CO2 from CaCO3 at a temperature below 800°C; 

evaporation of potassium as KCl at temperatures of 850-1150°C; and the release of 

K2O produced from the decomposition of K2CO3 at 1150–1450°C [46]. 

TGA/DSC tests combined with the Ash Fusion Test (AFT) and Thermo-

mechanical analysis (TMA) were used to characterise the fusion behaviour of 

biomass ashes for a range of biomass, from woody and agricultural biomasses to 

poultry residues [47]. In the TMA, the change of height of a load of ash was 

measured to evaluate the sintering temperature while heating at a constant rate. The 

ashes were leached with water and ammonium acetate. For the chicken litter sample, 

a mass loss at 600-800°C was attributed to the decomposition of calcium carbonate 

and no clear melting point was observed. In contrast, for the leached chicken litter 

ashes, two endothermic peaks were noticed, one at 728°C (evaporation peak) with a 

mass loss of 30 % and the other at 958°C (melting point). The difference between the 

two samples was that the leached ashes were enriched with reactive inorganic and 

high melting point species. As a final point, the studies cited above, on ash 

agglomeration, inorganics partition, and ash melting, have shown that ash chemistry 

should be included in both experimental and modelling work. 

2.2.2 Tars 

Biomass gasification is one of the most promising technologies for renewable 

energy generation. During gasification many by-products are generated such as NOx, 
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SO2, fly ash and tar. In particular, tar formation, as part of the product gases, is one 

of the major issues to resolve when implementing this technology. Tar is a complex 

mixture of condensable hydrocarbons comprising single-ring to 5-ring aromatic 

compounds plus other oxygen-containing hydrocarbons and complex PAH [48]. Tars 

are produced in series of reactions highly dependent on the operating conditions. A 

proposed scheme for the composition of biomass pyrolysis products and gasification 

tars as a function of process temperature showed the transition from primary 

products to aromatic hydrocarbons [49]: 

 

Table 2.2 shows that tars have been divided into five groups according to the 

molecular weight of individual tar compounds [19, 50]. 

Table 2.2 Classification of tar components based on molecular weight [19, 50]. 

Group Class name Representative compounds Property 

1 GC-undetectable Determined by subtracting the 
GC-detectable tar faction from 
the total gravimetric tar 

Very heavy tars, not 
detected by GC 

2 Heterocyclic 
aromatics 

Pyridine, phenol, cresols, 
quinoline 

Highly water soluble 
compounds 

3 Light aromatic  

(1 ring) 

Toluene, xylene, styrene Do not pose a problem 
regarding 
condensability and 
solubility 

4 Light PAH 
compounds  

(2-3 rings) 

Naphthalene, biphenyl, flourene, 
anthracene 

Condense at low 
temperature even at 
very low concentration 

5 Heavy PAH 
compounds  

(4-7 rings) 

Flouranthene, pyrene, chrysene 
perylene, benzopyrene 

Condense at high 
temperatures at low 
concentrations 

 

The temperature at which the total partial pressure of tar equals the saturation 

pressure of tar that leads to condensation of the saturated gas is named the tar dew 

point. A calculation tool for predicting the tar dew point was developed based on the 

concentration of tar classes. From condensation curves, class 5 showed to dominate 

the tar dew point, e.g. even at a concentration of 0.1 mg/m3 the dew point was 120°C 

Mixed 
Oxygenates 
 

Alkyl 
Phenolics 
 

Phenolic 
Ethers 
 

Heterocyclic 
Ethers 
 

PAH 
 
800°

Larger 
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[51]. Tar is undesirable because of its propensity to condensate at temperatures lower 

than its dew point which causes blockage and fouling of lines, filters and gas 

turbines. Table 2.3 shows fuel requirements for gas turbines; these values had been 

proposed to avoid corrosion and deposition in the turbine expansion section [52].  

Table 2.3 Fuel requirements for gas turbines [52] 

Component Allowable concentration 

Particles < 1 ppm 

Tar 5 mg/m3 

HCl < 0.5 ppm 

S (SO2 + H2S  +  etc) 1 ppm 

Na < 1-2 ppm 

K < 1-2 ppm 

Other metals < 1-2 ppm 

  

Methods to reduce and control tar formation during biomass gasification have 

been reported. These methods are classified in primary methods, when the tar is 

removed inside the gasifier; and secondary methods, when tar is removed in a 

separate step after gasification [48]. Primary methods include the appropriate 

selection of operating parameters, the proper design of the gasifier and the use of 

suitable bed additives or catalysts during gasification. In contrast, secondary methods 

comprise tar cracking either thermally or catalytically, or mechanical methods such 

as the use of cyclones and electrostatic filters.  

Tar reduction methods are also categorised in five groups: mechanism 

methods, self-modification, thermal cracking, catalyst cracking and plasma methods 

[19]. Tars and particles have been simultaneously removed by plasma; 50% removal 

of naphthalene was achieved with a corona discharge using an energy density of 

40J/L at 400°C in about 3 min [53]. A comprehensive review of tar reduction 

methods can be found in [19, 48]. 

Due to the importance of determining tar content in the product gas, sampling 

and analysis of tars is often performed during gasification experiments. Sampling 

tars has mostly included trapping tars by condensation on cold surfaces or filters, 
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through absorption in a cold organic solvent or adsorption on a sorbent. Subsequent 

to tar sampling, solvent and water are evaporated, followed by gas chromatographic 

or gravimetric analysis of tars. To unify methods for sampling and analysis, two 

sampling and analysis Tar Protocols were consented in 1998 [54, 55]. 

One protocol was developed for small scale, air blown fixed bed gasifiers at 

near atmospheric pressure with reciprocating engines. The agreed procedure includes 

the extraction of sample from the centre of the pipe, and then the gas passes through 

a stainless steel heated filter. To remove water vapour, the gas is passed into an ice 

bath, then through a series of three stainless steel or glass impinger bottles containing 

dichloromethane and placed in a cool box with an ice/acetone freezing mixture. To 

determine the dust content, filters are weight in an analytical balance. The amount of 

tar is estimated by solvent distillation and evaporation followed by weighing the tar 

sample. For the identification and quantification of tar components, gas 

chromatography (GC) was proposed either with a GC/MS or GC/FID technique [54].  

The second protocol was developed to sample from large-scale atmospheric 

and pressurised gasifiers. The method includes the detection of tar components from 

benzene to pyrene. Moisture and tar are collected in a series of 6 impinger bottles. 

The first, the fifth and the sixth bottles are half-filled with glass beads. From the 

second to the fifth bottles contain dichloromethane. The first four bottles are placed 

in an ice bath, and the last two in an acetone/CO2 ice bath. The organic compounds 

are also quantified gravimetrically and by gas chromatography [55]. These unified 

protocols can help the standardisation of reported tar concentrations which also 

benefit the development of more accurate models for tar formation. 

2.2.3 Operating parameters for biomass gasification 

Gasification produces a gaseous mixture mainly consisting of hydrogen (H2), 

carbon monoxide (CO), methane (CH4), carbon dioxide (CO2) and water vapour 

(H2O), and nitrogen (N2) when air is employed as gasifying agent. In addition, a 

fraction of biomass converts to char and tar. For pine sawdust, a carbon conversion 

of 80% and char yield of around 10% were reported at a gasification temperature of 

780°C in a steam/N2 (90/10) fluidised bed gasifier [56]. The reduction and 

conversion of tar and char are of interest to increase the gas yield and conversion 

efficiency. Moreover, the removal of particulate dust and condensable tar from the 
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product gases is essential for the end use of the product gas, such as internal 

combustion engines, gas turbines or fuel cells for heat and power generation. 

Treatments inside the gasifier for char and tar reduction comprise: i) proper selection 

of operating parameters, ii) gasifier modifications (discussed in section 2.1.1), and 

iii) use of catalysts (section 2.2.4). 

A variety of experimental studies have been performed to understand the 

leading operating parameters for biomass gasification. Among the parameters 

frequently analysed due to their influence on the gas product composition and tar 

content are: equivalence ratio, temperature of the gasifier bed, temperature of gasifier 

freeboard, secondary air injection in the freeboard, addition of catalysts [57], amount 

of fluidising agent, fuel composition [58] and fuel moisture content. 

The equivalence ratio (ER) concept is widely used in energy conversion 

processes such as gasification. ER is the ratio of fed air to the stoichoimetric air for 

complete combustion. Its determination is straight forward for fuels of known 

chemical formula, e.g. ethanol; however, for biomass, the determination of the 

stoichiometric ratio (SR) of air to fuel for complete combustion is more complex. SR 

can be calculated from the elemental composition of the fuel: 
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where CC, CH, and CO represent the weight content of carbon, hydrogen and 

oxygen on an ash free basis, and CA is the ash content; or by using a correlation 

between HHV and SR: 

HHVSR 31.0=        (2.3) 

Then, the equivalence ratio (ER) is calculated using the actual air to fuel ratio 

divided by SR [59].  

Increments of ER decreased CO and H2 and increased CO2 content; the 

inverse effect caused the increase of gasification temperature, CO and H2 increased 

and CO2 decreased [60]. The effect of temperature on the products distribution was 

studied in a downdraft fixed-bed gasifier using olive kernel and olive three cuttings 

[28]. The gasifier was operated at an ER of 0.42 varying the temperatures between 

750–950°C. High temperatures favoured CO and slightly H2 concentrations and 

decreased CO2 concentration. Higher yields of H2 and CO were obtained from olive 
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kernels and were attributed to the higher content of cellulose and hemicellulose 

compared to olive tree cuttings mainly composed of lignin. Then, at isothermal 

conditions (950°C), the ER was varied from 0.14 to 0.42, lower ER favoured CO and 

H2 concentrations and higher ER increased CO2 production. A maximum LHV of 

11.33 MJ/Nm3 using olive tree cuttings at an ER of 0.21 and 950°C was reported; 

however, the individual gas concentrations shown in graphs excluded the amount of 

N2 in the gas composition. 

Experiments in a small scale fluidised bed gasifier at atmospheric pressure 

using air and steam as fluidising agents showed that increases of temperature 

favoured H2 concentration but not the CO production. An optimum ER of 0.23 was 

found which gave the maximum concentration of CO and H2. The introduction of 

steam was favourable for improving gas quality; however, too much steam lowered 

the gasification temperature, and therefore reduced the product gas quality [61]. 

The effect of operating parameters on tar reduction has been reviewed in [48] 

and only major findings will be briefly summarised. Increases of operating 

temperature have shown to reduce the total number of detectable tars but favoured 

the formation of aromatics without substituent groups (such as benzene and 

naphthalene) on tests of indirectly heated fluidised bed gasification of sawdust [62]. 

Oxygen-containing compounds (phenol, cresol and benzofuran) were detected at 

temperatures below 800°C. Tests varying the equivalence ratio showed that the tar 

yield decreased with increases of ER. Tar oxygen-containing compounds decreased 

drastically with increases of ER. In contrast, two-ring, three-ring and four-ring tar 

compounds increased with higher ER values. Tar content decreases with increase of 

the gasification temperature and with a higher ER; however, increases of ER 

decreased the HHV and lowered hydrogen and carbon monoxide contents.  

In addition, by increasing the temperature of the bed from 700 to 850°C 

during the bubbling fluidised air gasification of pine sawdust, it was observed an 

increase in the H2 and CO contents, slight decrease in the CO2 content and a drastic 

decrease in the tar content from 19 g/Nm3 at 700°C to 5 g/Nm3 at 800°C. Moreover, 

the increasing of temperature of the freeboard also contributed to reduce the tar 

content. This tar content reduction was caused by tar cracking and steam reforming 

reactions [57]. Experimental work in a fluidised bed gasifier with maple wood chips 

employed two process temperatures, 754 and 821°C [63]. The higher temperature 
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lowered the tar yield due to a decrease in water-soluble compounds, particularly 

phenol compounds. Likewise, operation at higher pressure from 8 to 21 bars using 

tree chips reduced oxygenated components and especially phenols were almost 

completely eliminated; conversely, the PAH fraction increased. However, high 

temperatures increase the risk of ash agglomeration and sintering as discussed in 

section 2.2.1.1. 

Even though performing sensitivity analysis of operating variables has 

demonstrated usefulness, many hours of experimental work are required to vary all 

operating parameters and study their effects, as well as it involves operational costs. 

As a result, the use of mathematical models provides ease and reliable results, 

especially during the design of the gasifier. 

2.2.4 Catalysts for tar elimination 

Tar decomposition takes place as a result of a series of complex, multiple and 

simultaneous reactions. The main reactions occurring during catalytic treatment are: 
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where CnHx represents tar which can be a mixture of several individual tar 

compounds, and CmHy represents a hydrocarbon with a smaller carbon number than 

CnHx [64]. 

The selection of the optimal catalyst will require a catalyst that has a high 

level of activation, is not easily poisoned or deactivated over time plus is 

inexpensive. A variety of materials had been tested as additives for the reduction of 

tars inside the gasifier. These catalysts have been divided in groups as: dolomite 

catalysts, alkali metal and other metal catalysts, nickel catalysts, and novel metal 

catalysts [19].  
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Dolomite is a calcium magnesium ore [CaMg(CO3)2] widely employed since 

it is a cheap catalyst. The dolomite chemical composition varies depending on the 

source, and its composition and porosity affect its activity [65]. The use of 20–30 wt. 

% of dolomite and the rest silica sand in a gasifier was reported to reduce the tar 

content from 15 g/m3 to around 1 g/m3 with an ER of 0.3 [66]. In addition to the tar 

reduction, the use of dolomite increased the H2, CO and CH4 content as well as the 

LHV of the product gas. Olivine, a mineral containing magnesium, iron oxide and 

silica, was reported to convert 71% of the total heavy PAHs and 46% of the total tar 

in the hot gasification gases; calcined dolomite was also employed and showed 90% 

conversion of heavy PAHs and total tar conversions of 63%; these results were 

obtained using only 17% of catalyst and the rest silica sand [64]. Olivine showed to 

be active for tar decomposition at higher temperatures, but its activity was lower than 

for dolomite; this was attributed to the fact that olivine is not porous and with no 

available internal surface area. To improve olivine performance as tar removal 

additive, pre-treated olivine was utilised and achieved an 80% naphthalene 

conversion. In these experiments, naphthalene was used as a model tar compound 

and the pre-treatment consisted of heating the olivine at 900°C in the presence of air 

[64, 67]. Olivine [(Mg,Fe)2SiO4 with a ratio of 9/1 of Mg/Fe] and dolomite catalysts 

were compared in one bubbling fluidised bed and one circulating fluidised bed 

gasifiers using air as fluidising agent. Dolomite proved to be more active than olivine 

for tar elimination; however, dolomite produced more particulates in the product gas 

since dolomite is very soft and generates small particles [68]. 

Alkali catalysts have also been employed for tar reduction. Potassium 

carbonate was used impregnated on wood during steam gasification in a fluidised 

bed gasifier operated at 750°C. Phenolic tar compounds were reduced by a factor of 

five and PAH by a factor of ten; the concentrations of furans and ketones were also 

significantly reduced [69]. Since biomass has been pointed out as a source of 

inexpensive coal gasification catalyst, alkali metal salts contained in biomass ash, 

especially those containing potassium, have been found good promoters of 

gasification reactions. An almost eight-fold increase in co-gasification rate at 895°C 

was observed in a 10:90 mixture of coal char and switchgrass ash [70].  

Significant work on hot gas cleaning for biomass gasification has used nickel 

catalysts. Nickel catalysts were employed as a secondary method for tar elimination, 
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where the raw gas was first cleaned with a dolomite or alkali catalyst for tar removal 

and then the gas composition was adjusted using a nickel steam reforming catalyst 

[36]. Nickel based catalysts were tested and three (ICI46-I, Z409 and RZ409) 

showed to be effective in eliminating heavy tars (> 99 % destruction efficiency) in a 

guard bed. In addition, the hydrogen yield was improved by 6–11 vol. % (dry basis). 

Space velocity showed little effect on gas composition whereas increases of 

temperature enhanced H2 yield and reduced light hydrocarbons. Nickel supported on 

silica was described as active for tar catalyst cracking at relatively low temperature 

(823 K). But this catalyst was deactivated after a short time due to accumulation of 

large amounts of carbon on its surface [71].  

Novel metals have been employed to overcome the limitations of more 

traditional catalysts while keeping high efficiency for tar conversion. M/CeO2/SiO2 

(M = Rh, Pd, Pt, Ru, Ni) catalysts were tested during cedar wood gasification. The 

order of catalyst activity was Rh > Pd > Pt > Ni = Ru for gasification at 823 K. 

Rh/CeO2/SiO2 catalyst exhibited a carbon conversion rate of about 88% at 823 K and 

of 97% at 873 K. Rh/CeO2/SiO2 catalyst was used for cedar wood gasification, 

advantages were found when used at the low temperature and could produce high 

carbon conversion but the cost of the catalyst was relatively higher than conventional 

catalysts, since the work was done at laboratory level using high grade chemicals 

[72]. Instead, Ni/Dolomite catalyst used in biomass gasification was proposed as 

more appropriate catalyst due to its cost, preparation and life time [73]. 

In summary, olivine is a natural occurring mineral with high attrition 

resistance that allows its use directly in fluidised bed gasifiers but its activity for tar 

reduction is not enough for the end use of the product gases. Nickel catalysts present 

higher tar destruction activity in steam reforming but they are frequently used in a 

second fixed bed reactor due to its attrition phenomena [74] and rapid deactivation 

caused by carbon formation on the catalyst surface [65]. A combined catalyst, of 

olivine and nickel catalysts, was proposed that allowed tar destruction with high 

resistance for attrition and carbon formation [75]. Therefore, the selection of the 

optimal catalyst for tar reduction during gasification, as a primary method, is at 

present a compromise among effectiveness, stability, availability and cost. 
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2.2.5 Characteristics of poultry litter 

Differences between coal and biomass are relevant to the adaptation of coal 

gasification to biomass applications. One difference between coal and biomass is the 

calorific value. For poultry litter, the calorific value has been reported as 14.4 MJ/kg 

(dry basis), this value is around 40% of that of coal [76]. However, the higher 

volatile matter content in biomass favours working at lower gasification 

temperatures. Poultry manure contains mainly organic matter as showed in table 2.4.  

Table 2.4 Chemical and physicochemical characterisation of poultry manure 

 Poultry manure 

Organic matter a 85.38 

pH 8.8 

Moisture b  48.69 

Total nitrogen a  3.56 

Inorganic nitrogen a  1.74 

Ammonia nitrogen a  1.76 

OCC/nitrogen ratio 10.89 

TCC/nitrogen ratio 12.24 

P2O5 
a 0.71 

K2O5 
a  3.79 

Paraffinic C c 12.4 

C in OCH3, sterols and amino acids c 6.7 

C in carbohydrates and aliphatics with OH groups c 68.1 

Aromatic and N-heterocyclic C c 3.2 

Phenolic C c 3.1 

C in CO2H c 6.5 

Total aliphatic C c 87.2 

Total aromatic C c 6.3 

Aromaticity c 6.7 

OCC: oxidizable carbon content, OCC = (TOMC – 15.356)/1.805 

TCC : total carbon content, TCC = (TOMC – 9.33)/1.745 

TOMC: total organic matter content 
a in wt % dry basis from [5] 
b in wt % wet basis from [5] 
c distribution of C as % of total C from [77] 
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Nitrogen is present in several forms and is continuously converted by 

microbial activity and changes in temperature, pH, moisture, and oxygen 

concentration. 60–80% of the nitrogen in poultry litter is typically in organic form 

from urea, protein and amino acids. A large percentage of this organic nitrogen (40–

90%) can be transformed to ammonia gas or ionised (NH4
+) depending on 

environmental conditions. NH4 can then be converted to nitrate by microorganism. 

During the poultry production cycle, accumulated manure is mixed with the bedding 

material which together form the so-called poultry litter [5]. 

Table 2.5 shows the composition of poultry litter, including proximate 

analysis, ultimate analyses, ash fusion and ash analysis, as earlier reported in some 

publications. The table illustrates that the composition can vary significantly 

depending on the origin of the litter and management practices of the farm. It shows 

that poultry litter ashes contain high concentrations of potassium (K), calcium (Ca) 

and phosphorous (P). The presence of K in ashes is known to be dependent on the 

type of bedding material used. For example, potassium content is very high, around 

4–6%, when straw is employed; in contrast, wood shavings reduce the level of K to 

around 1.5% [78]. 

Poultry diet contains a range of trace elements, some of which are essential 

for healthy growth and development, such as zinc, copper, chromium, nickel and 

manganese, and others which have no known biological functions such as arsenic, 

cadmium and lead. 

The addition of Cr, Ni, Cd, Pb and As to animal feedstuffs is not permitted 

under UK nor European Union regulations. The maximum permitted levels of heavy 

metals in poultry feeds are regulated according to the European Parliament and 

Council Directive 2002/32/EC and the amended 2003/100/EC, as indicated in table 

2.6. These trace elements should not be added to compound feeds or blended with 

other feeding stuffs; therefore, levels in diets are those naturally present in the feeds. 

Arsenic, Cd and Pb are considered to be undesirable substances in livestock feeds. 

The presence of arsenic in poultry litter is of great concern; however, arsenic 

is essential in the poultry diet which benefits arise from pharmacological effects on 

the gut microflora. The importance of the gut microflora relates to its effects on host 

nutrition, health and growth performance by interacting with nutrient utilisation [79]. 
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Table 2.5 Composition of poultry litter 

Components 
Kirubakaran et 
al. 2007 [15] 

Reardon et al. 
2001 [80] 

Antares Group 
Incorporated 
(1999) [81] 

Whitely et al. 
2006 [38] 

HHV (MJ/kg) 9.56  

13.99 (dry) 

10.73 

14.79 (dry) 

12.0 

Proximate analysis (wt %) 

Fixed carbon 10.2 14.0 9.8 8.11 

Volatile matter 50.3 62.2 47.3 54.72 

Moisture 8.2 25.5 27.4 10.59 

Ash 28.8 23.9 15.7 26.58 

Ultimate Analysis (wt %) 

C 24.84 35.6 27.22 29.09 

H 1.9 4.6 3.72 5.11 

O 33.76 29.8 23.10  

N 2.5 5.3 2.69 3.44 

S 2.5 0.9 0.33 0.8 

Cl 2.5 - 0.71  

Ash 28.8 23.9 15.7 26.58 

Moisture 8.2 - 27.4 10.59 

Ash Composition (wt %) 

SiO2 18.5 22.2 8.1 9.83 

Al2O3 3.1 2.9 1.9 1.36 

TiO2 - 0.2 0.2 0.06 

Fe2O3 2.1 1.7 1.16 0.58 

CaO 18.5 21.3 17.3 3.72 

MgO 4.2 5.0 5.0 1.26 

Na2O 3.6 3.9 9.2 1.61 

K2O - - 16.3 3.34 

P2O5 25.7 20.2 24.4 4.23 

SO3 5.2 7.0 6.7 1.91 

BaO - - - - 

SrO - - - - 

CO2/other - 0.3 9.4 - 

Ash fusion (°C) 

Initial deformation 
temperature 

1139 - - - 

Softening 
temperature  

1149 - - - 

Hemispherical 
temperature  

1161 - - - 

Fusion temperature  1163 - - - 
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Table 2.6  Maximum content of heavy metals in poultry feed and their 
presence in manure 

Heavy 

metal 

Maximum 

content in 

poultry feed 

(mg/kg DM) 

[3] 

Content in 

commercial 

poultry feed 

(mg/kg DM) 

[82] 

Content in 

poultry 

manure 

(mg/kg DM) 

[82] 

Estimated 

content in 

poultry litter 

(mg/m
3
) [82] 

Zinc 284 106 –169 208 – 473 130 

Copper 40 24.8 – 52.4 45.7 – 173 19 

Nickel Not stated. 
Poultry 

tolerance: 400 
mg Ni/kg DM 
in sulphate or 
acetate form 

1.1 – 3.9 2.2 – 12.3 2.4 

Lead 5.6 <1 – 2.4 <1 – 9.28 2.0 

Cadmium 0.56 <0.1 – 0.33 0.2 – 1.16 0.33 

Arsenic 2.24 0.14 – 0.31 <0.1 – 41.1 0.3 

Chromium Not stated <0.2 – 3.44 3.57 – 79.8 1.2 

Manganese 284    

Fluorine 284    

Mercury 0.11    

  

 

Arsenic was added to poultry diets in the past as a growth stimulant at rates of 

around 90 mg As/kg DM [83]. Since the benefits were questionable, arsenic is no 

longer used as a growth promoter in the UK. However, the USA has continued the 

use of arsenic as Roxarsone (3-nitro-4-hydroxyphenylarsonic acid) because it has 

shown to increase growth and feed utilisation [84]. This addition causes the presence 

of 150 mg of As per 4.9 kg of poultry litter generated by a single broiler in a 48-day 

lifetime in the USA [85]. Recently, the US Food and Drug Administration (FDA) 

conducted studies of As levels in the liver of chickens; as a result, Alpharma, a 

subsidiary of Pfizer, Inc., is suspending the sales of Roxarsone by July 2011 [86].  A 

different situation is found in the UK, arsenic is not included in the poultry diet; 

therefore, As might be present in an insignificant amount in the poultry litter. 
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The data reported by Nicholson et al. [82] confirmed that none of the samples 

of compound or home-mix poultry feeds analysed exceeded the limit, as shown in 

table 2.6. This led to an arsenic content in manure of <0.1–41.1 mg/kg DM with a 

mean of 9.01 mg/kg DM, as shown in table 2.6. According to these low values of 

heavy metals found in poultry litter, the emission of heavy metals are expected to be 

below the limits established by the Waste Incineration Directive (WID), which 

should allow emissions of less than 0.5 mg/m3. Table 2.7 shows WID average limits 

for heavy metal emissions including the vapour forms of the relevant heavy metal 

emissions and their compounds. The limits are established as average values over the 

sample period of a minimum of 30 min and a maximum of 8 h. 

Table 2.7  Average limit values for heavy metal emissions according to the 
Waste Incineration Directive (273 K, 101.3 kPa, 11% O2, dry) 

Cadmium and its compounds, expressed as cadmium (Cd) 
total  

0.05 mg/m3 Thallium and its compounds, expressed as thallium (Tl) 

Mercury and its compounds, expressed as mercury (Hg) 0.05 mg/m3 

Antimony and its compounds, expressed as antimony (Sb) 

total 0.5 mg/m3 

Arsenic and its compounds, expressed as arsenic (As) 

Lead and its compounds, expressed as lead (Pb) 

Chromium and its compounds, expressed as chromium (Cr) 

Cobalt and its compounds, expressed as cobalt (Co) 

Copper and its compounds, expressed as copper (Cu) 

Manganese and its compounds, expressed as manganese 

(Mn) 

Nickel and its compounds, expressed as nickel (Ni) 

Vanadium and its compounds, expressed as vanadium (V) 

2.2.6 Gasification of poultry litter 

Gasification comprises sequential steps: pre-heating and drying, pyrolysis, 

and char gasification and oxidation. The pyrolysis process normally takes place at 

200–500°C, where the fuel decomposes into three often lumped products: char, 

volatiles (condensable hydrocarbon or tar) and gases (non-condensable) [87, 88]. 

Since pyrolysis is the first stage of thermal degradation during gasification, the 



46 
 

mechanisms of biomass pyrolysis have been studied to determine the pyrolysis rate 

and the amount, properties and composition of the resulting product [87, 89]. 

For wood pyrolysis, two types of models have been proposed for representing 

fast heating rates: the one-component mechanism and the multi-component reaction 

mechanism [87]. Figure 2.3a shows the reaction mechanism of the one-component 

model, wherein weight losses curves were combined with further measurements of 

the yields of the three considered products (char, tar and gases). There are fewer 

models for the multi-component mechanism of wood pyrolysis that include 

formation rates and yields of reaction products or solid phase and gas phase 

intermediates. An example of multi-component model is a three-step mechanism 

suggested for wood pyrolysis, which included secondary reactions for tar 

decomposition into gas and char; this mechanism is shown in figure 2.3b [90]. 

a) 
 

 

 

 

 

b) 

 
Figure 2.3  Examples of a) one-component mechanism [87], and b) multi-

component mechanism [90] 

There is a vast literature on wood pyrolysis, both experimental and 

modelling, for various types of wood, such as oak, hardwood, sweet gum, fir wood, 

pine and beech [87, 88]. However, work on the pyrolysis of poultry litter showed that 

the pyrolysis characteristics are very different from wood and other types of biomass 

[91]. As a result, experimental work on the pyrolysis of poultry litter has started. Fast 

devolatilisation experiments of poultry litter showed that weight is significantly lost 

to around 40% of weight loss at 500°C, and about 94% at 1300°C [92].  

Table 2.8 shows product yields after the pyrolysis of poultry litter from the 

limited work found in the literature. The yields of products and pyrolysis rate are 

known to be affected by the heating rate, temperature and pressure, as well as by 

biomass characteristics, such as chemical composition, ash content, particle size and 
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shape, density, and moisture content [87]. Accordingly, the product yields reported 

vary greatly because of the quite different experimental conditions in each work, type 

of pyrolyser, and the differences in the poultry litter composition. 

Table 2.8 Product yields from pyrolysis of poultry litter 

Pyrolysis 
conditions 

Reactor 
Sample 

description 
Yields (% wt) 

Gas Tar Char 

Fast pyrolysis  
at 550°C, 
sample feed 
rate 200 g/h 
(gas yield 
calculated by 
difference) 
[91]  

Fluidised bed 
reactor of 5.08 
cm pipe, 50.80 
cm high and 
13.97 cm 
preheater zone 

Chicken litter 
with hardwood 
shavings 

33.04 26.98 39.98 

Chicken litter 
with softwood 
shavings 

42.28 20.66 37.14 

Wood chip 17.1 34.62 39.28 

Heating rate: 
100 K/min, 
sample of 21-
37 mg, He 
flow rate of 
400 ml/min  

TGA coupled 
with FTIR (tar 
calculated by 
difference) 
[93] 

Chicken litter 
with straw as 
bedding 

49.75 23.37 26.88 

Fast pyrolysis 
at 500°C, 
sample feed 
rate 200 g/h 
using N2 flow 
rate of 18 
L/min [94] 

Bubbling 
fluidised bed 
reactor (50 mm 
pipe, 500 mm 
high and 140 
mm preheater 
zone) 

Chicken litter 
after one flock 
was raised, 
with hardwood 
shavings as 
bedding 

13.6±5.7  45.7±2.9 40.6±6.2 

Chicken litter 
after two flocks 
were raised, 
hardwood 
shavings 

22.3±2.5 36.8±1.2 40.8±1.9 

Turkey litter, 
pine wood 

21.7±1.9 50.2±1.6 27.6±1.7 

Hardwood 
bedding 

24 63.3±11.3 12.7±2 

Fast pyrolysis 
20°C/ms at 
700°C, 1 mg 
sample [95] 

CDS analytical 
pyroprobe, 1-
cm quartz tube 

Broiler litter, 
with softwood 
such as pine 

9 66 25 

Pyrolysis at 
330°C [77] 

Advanced 
prototype 
pyrolyzer 

Chicken 
manure 

23 50 27 
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The results from Lima et al. were the most different. In Lima’s work [95], 

char and non-condensable gases were directly quantified; whereas the condensable 

gases (tar) might have been overestimated since they included non-condensable 

gases not calibrated, reaction water and pyrolytic oil vapours, that is, tar and 

hydrocarbon gases greater than C4H10 which were not measured. 

i) Char and ash production 

Experimental work has shown that char yield is favoured at lower 

temperatures, and in order to maximise char yields low heating rate and long 

residence time are necessary, i.e. slow pyrolysis [95]. Table 2.9 shows the 

composition of poultry litter char. It is observed that carbon content is very high in 

the char. The ash content in char was between 21.55 and 66.26% for poultry litter 

[91], that is, higher than in the initial poultry litter. This higher ash content is because 

almost all the ash that was in the initial poultry litter remains in the char. In contrast, 

the ash content in char for bedding material was much lower between 1.4 and 

27.28% [91, 94]. 

Table 2.9 Composition of poultry litter char from fast pyrolysis 
and ash content (% wt, on moisture- and ash-free basis) 

Component  Schnitzer et 
al, 2007 a 

575°C  

Agblevor et al, 
2010 b 

575°C  

Agblevor et al, 
2010 c 

Hardwood 
bedding, 575°C 
Agblevor et al, 

2010 [94] 

Carbon 82.7 41.63 74.20 61.33 

Nitrogen 7.0 3.08 5.23 1.62 

Oxygen 6.4 48.67 5.89 32.33 

Hydrogen 3.3 2.42 3.74 2.70 

Sulphur 0.6 1.48 3.56 0.39 

Chlorine - 2.72 7.37 1.22 

Ash 48.6 43.79 54.53 27.28 

a Chicken manure [77] 
b Poultry litter after one flock was raised, hardwood shavings used as bedding material [94] 
c Poultry litter after two flocks were raised, hardwood shavings used as bedding material [94] 
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Char contains several inorganics such as, potassium, phosphorous, silicon, 

calcium and trace elements, for instance cadmium, copper and zinc. Table 2.10 

shows the inorganic speciation of char from two sources. The concentration of 

inorganics such as calcium, potassium and phosphorous were increased 2.8–7 times 

compared to the original samples. Inorganic species, such as potassium, are known to 

catalyse char formation [91]. The presence of these inorganic elements is what makes 

poultry litter char a potential soil conditioner or fertiliser. Chars from poultry litter 

contain between 1.68 wt % [94] and 3.7 wt % of phosphorus; in contrast, chars from 

coal, coconut shell and wood have less than 0.2 wt % [95]. 

Table 2.10 Inorganic components of char from poultry litter pyrolysis 

 Chicken litter Hardwood bedding 

Element wt % [94] 2 mg/g char [95] wt % [94]  

P 1.68 36.8 ± 2.7 0.09 

K 5.65 42.0 ± 5.3 1.06 

Ca 6.55 53.0 ± 4.0 1.56 

Mg 1.16 14.2 ± 1.2 0.17 

Na 1.48 NA 0.17 

Al 0.54 NA 0.03 

Fe 0.62 NA 0.12 

Mn 0.08 NA 0.02 

Cu1 0.08 NA 0.01 

Zn1 0.08 NA 0.01 

Cd1 4.0 NA 1.0 

Ni1 45 NA 26 

Se1 1.2 NA 0.2 

Mo1 11 NA NA 

S NA 17.3 ± 2.3 NA 

1 ppm 
2 Poultry litter after one flock was raised, hardwood shavings used as bedding 
material 

NA – not available 
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ii) Tar production  

Table 2.11 shows the elemental analysis of condensable gases after pyrolysis. 

The carbon and nitrogen content were higher for poultry litter than for bedding 

material. The higher nitrogen content is attributed to the presence of manure in the 

litter, which contains mainly protein. Due to the higher content of carbon, the HHV 

of condensable gases from poultry litter was higher than for the bedding material. 

The higher HHV for poultry litter was caused by the higher protein content or lipids 

content. Decarboxylation and nitrogen lost of proteins cause higher hydrocarbon 

content and for this reason a higher HHV [94]. 

Table 2.11  Composition of condensable gases from fast pyrolysis of poultry 
litter at 500°C 

Component 

Content in % wt 

Kim et al, 2009 [91] Agblevor et al, 2010 [94] 

Chicken 
litter 

Turkey 
litter 

Wood 
chip 

Chicken 
litter 

Hardwood 
bedding 

Carbon 58.07 60.62 45.22 63.24 55.25 

Nitrogen 8.30 4.21 <0.5 5.05 <0.5 

Oxygen 22.77 28.68 48.73 23.89 37.58 

Hydrogen 7.22 7.16 7.7 7.22 6.54 

Sulphur - - - 0.46 <0.05 

Ash 1.37 0.71 0.1 <0.09 <0.08 

Moisture - - - 4.6 5.3 

HHV (MJ/kg) 27.49 26.24 18.11 28.25 22.64 

  

iii) Gases production 

Attempts to understand the fast devolatilisation of poultry litter have also 

included the characterisation of volatiles. The main released non-condensable gases 

are carbon dioxide, carbon monoxide and hydrogen and small amount of low 

molecular weight hydrocarbons such as CH4, C2H6, and C3H8 [95]. The yield of 

gases increased with increasing pyrolysis temperature. Methane yields were 3–8 

times lower than CO and CO2 yields [92]. CO2 yields were the highest over the 

temperature range (400–1300°C) measured and reached an asymptotic value at 
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around 1000°C [92]. At temperatures higher than 700°C, CO2 increase is suggested 

to be caused by decarboxylation of mineral-matter (such as CaCO3); this mineral-

matter in poultry litter might be the reason for lower tar yields than from other fuels 

and be the cause of tar destruction at an early stage [93].  

The thermal conversion behaviour of poultry litter has also been analysed 

using thermogravimetric analysis (TGA). The release of nitrogen species was studied 

in detail in order to identify NOx precursors [92, 93]. Experiments on the pyrolysis of 

poultry litter used TGA and Fourier Transform Infrared (FTIR) spectrometry to 

quantify evolved gases, mainly N-gases. A high percentage of chicken litter bound 

nitrogen was converted to NH3, HCN and HNCO (isocyanic acid), and NH3 was the 

main gas released of the three. These nitrogen species are of interest because they are 

considered NOx precursors.  However, no correlation was found between the amount 

of nitrogen species released and the nitrogen content in the litter. The gaseous 

nitrogen species yields were found to decrease with increasing heating rates. In 

addition, acetic acid (1.3–3.1% wt daf) and methane (1.2–3.4% wt daf) were released 

from poultry litter pyrolysis [93]. 

Other work employed a heated wire mesh to study fast pyrolysis and it was 

coupled with a FTIR spectrophotometer for the simultaneous analysis of gas species. 

It was found that CO2 was predominant at low temperatures (< 800°C) and at high 

temperatures CO increased, which was attributed to tar decomposition. At low 

temperature (< 600°C), nitrogen was mainly retained in the char, and ammonia was 

the main N-gas product. At high temperature, more nitrogen was released, high 

yields of N-tar were produced and HCN was the main N-gas formed [92]. 

The combination of FTIR spectrometry with the TGA kinetic data generated 

was recommended for slow pyrolysis applications, like carbonization and biochar 

production, but also for modelling purposes using appropriate tools [96]. Figure 2.4 

shows the DTG (differential thermogravimetric analysis) curve with the compounds 

analysed by FTIR from chicken manure using a heating rate of 10 °C/min. It was 

observed the drying step at 105 °C, and the water released subsequently was 

pyrolytic water. Some ammonia was released already during the drying step and it 

was assumed as physically absorbed NH3 contained in the manure. CH4 was released 

at around 530°C, probably due to the release of methoxyl groups mainly from lignin 

decomposition. In chicken manure protein-nitrogen is present mainly due to 
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undigested food, and it was considered responsible for the continuous release of NH3 

at lower temperatures. Since manure has also a high concentration of nitrogen in the 

form of urea, this component was assumed responsible for the high amount of 

HNCO released at around 430 °C, in connection with the release of NH3 and HCN. 

The appearance of the second CO2 peak, as can be observed in figure 2.4, was 

proposed as originated from the decomposition of HNCO into NH3 and CO2. A 

limitation of these works is that FTIR cannot detect H2, since FTIR cannot measure 

diatomic molecules of the same element. 

 

 

Figure 2.4  DTG curve with the compounds analysed by FTIR from chicken 
manure; heating rate 10 °C/min and He flow of 100 mL/min. Data 
are on an “as received” basis [96] 

 

The understanding of the initial devolatilisation is necessary for the modelling 

of biomass thermal conversion processes. However, the limited data and the variation 

of feedstock properties make the simulation a challenge. 

Since the application of poultry litter into land is restricted by the European 

Union, treatment of this waste has gained attention. One example is the work carried 

out at the Department of INETI in Portugal contracted by the University of Limerick 

from Ireland using a small-scale fluidised bed combustor [78]. The combustor is 

square (30 cm x 30 cm) with a height of 500 cm. Due to the fluidising velocity 

employed (0.4–0.5 m/s), a large amount of ashes was elutriated out of the combustor 
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and then collected in two cyclones. The measurement of the ashes showed that most 

remained in the bed (only 10–12%) and the ashes collected in the cyclones allowed 

to trace the partition of potassium, chlorine and heavy metals. Major problems arose 

from the feeding of poultry litter into the combustor since its moisture as received 

was 43% which led to unstable combustion. This high moisture content also affected 

the ignition temperature, which was found to be over 620°C at a moisture content of 

20%. To help the combustion of chicken litter, a mixture with peat was also studied. 

The combustion efficiency was improved by introducing part of the air as secondary 

to the freeboard with some turbulence. This reduced the CO formed, as well as NOx 

and N2O levels were lower than the permitted emission values. It was reported that 

the ash fusion was determined as 931.9 K; however, it was mentioned a tendency for 

ash agglomeration above 1073 K, but in general no agglomeration tendency was 

observed because the bed was reported as shallow and well fluidised. In September 

2010, it was announced the approval of Rose Energy Limited, a consortium of three 

agri-food companies in Glenavy, Ireland, for converting poultry litter into electricity 

using a fluidised bed combustion and steam turbine. The combustor will be fed with 

poultry litter and meat and bone meal (approximately 250,000 tonnes per annum), 

and power about 25,000 homes [97]. 

Another example of a small size waste disposal system for the farm industry, 

is the co-combustion of poultry litter with natural gas in a swirling fluidised bed 

combustor, where secondary air was injected in a tangential direction [98]. The 

resulting hot gas was passed through heat exchangers, one after the combustor and 

the second after the cyclone; the heat recovery efficiencies were 50 and 20%, 

respectively, which gave a total heat recovery efficiency of around 75%.  

Examples of commercial facilities for the conversion of poultry litter to 

energy were reviewed in [5]. Fibropower opened as a poultry-litter-fired power plant 

at Eye in Suffolk, UK in November 1993. The plant generates a net output of 12.7 

MW to supply a 33 kV power line for distribution of local electricity networks. 

Fibrowatt constructed two plants; one is a 38.5 MW plant in Thetford, England. The 

plant consists of a conventional moving grate boiler and steam cycle that employs 

420,000 tonnes/yr of poultry litter [99]. The litter is combusted at more than 850°C 

with a residence time of 2 s. Based on the experience of the management team that 

built the world's first three poultry litter-fuelled power plants in the United Kingdom 
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in the 1990s, Fibrowatt LLC was founded in 2000 [100]. In mid 2007, the first 

poultry litter-fuelled power plant (Fibrominn) in the USA began operation in Benson, 

Minnesota. The 55-MW power plant uses more than 500,000 tonnes of poultry litter 

annually mainly supplied by Minnesota turkey growers and produces enough 

electricity for approximately 40,000 homes. This solution uses the heat from a 

furnace to produce high pressure and temperature steam in a boiler which is then 

used in steam turbines to generate electricity. However, this project requires that 

poultry litter be transported in trucks to the plant storage facility plus truck routing to 

minimise traffic impact on local communities. 

In contrast to combustion applications of small and medium scale, little open 

literature exits for the gasification of poultry litter. A small scale study was 

performed at Texas A&M University in a updraft fixed-bed gasifier with a 10 kW 

capacity [101]. The gasifier worked at atmospheric pressure using air as gasifying 

agent. The apparatus had an internal diameter of 0.15 m and total height of 0.75 m, 

with a thick two-stage insulation of castable alumina refractory and insulating 

blankets. The product gas composition mainly consisted of CO (28%), CO2 (3.7–

11%), H2 (6.1–7.3%) and CH4 (0.9–1.4%) with a HHV of 4.28–4.64 MJ/m3 (dry 

basis). However, the experiments were performed under a batch-mode operation 

(approximately for 1 hr) since steady-state was not achieved due to ash accumulation 

in the bed; tar measurements were not presented. This limited literature supports the 

need for studies on poultry litter gasification as part of the aims of this work. 

2.3  Modelling of fluidised bed gasification 

The understanding of the gasification process allows the operation and 

optimisation of the system. A useful tool to explore its complexity is the 

mathematical simulation of the gasification process. There is a vast literature on the 

modelling of coal gasification. However, coal and biomass differ in composition as 

mentioned in section 2.2.5; the latter contains a larger amount of volatile matter 

which makes it more reactive. This difference creates the need to develop models for 

biomass gasification. 

There are fewer articles where the modelling of biomass bubbling fluidised 

bed gasifiers (BFBGs) is presented, as revealed in [102]. The work on the modelling 
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of biomass gasification has been classified in two approaches: modelling of a single 

fuel particle through a discrete particle model (DPM) and models for simulating the 

reactor [103]. The modelling of the fluidised reactor is divided in two types: a) a 

kinetic-free equilibrium approach and, b) an approach where kinetics and fluidised 

bed hydrodynamics are included [104]. 

2.3.1 Equilibrium modelling of biomass gasification 

Most kinetic data are obtained under experimental conditions which are 

usually different from the actual fluidised bed gasifier operation. As a result, 

equilibrium models have been widely utilised to avoid problems due to the use of 

kinetic data [105, 106]. When chemical equilibrium is reached, the system is at its 

most stable composition. This condition is achieved when the system entropy is 

maximised while the system Gibbs free energy is minimised. The equilibrium 

approach has been reported when the operating temperatures are above 600°C, where 

the gases leaving the gasifier were found to approach equilibrium [105]. The 

equilibrium calculation provides the final composition and temperature of the 

product gases considered, CO, CO2, H2O, H2 and CH4. Since only CH4 is 

thermodynamically stable under gasification, other hydrocarbons, such as C2H2 and 

C2H4, are normally not included despite being produced. Also, tar is not added in 

equilibrium models even though is normally present in the product gas [105]. 

A number of theoretical works on biomass gasification have used chemical 

equilibrium models [33, 105, 107-109]. There are two approaches to model chemical 

equilibrium: stoichiometric and non-stoichiometric [110]. In the stoichiometric 

approach, knowledge of the reaction mechanism is required as well as all chemical 

reactions and species involved. In contrast, the non-stoichiometric approach only 

requires the elemental composition of the feed. 

A stoichiometric equilibrium approach was employed for the modelling of the 

reduction zone of a downdraft gasification of Douglas fir bark [33]. The set of 

chemical reactions that participated in the reduction reactions were presented for the 

mass balance. The model predicted equilibrium composition and equilibrium 

constants as well as unconverted char, calorific value of gas, gasification efficiency, 

and outlet gas temperature. A non-stoichiometric equilibrium model was used for the 

simulation of downdraft gasification of pine bark; the model predicted with accuracy 
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the influence of air/fuel ratio and moisture content on the composition of main 

product gases, adiabatic temperature and process efficiency [108].  

Equilibrium models include assumptions that are not always valid in practice: 

a) the gasifier is assumed to operate under perfect mixing conditions and uniform 

temperature. In practice, different hydrodynamics are present which depend on the 

gasifier design; b) fast reaction rates and sufficiently long residence time are 

assumed to reach equilibrium; and c) heat losses are often ignored since the gasifier 

is considered entirely insulated [111]. Nonetheless, equilibrium models are helpful 

because they allow the prediction of the thermodynamic limits of the gasification 

reaction. In particular, non-stoichiometric models are more suitable for biomass 

where precise chemical compositions are normally unknown and the elemental 

composition of the feed can be taken from the ultimate analysis. As a result, a non-

stoichiometric model was chosen for this work and employed in chapters 3 and 4. 

2.3.2 Discrete particle model (DPM) 

Fluidised bed behaviour has been studied with the aid of video techniques or 

probe measurements; however, these techniques can disturb the fluidisation 

behaviour and consequently the outcome [112]. To overcome these limitations 

computer models are widely used. Discrete particle model (DPM) comprises the gas-

particle and particle-particle interactions, and enables the simultaneous evaluation of 

the gas and particle velocities and the porosity. During burning processes, solid fuel 

particles undergo: heating-up, drying, devolatilisation, primary fragmentation and 

char burn-out. Heating-up is normally neglected since the heating rates are very high 

in fluidised beds. Drying is assumed to start at the time the fuel particle enters the 

reactor. Primary fragmentation occurs during the devolatilisation of mainly big 

particles as a result of thermal shock and pressure increase of released volatile gases 

inside the particle. After devolatilisation, the remaining char particles start burning 

and gas-solid reactions occur [103]. The heterogeneous reactions can be described by 

the unreacted-core or shrinking-core model. The shrinking rate, the reduction of the 

particle radius with time, of a single particle was determined on the basis of the 

particle radius [113]: 
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where, rp is the particle radius, MC is the molar mass of carbon, ϕ is the 

carbon weight fraction of char, Θ is the mechanism factor char combustion, ρc is the 

density of char, K is the char combustion rate constant and *

2OC
 

is the O2 

concentration in the bulk phase. The factor Θ depends on the particle temperature at 

combustion conditions as expressed in equations 2.5 and 2.6: 
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In addition to the burn-out of char particles, the released volatiles (CO, CH4 

and H2) are oxidised. Even though the DPM offers the flow phenomena governing in 

fluidised beds, it does not provide an estimation of the performance and size of the 

gasifier. Therefore, other models were explored during this work, and will be 

described in the following section. 

2.3.3 Models with kinetics and hydrodynamics 

An alternative model for the gasification process incorporates kinetics and 

hydrodynamics. The types of models for fluidised bed reactors are divided by the 

number of phases assumed inside the reactor: one-, two-, and three-phase models. A 

one-phase model results in a very simplistic approach, and three-phase models are 

too complex and without providing any significant improvement over the two-phase 

model because the model predictions are more sensitive to the reaction kinetics than 

to hydrodynamics [114]. Therefore, fluidised bed gasifiers have been widely 

described by the two-phase model [29, 104, 114-118] where the gasifier is split in 

two regions: the fluidised bed and the freeboard. The fluidised bed is composed of 

the bubble and emulsion phases. The emulsion phase consists of solid particles and 

gas, whilst the bubble phase is free of solid particles. Mass and heat transfer occur 

between bubble and emulsion phases [32]. 

A model for beech wood gasification including the two-phase model to 

describe the fluidised bed was developed [104]. The assumptions considered were: 

pyrolysis as instantaneous in the feeding point since solid mixing proceeded more 

slowly than pyrolysis; kinetic models to determine yield of products, char and tar; 

carbon as only constituent of char; isothermal conditions on the bed; counter-current 
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back-mixing model used to describe char particles mixing in the fluidised bed; and in 

the freeboard, homogeneous reactions occurred such as tar cracking and water-gas 

shift reactions as a plug-flow model. It was found that a kinetic model at higher 

heating rates described better the product gas distribution and its heating value. The 

model predicted the gas product composition, HHV of the product gas and tar yield 

at different heights of the reactor, ER and bed temperatures. The predicted 

parameters were in good agreement with experimental data; however, tar 

measurements were not performed due to the low flow rate and tar deposition over 

cold surfaces. 

A mathematical model that incorporated bed and freeboard hydrodynamics, 

and kinetics for drying, devolatilisation and gasification reactions was developed for 

the simulation of bubbling fluidised bed gasifiers. Experimental data from four 

fluidised bed gasifiers of different scales, from atmospheric laboratory scale to 

pressurised commercial scale, were used to test the model for brown coal, peat and 

sawdust feedstocks. The comparison between experimental and simulation data for 

freeboard temperature, carbon conversion and concentration of product gases agreed 

with a deviation of ± 10% [29]. 

A two-phase model, with a dense phase and a bubble phase, was developed 

by dividing a downdraft gasifier into several elemental reactors of dz thickness.  

Along the bed height, the resulting differential equations were solved versus the 

temperature and the product gas composition, for both dense and bubble phases. 

However, the freeboard zone was assumed chemically inert [117]. 

In order to predict the performance of an industrial-scale fluidised bed 

reactor, three hydrodynamic models were compared: simple two-phase (STP) model, 

dynamic two-phase structure (DTP) model, and plug-flow (PF) model. In contrast to 

the STP model, the DTP model allowed that the concentration of particles in the 

emulsion phase to be less than that at minimum fluidisation and bubbles could 

contain particles, that is, heterogeneous reactions could take place in both bubbles 

and emulsion phases. In the PF model, a uniform distribution of solids in the bed was 

assumed and the flow of gas passing through the bed was assumed as plug flow at 

high superficial gas velocities and high catalyst recirculation rates. The findings of 

the comparison were that: the STP model underpredicted the performance of the 

fluidised bed, the PF model predicted lower conversions at lower gas velocities and 
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higher conversions at higher gas velocities compared to the two-phase model, whilst 

the DTP model was able of predicting the performance of fluidised bed reactors over 

a broad range of superficial velocities [116]. 

For coal gasification, a model where the bed hydrodynamics followed the 

two-phase model was proposed. Devolatilisation and drying were considered 

instantaneous in the feed area. The solid was assumed as isothermal and its 

consumption uniform through the bed height. Chemical reactions, convection and 

diffusion were included in the differential equations for both phases. The fluid 

dynamics were represented by semi-empirical correlations for the estimation of 

velocities and diameters of the phases. Six experimental results were compared with 

the model and most of the calculations were between 20% error [119]. 

In the two-phase theory, the excess gas flow is the one in excess of that 

required to maintain fluidisation of the bed; in contrast, the assumption of net flow 

was included in the model to deal with the net gas generated in the emulsion phase 

through devolatilisation, homogeneous and heterogeneous reactions [114, 120, 121]. 

The net flow concept is especially relevant when a large amount of volatiles is 

released as in the case of biomass. In addition, the model also considered the non-

isothermal behaviour of the bed resulting from gas-phase reactions in the bubble 

phase in the energy balance, and the heat transfer mechanisms in the fluidised bed 

[114]. The non-isothermal assumption showed better agreement in the prediction of 

the overall carbon conversion than the isothermal model. However, the non-

isothermal assumption requires knowledge of the distribution coefficient (φ) of 

combustion products CO/CO2 from the oxidation of carbon according to the 

following reaction,  

( ) ( ) 22 1212 COCOOC −+−→+ φφφ     R.13 

The value of φ changes the final gas product composition, as a result, it 

affects the overall energy balance and the char gasification reaction rates. The φ 

value depends on many factors such as particle temperature, particle size, reactivity, 

and O2 concentration. It was suggested that due to the lack of experimental data, φ 

should be given a value between 0.75 and 0.85 [122]. 

A model that is regarded as complete comprises the simulation of fluidised 

bed equipment such as boilers, gasifiers, shale retorting reactors, dryers and 
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pyrolysers using various coal ranks and biomasses [115]. The model assumptions 

were: steady-state regime; two-phase model for bed; three possible solid phases: fuel, 

inert (ash) and catalysts; well-mixed model for the composition of solid particulate 

phases in the bed, however, the temperatures were calculated for each phase along 

the reactor; particles size distribution modifies due to chemical reactions, attrition 

between particles and with internal equipment walls; entrainment of fines to the 

freeboard; freeboard is composed of particles and gases where homogeneous and 

heterogeneous reactions occur; heat and mass transfers in the axial or vertical 

direction within each phase are considered as negligible compared to transfers in the 

horizontal direction between phases. Even though the model is commonly referenced 

as complete, ash was assumed as an inert solid where gas-solid reactions only 

involved fuel and bed additives or catalysts. The model involves 54 reactions 

including fuel and tar reactions with oxygen, hydrogen, steam, and NO; however, it 

is not shown how species such as C2H2, C2H6, C3H6, C3H8 and C6H6 appeared in the 

set of reactions since pyrolysis/devolatilisation reactions did not produce them. On 

the other hand, ash was assumed as inert because the model was mainly employed 

for coal gasification. Since poultry litter typically has higher ash content than coal, 

the ash chemistry needs to be incorporated in the model to account for its effects. 

Therefore, inclusion of the reactions involving ash constituents is of importance to 

guarantee the proper performance of the gasifier.  

  2.3.3.1 Bed hydrodynamics for biomass fluidisation 

A substantial review of hydrodynamics and mixing of biomass particles in 

fluidised beds can be found in [123], only main findings will be discussed in this 

section. Extensive work on fluidisation of dry spherical particles of narrow size 

distributions is documented; however, biomass particles consist of non-standard 

shapes, such as broad size distribution and variety of shapes. As a result, studies of 

biomass fluidisation have been performed. Experimental work to study the 

fluidisation behaviour of fluidised beds normally consists of measuring pressure drop 

across the bed over a range of fluidising agent flows [124]. 

 Since biomass particles are more difficult to fluidise owing to their shapes, 

sizes and densities, conventional correlations for minimum fluidisation velocity (umf) 

have been proven as unable to give reliable predictions. From experimental work, the 
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dependence of the fluidised bed performance on the hydrodynamics and preservation 

of bed fluidisation state were highlighted. However, the bed studied consisted of 

silica sand without biomass; accordingly, the predicted pressure drops and umf values 

agreed with experiments. Three sand particle diameter ranges were employed as well 

as various sand quantities, for the size range 425–500 µm, umf increased over sand 

quantity; however, it was highlighted that umf existing correlations do not include 

sand quantity [124]. Other study using mixtures of biomass (rice husks) and sand 

showed that the minimum fluidisation velocities increased with increasing biomass 

weight fraction and also with increasing sand density and particle size. Therefore, a 

modified correlation was introduced which included an average effective mixture 

density and an effective particle diameter [125]: 
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Another parameter that requires quantification is the so-called terminal 

velocity. The terminal velocity is reached when the drag force of the fluid is higher 

than the weight of particles, that is, the gas velocity that pushes the particles out of 

the reactor [119]. Therefore, knowledge of this velocity is important to avoid the 

entrainment of particles of determined diameter. From coffee husks with three mean 

diameters (1.6, 2.6 and 4.0 mm) employed in a small cold-model column, physical 

properties were investigated.  

A correlation for minimum fluidisation velocity and terminal velocity ut were 

presented [126]: 
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Once fluidisation starts, bed expansion occurs; then, the fraction of the total 

volume which is occupied by gas is named the bed voidage, ε [103]. The bed voidage 

at minimum fluidisation, εmf, is known to increase with temperature (up to 8% at up 

to 500°C) for fine particles, though unaltered for coarse particles, and slightly 

increase (1–4%) with an augment in pressure [32]. An empirical correlation for εmf 

was proposed that neglects wall effects and particle diameter: 
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where φS is the sphericity term which is defined as the surface area of a 

sphere having the same volume as the particle divided by the surface area of the 

particle [103]. 

On top of the fluidised bed there is a zone called freeboard. The freeboard 

functions as a space for disengaging of particles carried by the gas flow and for 

further homogeneous reactions. Hence, the cross-sectional area of the freeboard is 

normally larger than the one in the bed area. The height of the freeboard helps to 

decrease the ascendant flow of particles or entrainment; however, there is a certain 

height where the entrainment remains practically constant no matter how much the 

height is increased; this is called the transport disengaging height (TDH). This 

designing parameter for fluidised beds can be calculated as followed:  
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where F0 is the total entrainment rate at the bed surface, F∞ is the total 

elutriation rate of the particles, and a is the constant in the entrainment equation that 

varies between 3.5 to 6.4 m-l [103]. 

  2.3.3.2 Kinetics of thermal conversion of poultry litter 

The investigation of the thermal conversion behaviour of biomass includes 

the study of the mechanism and kinetics by which biomass decomposes. The kinetics 

parameters are normally determined by the curves obtained from experimental work 

from thermogravimetric analysis (TGA). With the TGA, the weight loss at different 
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temperatures is used to study the characteristics of devolatilisation and further 

conversion of biomass, and afterwards to elucidate the kinetics of reaction. 

TGA results of wood chips and chicken litter (broiler and flock) were 

compared since chicken litter contains wood chips as bedding material. Wood chips 

showed two weight loss regimes, the first one attributed to the decomposition of 

cellulose, hemicellulose and lignin and the last one to further devolatilisation of 

residual charcoal. Whereas chicken litter presented three different weight loss 

regimes, the second loss regime was attributed to manure and lignin and the third one 

to further charcoal devolatilisation [127]. 

The kinetics parameters of pyrolysis of chicken litter were determined using 

the differential method from data obtained using DTG. The rate of reaction (-r) was 

expressed as: 

( )Xfk
dt

dX
r ⋅==−         (2.15) 

The reaction rate constant, k, follows the Arrhenius equation: 
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The combination of equations 2.15 and 2.16, and taking the natural logarithm 

yields the following equation: 

RT

E
XnA

dt

dX
−−+=








)1ln(lnln      (2.17) 

where E is the apparent energy of activation, A is the pre-exponential factor, T 

is the pyrolysis temperature, X is the conversion of sample, t is the pyrolysis time, R 

is the gas constant and n is the reaction order [127]. E and A were determined by 

linear regression from the lineal relationship between ln(dX/dt) and 1/T with slope 

−E/R, since TGA was run at different heating rates [103, 127, 128]. 

Another approach to elucidate the gasification kinetics of poultry litter 

employed static air and static nitrogen separately at a heating rate of 5°C/min [15]. 

From the TGA data, the rate of reaction was determined as the average of weight loss 

(dX/dt) between (t –1) and (t), and (t) and (t + 1). Assuming a first order reaction, 

f(X) was defined as the weight of biomass yet to be degraded (w) and calculated for 

each temperature. Using equation (2.15), k was calculated for each temperature. With 
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the natural logarithm of equation (2.16), a plot for lnk versus 1/T showed different 

zones of conversion; E and A were determined for each zone.  

Table 2.12 summarises the results of kinetics parameters for poultry litter 

when a first order reaction was assumed.  

Table 2.12 Kinetic parameters for chicken litter considering a first order reaction 

TGA Stages of conversion E 
(kJ/mol) 

A (s-1) Reference 

Pyrolysis 

carrier gas: N2 at 
20 ml/min 

Heating rates: 5, 
10 and 20°C/min 

60% conversion 

80% conversion 

99 

464 

 

7.66x103 

1.01x105 

 

[127] 

Static N2 

Heating rate: 
5°C/min 

moisture removal: 30-120°C 

zone I: 200-310°C 

zone II: 310-440°C 

zone III: 440-600°C 

36.54 

87.19 

52.46 

58.76 

1740 

9.82x105 

20.22 

29.35 

[15] 

 

 

Static air 

Heating rate: 
5°C/min 

moisture removal: 30-120°C 

zone I: 200-310°C 

zone II: 310-440°C 

zone III: 440-600°C 

32 

88.62 

63.8 

62.12 

245.32 

1.34x106 

193.67 

55.09 

[15] 

 

Pyrolysis  

N2 at 50 ml/min 

Heating rate: 
20°C/min 

20-160°C 

II (160-290°C) 

III. 290-390°C 

IV 390-500°C 

100.6 

52.11 

193.9 

242.3 

2.77x1013 

808.81 

4.18x1015 

4.81x1017 

[128] 

Combustion 

Air at 50 ml/min 

Heating rate: 
20°C/min 

I. moisture removal: 20-150°C 

II. Devolatilisation (150-
350°C) 

III. Char precombustion  

(350-500°C)  

IV. Char combustion  

(500-650°C) 

61.72 

71.43 

148.5 

 

157.6 

4.41x106 

2.64x104 

4.49x108 

 

1.69x109 

[38] 

 

The activation energies shown in table 2.12 vary significantly as a result of 

different heating conditions, experimental devices such as classical 

thermogravimetry, sample characteristics, and mathematical treatment of the data 

[129]. These variations make difficult to identify proper kinetics of primary poultry 

litter degradation through fast pyrolysis for this work. 
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A kinetic model based on parallel first-order reactions with a Gaussian 

distribution of activation energies was proposed for devolatilisation of poultry litter 

[93]. In order to fit the experimental data, the pre-exponential factor was fixed to 

2.2x1013s-1. Since each volatile species evolved as one or more peaks, single or 

multiple precursors were assumed, respectively. Kinetic parameters were given for 

CO, CO2, H2O, CH4, C2H4, CH3COCH3, CH3OH, HCN, NH3, CH2O, HCOOH, 

CH3COOH, C2H4O, HNCO and tar, with activation energies ranging from 124.7 to 

323.3 kJ/mol.   

2.3.3.3 Tar reaction kinetics and models 

Due to the complexity of tar, the decomposition reactions have been studied 

using tar model compounds including phenol, toluene, naphthalene, etc. The catalytic 

activity of olivine via steam reforming was investigated using naphthalene as tar 

model. Naphthalene conversion was higher than 80 % when it was employed olivine 

pre-treated (10 h of pre-treatment with air at 900°C). The Arrhenius’ law was 

employed to estimate the apparent activation energy over pre-treated olivine as 187 

kJ/mol and frequency factor of 2.06x109 m3/kg h [67]. Toluene was also used as 

model component of tar in a laboratory scale fixed bed reactor for toluene steam-

reforming. The highest conversion of toluene was achieved at temperatures above 

650°C. The toluene conversion using Ni/olivine catalyst at 560°C was the same as 

with olivine at 850°C. The first order kinetic parameters for steam reforming of 

toluene on Ni/olivine were activation energy (E) of 196 kJ/mol and frequency factor 

(A) of 3.14x1013m3/(kgcath) [75]. Benzene was used as model component for kinetic 

studies at 750-925°C and ambient pressure in a fixed bed reactor with a mixture of 

simulated gasification gases using calcined dolomite as catalyst. The main assumed 

reactions were benzene reacting with water to produce CO, H2 and CO2 and benzene 

reacting with H2 to form light hydrocarbons [130]. 

Experimental studies of fluidised bed gasification of pine sawdust using 

calcined dolomite as catalyst, and air and steam as gasifying agents were presented. 

After the gasifier, a fixed bed reactor with nickel based catalyst (Z409R) was 

incorporated for catalytic tar reduction. The temperature of the fixed bed reactor was 

varied by external heating and an optimal temperature of 750°C was found to deliver 

the maximum H2/CO ratio. Tar was reduced in the presence of the nickel based 
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catalyst and also by increasing the temperature. All tar species were treated as one 

lump in order to avoid the complexity of the tar composition. Assuming a first order 

kinetic model, E and A were determined as 51 kJ/mol and 14476 m3(Tb,wet)/kg h, 

respectively [131]. 

Since most works have grouped all tar compounds as a single unit, an 

improved kinetic model was developed to treat tar as composed of six lumps. Each 

lump consisted of tar species with similar chemical structure. The six lumps 

considered were: i) benzene, ii) one-ring compounds (except benzene), iii) 

naphthalene, iv) two-ring compounds (except naphthalene), v) three- and four-ring 

compounds, and vi) phenolic compounds [132]. Based on the experimental work on 

the evolution of tar composition, a set of six kinetic equations with 11 different 

kinetic constants were presented. Reactivity rates were evaluated and it was found 

that phenolic compounds (296 mg destroyed/kg of catalyst/h) were the most reactive, 

and naphthalene (33.1 mg destroyed/kg of catalyst/h) was the hardest compound to 

destroy. The kinetic equations fitted well with the experimental results. On the other 

hand, the experimental data were obtained using the solid-phase adsorption method 

for tar sampling. However, heavy tars (compounds with high molecular weight) are 

not trapped by this sampling method; therefore, the developed kinetic model has the 

same limitations. This shows that care should be taken when using tar models which 

employed experimental data with selected tar compounds. Especially when heavy tar 

compounds are neglected since these compounds might condense even at high 

temperatures and low concentrations, as indicated in table 2.2. 

2.4  Integrated gasification for energy production 

Since the main product of biomass gasification is a valuable mixture of 

combustible gases, gasification is frequently integrated to gas turbines, steam 

turbines or fuel cells. To improve the performance of gas turbine (GT) cycles, the GT 

exhaust heat is recovered and reused for preheating air and/or process streams. The 

technologies for energy recuperation are categorised as: heat recuperation, steam 

recuperation and thermochemical recuperation [133]. The emerging combination of 

technologies for the generation of electricity has resulted in the development of 
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different configurations for gasification, power systems and energy recuperation 

technologies. Among the existing options for producing power using solid fuels are: 

• Direct solid-fuel fired gas turbine 

• Pressurised fluidised-bed combustion (PFBC) 

• Integrated gasification combined cycle (IGCC) 

• Externally fired gas turbines (EFGT) 

Direct solid-fuel fired gas turbine consists of directly firing a gas turbine with 

biomass as a more cost effective option by avoiding the use of a heat exchanger or 

biomass gasification before combustion. Nonetheless, issues from biomass-fired gas 

turbine combustors are the formation of deposits on the turbine nozzles and rotors, 

erosion by solid particles and corrosion by molten ash. An attempt to reduce the 

formation of deposits consisted of a small four-stage gas turbine directly fired with 

woodchips using a downdraft gravel-bed combustor to promote intense combustion 

in a thin zone and control particulate growth by using high excess air. The average 

turbine blockage was 0.19 % per hour after 150 h of testing [134]. 

PFBC operates at elevated pressures and produces hot high-pressure gases 

used in a gas turbine. The heat in the fluidised bed is used to generate steam to drive 

a steam turbine which creates a highly efficient combined cycle system. The 

combination of fluidised bed advantages with advanced combined cycles shows 

potential for burning a wide range of fuels (even with high ash and sulphur contents). 

This produces electricity at higher thermal efficiencies and lower emission rates than 

when using conventional systems. Co-firing of coal with biomass has shown that the 

overall power plant efficiency declines as biomass fraction increases, and power 

plant equipment modifications may be not necessary if biomass percentage is kept 

below 10% [135].  

The IGCC technology comprises four operating components: an air 

separation unit (ASU), a gasification unit, a gas clean-up system and a gas turbine 

combined cycle. The ASU is used to generate pressurised high purity oxygen which 

is sent to the gasifier. The gasification product gases are employed to produce 

electricity in a combined cycle (CC). The combined cycle consists of a gas turbine, a 

heat recovery steam generator (HRSG) and a steam turbine [136].  
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In contrast, an EFGT differs from a conventional IGCC by having a heat 

exchanger instead of a combustion unit. Thus, an EFGT employs an external 

combustion unit where biomass is burnt. The hot product gases are used to preheat 

the exhaust compressor air to rise the turbine inlet temperature, and then the turbine 

exhaust air is sent to the combustor. The advantages of the EFGT include that 

different solid fuels can be employed with little pretreatment and a gasifier is not 

required since the solid is directly burnt [137]. Nevertheless, in EFGT systems the 

critical element is the heat exchanger which has to stand high temperatures and the 

aggressive nature of the combustion gases, such as oxidation, corrosion and erosion 

on the surfaces. 

Due to the advantages of IGCC systems and the focus on gasification, more 

emphasis will be given to IGCC applications. An IGCC plant in Värnamo, Sweden 

was built to demonstrate this technology using wood chips as fuel and a pressurised 

circulating fluidised bed gasifier (CFBG). Air was employed as gasifying agent and 

extracted from the gas turbine compressor by around 10%, but before entering the 

gasifier, the air was further compressed. The plant operated continuously at 20 bar 

and 950−1000°C for almost 1000 h. The hot product gas was cooled to a temperature 

of 350–400°C before entering a ceramic filter for particle removal. GT exhaust gases 

were used in a HRSG to generate steam and then injected into a steam turbine. The 

product gases were of a low calorific value of 5 MJ/Nm3 and the plant generated 4 

MW of electricity and 9 MW of heat for district heating [138].  

In order to increase the IGCC efficiency, the injection of nitrogen produced 

from an ASU into the gas turbine combustor and the extraction of air from the gas 

turbine compressor to feed the ASU was proposed [139]. The purpose of extracting 

air from the compressor was to reduce the power consumption of the ASU. Then, 

nitrogen injection alone with an elevated pressure-ASU design showed to reduce 

NOx emissions, produce higher efficiency and improve the system performance as 

the nitrogen injection was increased. 

The use of biomass as fuel has originated the concept of biomass integrated 

gasification/gas turbine (BIG/GT). The GT exhaust gas is used as a heat source for 

steam generation for the biomass gasification process. A proposed energy 

recuperation integrated with a BIG/GT system, called energy-recuperative BIG/GT, 

was compared with a conventional BIG/GT [133]. Since the GT exhaust temperature 
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was higher than the gasification temperature, the GT exhaust gas was employed to 

heat the gasifier with internal indirect heating coils. The compressed air was 

preheated before entering the GT combustor in the HSRG. In addition, steam was 

generated in the HSRG to achieve a final GT exhaust temperature of 423 K. The 

energy recuperative BIG/GT system showed better thermal efficiency than the 

conventional system. 

One of the main problems with the implementation of BIGGT/CC relates to 

the use of gas turbines with low LHV fuels. Since gas turbines are originally 

designed for natural gas, a larger biomass flow is necessary to achieve an equivalent 

heat input. To overcome the problems associated to using low calorific value fuels in 

gas turbine systems, some strategies have been proposed such as de-rating by 

lowering the temperature, bleeding air from the compressor, and redesigning the GT. 

De-rating includes lowering the burning temperature to keep the pressure ratio to 

acceptable levels; however, the overall cycle efficiency will decrease. Bleeding air 

from the compressor reduces the mass flow input to the expander; on the other hand, 

the continuous extraction of air might require some retrofit. As mentioned before, 

nitrogen from an ASU can be used to compensate the mass flow. Bleeding air is 

more advantageous when the BIGCC system uses a pressurised gasifier and the 

pressurised bled air is sent to the gasifier. Redesign of the GT includes modifying the 

geometry of the expander either by increasing the blade height or the nozzle 

discharge angle. Even though the latter strategy guarantees the operation of the GT 

under design conditions, it is the most expensive approach. It was shown that 

redesign of GT expander gave the best overall efficiency and power output followed 

by the bleeding air strategy [22]. 

Medium to large scale BIGCC systems as well as more complex systems that 

use a HRSG for generating high and low pressure steam and an air separation unit 

(ASU) for oxygen-blown gasification have been suggested as capable of achieving 

up to 40 % of net efficiency [52]. However, these systems require a large amount of 

biomass which involves the transportation of fuel to centralised plants. In contrast, 

the installation of compact on-site systems with the potential of achieving 

competitive efficiencies through the use of an energy integration system may be a 

more attractive option, as proposed in this work. 
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2.5  Software for biomass gasification 

Process simulators have been used for the evaluation of biomass gasification 

and one widely employed is ASPEN Plus, which contains extensive thermal and 

property databases. Equilibrium calculations based on minimisation of free energy 

have been developed in ASPEN Plus. A proposed equilibrium model consisted of 

uncoupling the pyrolysis, combustion, Boudouard reaction and gasification processes 

to evaluate the effect of operating parameters in the gasification of wood. From a 

sensitivity analysis, it was found a maximum air temperature above which preheating 

is no longer beneficial, an optimum oxygen factor and a slight positive effect on 

gasification efficiency from varying operating pressure [140]. 

ASPEN Plus was also employed for the simulation of a fluidised bed gasifier 

and validated with experimental data of pine sawdust steam gasification. ASPEN 

plus units were used for the simulation of devolatilisation and volatile reactions; char 

gasification was modelled in a CSTR unit including reaction kinetics with the use of 

FORTRAN codes. For the hydrodynamic parameters, two reactors were used to 

simulate the two regions, bed and freeboard, and each region was simulated by one 

CSTR [141]. However, the model overestimated the H2 production and 

underestimated the CO2 generation due to the selection of φ and β (coefficient of the 

steam-gasification reaction) as 0.9 and 1.4, respectively.  

The simulation of a circulating fluidised bed (CFB) combustor was performed 

using ASPEN Plus; the reaction steps included: decomposition (with a yield reactor) 

and volatile combustion (using a stoichiometric reactor), char combustion (use of 

kinetic model), NOx formation (using an equilibrium reactor) and SO2 absorption by 

limestone [142].  

A CFB gasifier was simulated using also Aspen Plus. The gasifier was 

divided in eight separate steps: decomposition, carbon conversion by removing a 

specified fraction of carbon, gasification reactions using a Gibbs reactor, ash 

separation, gasification with temperature approach to restrict equilibrium, mixing of 

un-reacted carbon with product gases, solid separation in a cyclone, and recycle of 

solids to gasifier. The effect of varying the equivalence ratio, temperature, level of 

air preheating, biomass moisture and steam injection on the product gas composition, 

the gas heating value and the cold gas efficiency were studied [143]. The results 
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showed that methane was overpredicted when compared to experimental data, and 

heavier hydrocarbons were not included.  

To improve the prediction capability, a semi-empirical model was proposed 

using Aspen Plus. The amount of carbon extracted to simulate incomplete carbon 

conversion was calculated from empirical correlations. According to proximate 

analysis, the volatiles were separated and introduced to a Rstoic block 

(Stoichiometric reactor) to calculate the formation of CH4, C2H2, C2H4, C2H6 and 

NH3 based on experimental data from fluidised-bed air gasification of pine sawdust. 

The remaining carbon, air, steam and unreacted volatiles were introduced to a 

gasification unit to generate gasification products according to thermodynamic 

equilibrium using an RGibbs block [144]. The model was tested with experimental 

data from six feedstocks and showed good agreement with pine, eucalyptus wood 

chips and forest residues, but was not suitable for pine bark and wheat straw due to 

the difference in reactivity with pine sawdust. Nonetheless, the model assumed ash 

as inert and ignored the behaviour of ash-forming species during gasification. 

There are others commercial software found in the literature. One example is 

the comprehensive simulation program for fluidised bed equipment (CSFB), which is 

a commercial simulator software for pilot and industrial-size unit operations. The 

program can simulate boilers, gasifiers, dryers and pyrolysers with various coal ranks 

and biomasses [115]. The CSFB software has been used to evaluate the design of a 

bubbling bed gasifier to give an optimal performance by analysing the main 

operational parameters such as freeboard diameter and insulation, air factor, bed 

dynamic height and biomass feeding point [145]. An equilibrium model was 

developed in a commercial, equation-oriented simulation tool IPSEproTM for the 

simulation of steam gasification of beech chips with a combined heat and power 

station [58]. The commercial Computational Fluid Dynamic (CFD) software Fluent 

was employed for modelling coal gasification in a two stage entrained flow gasifier, 

and the particle flow was modelled by a DPM model [146]. In conclusion, the use of 

commercial software has shown to be a practical and useful tool that allows a 

comprehensive evaluation of gasification systems. 
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2.6  Summary of survey 

The transformation of biomass waste by thermal conversion processes 

represents a potential solution for waste disposal. In particular, gasification offers a 

viable option for small scale plants. Among the types of gasifiers, fluidised bed 

reactors provide good temperature distribution and allow a wider range of fuels to be 

used. 

The operating parameters, such as temperature, pressure, nature of the 

gasifying agent and its flow rate, and use of catalysts, have great influence on the gas 

yield, composition and calorific value of gases. The selection of the optimal 

operating parameters require careful analysis, e.g. high temperatures favour higher 

HHV and tar reduction but also increase the risk of bed agglomeration. Among the 

greatest challenges of the gasification technology is the reduction of tars. Tar has a 

complex composition; furthermore, sampling and measuring tars are difficult tasks 

that affect the accurate modelling of tars. For simplification, tar model compounds 

have been studied to understand tar cracking mechanisms. Another approach is the 

consideration of all tar compounds as a single lump to obtain apparent kinetic 

parameters. Whilst for ash, its constituents often are considered as inert in 

gasification models. 

Large-scale systems are found on the literature, such as IGCC systems, for 

the generation of energy from biomass. However, these systems require an ASU, gas 

turbines, HRSG and steam turbines to deliver high overall plant efficiencies. In 

addition, poultry litter has been employed for energy production; however, the 

installed plants require transportation of the fuel to centralised facilities. Therefore, 

the present work proposes the use of a small-scale gasification process installed near 

a farm. 

The modelling of biomass has included equilibrium approaches, and kinetics 

and hydrodynamic models. The two-phase model has been widely employed to 

simulate fluidised beds. Studies on biomass hydrodynamics have showed that 

conventional correlations for the minimum fluidisation velocity do not predict well 

biomass fluidisation since biomass is not uniform in particle shape and size. As a 

result, the need for biomass hydrodynamics becomes more evident. In the following 

sections, this work deals with an equilibrium model to reveal the thermodynamic 

limits of the gasification reactions of poultry litter. 
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Chapter 3 

Model for gasification of poultry 

litter 

The understanding of gasification allows for the optimisation of the 

process and its optimal operation. This chapter, therefore, describes 

the development of a model for the simulation of the gasification 

process integrated with a gas turbine. “Conventional” gasification 

systems are normally large scale centralised facilities; these systems 

use an atmospheric gasifier that requires cooling of the product gases 

before compression which results in significant wastage of energy. 

This work, however, considers a small scale on-site pressurised 

gasification unit to avoid transportation of litter to centralised plants 

and to maintain all process stages hot. This chapter evaluates system 

configurations after adding an energy integration system. The 

comparison of the different configurations provides an insight into the 

effects of the energy integration and the selection of the most 

beneficial configuration. Finally, a description of six case studies is 

given in order to evaluate the performance of the proposed system. 

3.1  Equilibrium approach: model description 

Gasification is a process wherein biomass is converted into a combustible gas 

mixture by partial oxidation. Thus, the amount of oxygen employed is lower than the 

stoichiometric amount required for complete combustion. The gasification process 

was modelled based on the chemical equilibrium between the reactants (poultry litter 

and air) and the specified product gas constituents generated after gasification. The 

composition of the product gases was estimated through the minimisation of the 
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Gibbs free energy (G). At constant temperature and pressure, the system was 

considered at equilibrium when [110], 

0, =PTdG         (3.1)  

The equilibrium composition can be determined using numerical methods. 

This computation requires to find the set of number of moles of species i, ni, which 

minimise the value of G. There are two approaches which can be employed: a) 

stoichiometric and b) non-stoichiometric. The stoichiometric approach uses a set of 

stoichiometrically independent reactions which includes a clearly defined reaction 

mechanism that incorporates all chemical reactions and species involved. These 

reactions are generally selected arbitrarily from a set of possible reactions, which can 

lead to erroneous findings. In contrast, the non-stoichiometric approach uses direct 

minimisation of the Gibbs free energy for a given set of species [147, 148]. Only the 

elemental composition of the feed is specified, which can be readily obtained from 

ultimate analysis data. In this work, the non-stoichiometric approach was chosen 

because: there is no need for selecting a possible set of reactions and it is not 

necessary an estimation of the initial equilibrium composition.  

The material balance is given by  

( ) 0=−∑
i

kiki Aan     k = 1, 2, … , w (3.2) 

where Ak is the total number of gram atoms of the kth element present in the 

system, as determined by its initial constitution; aik is the number of atoms of the kth 

element present in each molecule of chemical species [149]. 

The equilibrium equation is 

0
ˆ

ln =++∆ ∑
k

ikko

iio

fi a
P

Py
RTG λ

φ
  i = 1, 2, … , N  (3.3) 

where ∆Go
fi is the standard Gibbs free energy of formation of species i, yi is 

the mole fraction of species i, and 
i

∧

φ  is the fugacity coefficient of species i in the gas 

mixture. 

The unknowns in equations 3.2 and 3.3 are the ni (yi = ni/∑ini) and  the λk 

(Lagrange multiplier), respectively. The set of N equilibrium equations, one for each 

chemical species, and w material-balance equations, one for each element, are solved 

for all unknowns. 
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3.1.1 Methods and assumptions 

A model that involves the evaluation of the gasification of poultry litter and 

the integration with a power generation engine was developed. The simultaneous 

solution of mass and energy balances was performed by modelling in the advanced 

system for process engineering (ASPEN Plus®) software. ASPEN Plus allows the 

use of processes involving solids and is equipped with physical, chemical and 

thermodynamic databases. The calculations provided the final composition and 

temperature of the considered product gases. 

The following assumptions were considered for the modelling of the 

gasification process integrated with a gas turbine: 

� The process is at steady state 

� The fluidised bed reactor is treated as well-mixed 

� Isothermal gasifier with no distinction between the dense and dilute 

phases present in the reactor 

� The gasifier is well insulated with no heat losses 

� The gasification reaction rates are fast enough to reach the equilibrium 

state 

� Residence time is long enough to reach the equilibrium state 

� Perfect mixing and uniform temperature are assumed for the gasifier 

� The compressor and expander in the gas turbine are assumed as isentropic 

� Combustion in the combustor gas turbine chamber is complete and 

adiabatic 

� Tars are not modelled 

� The gasification of poultry litter was performed with the aim of achieving 

200 kW of net gas turbine power output 

The 200 kW of net power output was targeted based on a farm that produces 

an average of 1,029,187 birds/year, and generates 1839 ton/year of litter. For poultry 

litter with a LHV of 11.4 MJ/kg and assuming a process efficiency of 30%, 5.04 

ton/day will be required to be fed into the system. 
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3.1.2 Process flowsheet and units description 

With the model assumptions defined, the process units were selected which 

represent each stage within the gasifier and gas turbine. 

The process diagram of the gasification of poultry litter for energy generation 

is illustrated in figure 3.1. This figure shows that air (stream AIR1) is drawn into the 

compressor to reach the desired operating pressure. A fraction of the compressed air 

enters the gasifier (stream AIR4) and the rest is taken into the combustor unit (stream 

AIR3). The air stream for combustion (stream AIR3) is preheated with the exhaust 

gases (stream GT-EX1) from the gas turbine. Whereas poultry litter (stream 

POULTRY) is introduced into the gasifier and its contact with air results in 

gasification and combustion reactions. The resultant fuel gas leaves the gasifier as 

stream GAS1 and bottom ash as stream ASH1. The fuel gas (stream GAS2) is sent to 

the hot gas filter where carried dust is removed (stream ASH2). The clean fuel gas 

(stream GAS3) is divided, a small fraction is passed to the DE-NOX reactor (stream 

GAS5) and the rest (stream GAS4) passes to the combustor unit where the fuel gas is 

burned in the presence of excess hot air (AIR5). The resultant hot gases (stream 

COM-EX) enter the expander of the gas turbine where their sensible heat is 

converted into rotational energy. The exhaust gases (stream GT-EX2) are passed to a 

DE-NOX reactor to destroy NOx compounds. The process is composed of the 

following units: 

Gasifier 

To model the gasification process, it was split into three component sub-

processes analogous to the flash pyrolysis, gasification and ash separation phases. 

This is achieved in ASPEN Plus using three units: DECOMP, GASIFIER, and S-1 

respectively, as shown in figure 3.1. 

The DECOMP unit is a reactor that simulates the flash pyrolysis of poultry 

litter by breaking it into its constituent elements (carbon, oxygen, nitrogen, hydrogen, 

sulphur, chlorine), ash and energy according to its ultimate analysis. This type of 

yield reactor is modelled using a RYIELD block, which only requires the yield 

distribution of elemental constituents. 
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The GASIFIER unit is a reactor that simulates the gasification phase based on 

the chemical equilibrium between the reactants and the specified product gas 

constituents. The composition of the product gases is estimated through the 

minimisation of the Gibbs free energy using a RGIBBS block. The specified product 

gases from the gasification reactions are CO, CO2, H2O, H2, O2, N2, C, CH4, H2S, 

COS, SO2, HCl, NH3, NO, NO2, and HCN. Longer chain hydrocarbons are not 

included as they are thermodynamically unstable under the gasification conditions 

[105]. The fluidised bed is treated as a simple well-mixed reactor with no distinction 

between the dense and dilute phases that might be present. 

The S-1 unit simulates the disengagement of gas from the fluidised bed that 

allows the separation of ash and unconverted carbon from the fuel gas. This step is 

modelled simply by a SSPLIT block using a fractional carryover of the solid 

components (ash and carbon). 

 

Hot filter 

The FILTER unit simulates the hot gas dust filter which removes the 

remaining particles that are carried out of the gasifier together with the product 

gases. The filtration process is modelled simply by a SSPLIT block using a fractional 

carryover of the particles. 

 

Gas turbine 

In order to model the gas turbine (GT) unit, the GT was split into three 

component sub-processes that simulate compression, combustion and expansion, as 

shown in figure 3.1: 

i) The COMPRES unit simulates the compression of air. The isentropic 

efficiency (ηC) and the desired pressure ratio are specified for the simulation. The 

compressor is modelled using a COMPR block. The isentropic efficiency is defined 

by  

                                      (3.4) 

where Wi is the ideal work and Wa is the actual work of compression at the 

same final pressure. 

a

i

C
W

W
=η
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ii) The COMBUST unit simulates the burner as an adiabatic stoichiometric 

reactor. This required knowledge of the stoichiometry of reactions and the extent of 

conversion of the species involved. The combustion reactions were specified and 

established as progressing to completion. This type of process is modelled in ASPEN 

Plus with an RSTOIC block. 

iii) The EXPANDER unit simulates the expansion of hot gases to convert 

their sensible heat into rotational energy. The power generated was used for driving 

the compressor and the excess work for energy production. The isentropic efficiency 

was assumed as 85% and the desired pressure ratio specified for the simulation. The 

expander was modelled using a COMPR block. The isentropic efficiency is defined 

by, 

        (3.5) 

where Wa is the actual work and Wi is the ideal work of expansion from the 

same initial state to the same final pressure. 

 

De-NOx 

The DE-NOX unit simulates the catalytic reduction of nitrogen oxides (NOx) 

to nitrogen by a small flow of fuel gas. It is assumed that the effect of the unit is to 

bring the exhaust gases to chemical equilibrium at the reactor temperature. This 

process is modelled by a RGIBBS reactor block. 

 

Heat recovery 

The S-2 unit simulates the division of compressed air into two parts. The first 

part is directed to the gasifier whilst the second part is passed to the burner of the GT 

as combustion air. This second part of air is preheated by recovering heat from the 

GT exhaust gases. The HEATEX1 simulates heat exchange in counter flow between 

the hot GT exhaust gases and the air that is passed to the burner of the GT as 

combustion air. 

i

a

T
W

W
=η
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3.1.3 Model and input parameters 

The ultimate (elemental) analysis, moisture content, mass flow rate and 

higher heating value (HHV) of the fuel were used as input data to run the 

simulations. The ultimate analysis of poultry litter is shown in Table 3.1. The HHV 

for poultry litter was calculated by ASPEN PLUS using the IGT correlation [150], 

the value estimated was 13.23 MJ/kg (dry basis). 

The stoichiometric ratio (SR) of air to fuel for complete combustion was 

estimated as equal to 4.73 according to equation (2.2) using the ultimate analysis of 

poultry litter from table 3.1. The equivalence ratio (ER) was calculated using the 

ratio of the actual flow of air fed to the gasifier and the fuel flow rate, divided by the 

SR value. 

Table 3.1 Ultimate and proximate analysis of poultry litter 

Ultimate 

analysis 

Weight (%)  

(dry basis) 

Proximate 

analysis 

Weight (%)  

(dry basis) 

Carbon 37.50 Fixed carbon 24.00 

Oxygen 30.62 Volatile matter 54.37 

Nitrogen 3.71 Ash 21.63 

Hydrogen 5.12   

Sulphur 0.45   

Chlorine 0.97   

Ash 21.6   

 

 

In order to have accurate physical property data and models, the following 

ASPEN Plus properties were used: 

� For nonconventional components, POULTRY and ASH streams, 

HCOALGEN is the model chosen for the estimation of enthalpy as 

recommended in the ASPEN Plus guidelines. The HCOALGEN model 

includes a number of empirical correlations. For the estimation of the heat 

of combustion, the IGT (Institute of Gas Technology) correlation was 

chosen. This correlation was obtained from 578 samples of coals. The heat-

of-combustion-based correlation on ultimate and sulphur analyses was 
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selected for the estimation of the heat of formation. The Kirov correlation 

was preferred for the estimation of the heat capacity. The heat capacity is 

calculated as the sum of the heat capacity of the coal constituents; 

� For nonconventional components, POULTRY and ASH components, 

DCOALIGT is the model chosen for the estimation of density as 

recommended in the ASPEN Plus guidelines. The standard deviation of this 

correlation for 190 points collected by IGT was 12x10-6 m3/kg. The 

DCOALIGT model uses ultimate and sulphur analyses; however, this 

model was developed to calculate the density of coal on a dry basis; 

� Solids method was chosen to compute thermodynamic and transport 

properties for the gasification section. This method uses ideal gas law, 

Henri’s law, Raoult’s law and solid activity coefficients; 

� Peng-Robinson equation of state with Boston-Mathias alpha function (PR-

BM) method was selected for the calculations of thermodynamic and 

transport properties for the gas turbine section, which it is appropriate for 

power generation processes [133]. 

 

Table 3.2 shows a summary of the main input variables specified for the 

ASPEN Plus simulations. A typical value for isentropic efficiencies was selected as 

recommended for modest values of pressure ratio and turbine inlet temperature 

[151]. 

Table 3.2 Model input data 

Unit Description Assumption 

Gasifier Pressure 5 bar 

Turbine Compressor isentropic efficiency 0.85 

 Expander isentropic efficiency 0.85 

 Inlet temperature 1173 K 

 Pressure ratio 5 

Solid fuel Moisture content of poultry litter 25 % 
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In order to set tasks during the simulation, calculator blocks and design 

specifications are employed. A calculator block allows inserting FORTRAN 

statements into flowsheet computations to perform user-defined tasks. A design 

specification allows setting the value of a variable that Aspen Plus would otherwise 

calculate. The design specification requires specifying a desired value for a flowsheet 

variable or some function of flowsheet variables. For each design specification, a 

block input variable or process feed stream variable must be also selected and 

adjusted to satisfy the design specification. This variable is the manipulated variable. 

Thus, the simulation in this work is controlled using two calculator blocks based on 

FORTRAN routines and two design specifications. 

Calculator blocks 

The first calculator block is used to determine the mass flow of each 

elemental component in the ELEMENTS stream. This calculation is done according 

to the ultimate and proximate analyses. This calculator block allows the easy 

modification of the value of moisture content since the ultimate analysis is specified 

on a dry basis. Ash constituents are calculated based on the specification of inorganic 

species found in ash.  

The second calculator block determines the air flow rate required for 

gasification at a desired equivalence ratio and poultry litter flow rate. This block also 

calculates the fraction of air that leaves the S-2 unit to enter to the gasifier (stream 

AIR4), and the remaining air going into the gas turbine combustor (stream AIR3). 

Design specifications 

The first design specification calculates the required flow rate of poultry litter 

as a function of the gas turbine net power which was specified as 200 kW. A 

tolerance of 0.01 kW and a range of values for the flow rate of poultry litter were 

established. The iteration process consists of varying the flow rate of litter until 

achieving the specified GT net power output. 

The second design specification calculates the air flow rate entering the gas 

turbine compressor as a function of the expander inlet temperature which was 

specified as 1173 K. A tolerance of 0.2 K and a range of values for the air flow rate 

were established. The iteration process consists of varying the inlet air flow rate until 

achieving the specified expander inlet temperature. 
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Ash constituents 

Poultry litter contains a significant amount of ash, which consists of inorganic 

species such as alkali oxides and salts. The presence of ash may represent a problem 

due to the potential generation of bed agglomerates that can lead to loss of 

fluidisation or alkali vapours in product gas that can increase rates of hot corrosion 

on turbine surfaces. Inorganics species, such as potassium, calcium, sodium, and 

silicon were included as part of the ash fraction. Table 3.3 shows the ash components 

(K2O, CaCO3, Na2CO3, SiO2) used as input data for the simulations.  

Table 3.3 Ash components 

Species Concentration (wt %) 

CaCO3 41.75 

K2O 21.45 

Na2CO3 4.6 

SiO2 2.7 

Inert 29.50 

 
 

The inorganics not identified were assumed as inert solids. In addition, other 

inorganic species were incorporated into the equilibrium calculations in order to 

identify how the inorganics partition into the solid and gas phases. The inorganics 

included during the simulations were: K2O, KCl, K2CO3, K2SO4, CaO, CaCO3, 

CaSO3, CaSO4, CaS, CaCl2, Ca(OH)2, NaCl, Na2CO3, Na2O, Na2SO3, SiO2, Na2SiO3, 

Na2Si2O5, K2SiO3, K2Si2O5, Ca3SiO5. 

3.1.4 Parameters tested in the model 

The model is capable of predicting the final composition and temperature of 

the product gases under different operating conditions, including varying the air flow 

rate, air preheating temperature and operating pressure. The influences of 

equivalence ratio, air temperature, pressure and turbine inlet temperature, as well as 

changes in the calorific value and moisture content of poultry litter were investigated. 

Their effects were evaluated on the product gas composition, product gas 
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temperature, carbon conversion, LHV of gases, cold gasification efficiency, process 

efficiency and emissions. 

The carbon conversion (XC) was calculated with the following equation: 

[ ] [ ] [ ]
[ ]

10042 ×
++

=
PL

C
C

CHCOCO
X      (3.6) 

where [CPL] is the amount of carbon content in poultry litter in moles, and 

[CO], [CO2] and [CH4] are the produced amounts of CO, CO2 and CH4, respectively, 

in moles. 

The HHV of the product gases at standard conditions was determined by: 

[ ] [ ] [ ]
100

82.3963.1275.12 42 CHCOH
HHV

++
=    (3.7) 

where the heats of combustion are in MJ/Nm3 and [H2], [CO] and [CH4] are 

concentrations in %mol [152]. 

 

The LHV was determined by  

[ ] [ ] [ ]
1000

2.4])[3.1514.85307.25( 42 ×+++
= mn HCCHCOH

LHV  (3.8) 

where the LHV is in MJ/Nm3 [61]. 

Cold gasification efficiency is commonly used as a parameter for evaluating 

the gasification process. The cold gasification efficiency (CGE) is calculated at 

standard conditions based on the LHV and using the following equation: 

biobio

gasgas

CG
LHVm

LHVQ
=η        (3.9) 

where Qgas refers to the volumetric flow rate of produced gases in m3/s, 

LHVgas is the lower heating value of the produced gases in MJ/Nm3, mbio is the mass 

flow rate of biomass in kg/s, and LHVbio is the lower heating value of biomass in 

MJ/kg, at standard conditions. 

The process efficiency (η) is calculated by: 

biobio LHVm

W
=η        (3.10) 

where W refers to the net gas turbine power output in Watts. 



85 
 

3.2  Energy integration system 

In order to obtain the best achievable efficiency, the hotter GT exhaust gases 

can be employed to preheat the air for gasification and the air for combustion in the 

GT section. In addition, when the outlet product gas temperature is lower than the 

GT exhaust temperature, product gases can be preheated before entering the GT 

combustion chamber. Four case studies with various levels of energy integration are, 

therefore, analysed and illustrated in figure 3.2. The objective of these heat 

exchangers networks is to explore the benefits of different stages of energy 

recuperation. This is done in order to maximise the transfer of energy from the GT 

exhaust gases into the air and fuel gas streams, whilst at the same time cooling down 

the GT exhaust gases stream before sending them to the stack. 

The four stages of heat exchangers were added to the “pressurised layout” 

from figure 3.1. These four heat exchanger networks are described in detail below: 

 

Stage 1 

This stage corresponds to the heat exchanger shown in figure 3.1. This stage 

follows the Brayton (or Joule) cycle with heat-exchange. However, not all the 

compressed air is heated and continues its path in the cycle. A small portion of air is 

extracted at S-2 and used as gasifying air without any preheating. The rest of the air 

leaving the GT compressor is passed through a single heat exchanger in counter flow 

with the hot GT exhaust gases, as shown in figure 3.2a. Following pre-heating, the 

air stream is passed to the burner of the GT as combustion air.  

Stage 2 

In addition to preheating the air for combustion, fuel gas (syngas) is heated 

further in parallel using also the hot GT exhaust gases, as shown in figure 3.2b.  

Stage 3 

The GT exhaust gas is directed to the heat exchanger HEATEX1 to preheat 

one part of air before entering the gasifier. Then the GT exhaust gas is passed 

through the heat exchanger HEAXT2 to preheat compressed air. The hot air is 

divided in two parts. The first part is sent to HEATEX1 whilst the second part of the 

compressed air is sent to the GT burner. This is shown in figure 3.2c. 
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a) Stage 1         b) Stage 2 

 

 

c) Stage 3 

 

 

d) Stage 4 

Figure 3.2 Heat exchanger networks for energy integration: a) stage 1, b) 
stage 2, c) stage 3 and d) stage 4.  

Stage 4 

GT exhaust gas is divided into two parts. The first part is directed to the heat 

exchanger HEATEX1 to preheat the air before entering the gasifier and followed the 

path described in stage 3, whilst the second part is passed through the heat exchanger 
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HEAXTE3 to heat the clean fuel gas between the gasifier and the GT burner. 

Compressed air leaving the GT compressor is passed through the heat exchanger 

HEAXT2 in counter flow to the total GT exhaust gas stream. The hot air is divided 

into two parts. The first part is directed to the burner of the GT as combustion air 

whilst the second part is passed to the HEATEX1 before entering the gasifier as 

shown in figure 3.2d. 

3.3  Results and discussion 

3.3.1 System configuration 

Before starting the design of the heat exchanger network, energy targets 

should be established. When only one point is identified between the hot and cold 

streams with a minimum temperature difference, it is called the heat recovery pinch. 

Therefore, individual heat exchangers should not have a temperature approach 

smaller than the pinch temperature [153]. Pinch analysis, followed by an analysis of 

the four cases, is evaluated in this section. 

Pinch analysis 

To start the analysis of the heat exchanger network, the sources of heat (GT 

exhaust gas stream) and cold streams (air and product gases) were identified. Firstly, 

the simplest problem (stage 1) was analysed. Stage 1 involves the GT exhaust gases 

stream with a supply temperature of 850 K and the air for combustion stream with a 

supply temperature of 492 K. 

Figure 3.3 shows a composite plot of enthalpy and temperature between the 

GT exhaust gases (stream GT-EX1) and compressed air for combustion (stream 

AIR3) with a minimum temperature difference of 20 K. The overlap of the two 

streams shows a possible heat recovery of 375 kW, value known as energy target. 

When the line of air for combustion is moved to achieve a minimum temperature 

difference of 10 K, the heat recovery increased to 389 kW. This shows the potential 

recovery of heat from the GT exhaust gases to preheat the cooler air. The pinch 

temperature is at 850 K in the hot curve and 830 K in the cold stream. Though, the 

problem becomes more complex when product gases can be preheated, e.g. when the 

product gas temperature is lower than the GT exhaust temperature when the fuel 
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moisture content is high or using low ERs, or when the pressure ratio in the GT is 

lower and the GT exhaust temperature increases as analysed in section 4.3. 

 

Figure 3.3 Composite curve for GT exhaust gases stream (red line) and 
compressed air for combustion (blue line) for stage 1 

For stage 2, the cold streams are the air for combustion and the fuel gases. 

Figure 3.4 shows a grid diagram for the heat transfer between the hot stream (GT 

exhaust gases) and cold streams when it was assumed the moisture content of poultry 

litter as 30% and an ER of 0.20, which resulted in a gasification temperature of 793 

K. In order to heat both streams up to pinch temperature respecting the minimum 

temperature constraint, stream splitting of the hot stream was necessary. With a 

minimum temperature difference of 20 K, a heat recovery of 376 kW is possible by 

heating the air for combustion (stream AIR3) and 6.6 kW by heating the fuel gas 

(stream GAS3). 
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Figure 3.4 A grid diagram for stage 2 

The third cold stream is the air for gasification as proposed in stages 3 and 4. 

However, when the gasifying air is preheated, the gasification temperature increases 

as well and can augment to values higher than the GT exhaust temperature, 

especially at high ERs and low moisture content of poultry litter. 

The four stages were compared using a fuel moisture content of 30% and an 

ER of 0.20. The comparison included finding changes in carbon conversion, 

gasification temperature, electrical efficiency, and heat duties of heat exchangers. 

Stages 3 and 4 delivered the highest electrical efficiencies of 25.5%, followed by 

stage 2 of 24.2% and stage 1 of 23.9%, as shown in figure 3.5. For stages 1 and 2, a 

carbon conversion and gasification temperature of 82% and 792 K, respectively, 

were delivered because the same air temperature of 492 K was used. In contrast, for 

stages 3 and 4, the air temperature was 830 K giving as a result a gasification 

temperature of 825 K, and carbon conversion of 84%. 
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Figure 3.5 Comparison of electrical efficiency for each Stage (ER of 0.2 
and moisture content of 30%) 

 

The efficiency for stages 3 and 4 were of the same value for two reasons. The 

most evident was that gasification temperature was of 825 K for both stages, as 

shown in figure 3.6. Accordingly, the same carbon conversion of 84% was achieved 

for both stages (shown in figure 3.7). The second reason was that the fuel gases were 

not significantly preheated on the third heat exchanger in stage 4 due to the higher 

gasification temperature, and the GT exhaust temperature was of 850 K for a turbine 

inlet temperature of 1173 K and pressure ratio of 5. Benefits seem to be more evident 

for higher turbine inlet temperatures or lower pressure ratios, which is discussed in 

section 4.3. 
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Figure 3.6 Comparison of gasification temperature for each Stage (ER of 0.2 

and moisture content of 30%) 

 

Figure 3.7 Comparison of carbon conversion achieved for each Stage (ER 
of 0.2 and moisture content of 30%) 

Figure 3.8 shows the heat duties of the heat exchangers for each stage. The 

heat duties for HEx 2 and HEx 3 were significantly smaller than for HEx 1; this huge 

difference is due to the bigger flow of air for combustion compared to the small 

fraction of air extracted for gasification (between 4.2-4.5% of main air stream) and 

the fuel gases. 
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Preheating fuel gases improved the efficiency; however, a bigger benefit 

showed the preheating of air for gasification, because it improved the calorific value 

of the fuel gases and increased the fuel gas temperature. For stage 3, it is found that 

two heat exchangers were not necessary, and the whole air stream can be preheated 

with one heat exchanger. 

 

Figure 3.8 Comparison of heat duties of heat exchangers for each Stage (ER 
of 0.2 and moisture content of 30%) 

 

Because gasification temperatures might exceed the GT exhaust temperature, 

it was evaluated if the heat exchanger to preheat gas products is redundant in this 

configuration. 

Figure 3.9 shows the efficiency when only the two heat exchangers (Stage 3) 

to preheat air for combustion and gasification are included, varying the ER and the 

moisture content of the feedstock.  
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Figure 3.9 Process efficiency for stage 3 for various ERs and moisture 
content of poultry litter 

Figure 3.10 shows the efficiency increment when the third heat exchanger 

(Stage 4) is added. This figure shows that high moisture contents (higher than 30%) 

and low ERs are required to make use of the third heat exchanger. 

 

Figure 3.10 Efficiency increment when third heat exchanger is added (Stage 
4) for various ERs and moisture content of poultry litter 
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Stage 4 was the process layout of choice since it delivers the best efficiencies, 

in particular with low ERs or high moisture content of biomass. Stage 4 was selected 

as the energy recuperation system to be added to a conventional system and to the 

proposed pressurised system, and their comparison is shown in the next chapter. 

Figure 3.11 shows the arrangement of heat exchangers to be added to both systems 

which deliver the maximum heat exchange and achieve pinch temperatures in all 

cold streams. 

 

 

Figure 3.11 Arrangement of heat exchangers of Stage 4 for Aspen Plus 
flowsheet 

3.4  Case studies description 

Six case studies were identified in order to evaluate the proposed system, 

which include the comparison of the “conventional layout” versus “pressurised 

layout”, by changing the calorific value and moisture content of poultry litter, 

pressure ratio of GT, variation of turbine inlet temperature, temperature approach of 

heat exchangers and pressure losses. The six cases are described below. 

3.4.1 Conventional versus pressurised gasification 

In order to evaluate the performance of the proposed “pressurised layout”, it 

was compared to a “conventional layout” using an atmospheric gasifier, which is 

considered as the base case. Two more arrangements that include heat recovery using 

“stage 4” were analysed; where the exhaust gases from the GT were used to preheat 

the air for gasification and air for combustion used in the GT combustor chamber. 
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When the outlet product gas temperature was lower than the GT exhaust temperature, 

product gases were preheated before entering the combustor. Therefore, four case 

studies were evaluated as explained below. 

Case A. The base case consists of a gasifier operating at atmospheric pressure 

where air was used as gasifying agent as illustrated in figure 3.12. Since the product 

gases carried particles, a filter was used to remove dust from the gas stream. The 

clean gases were cooled down to 40°C to condense water vapour and lower the work 

of the syngas compression to reach the required operating pressure. Then the fuel 

gases were injected into the combustion chamber of the GT and burnt with the 

previously compressed air. Following combustion, the gases entered the expander 

and then the De-NOx unit for NOx elimination. Figure 3.13 shows the Aspen Plus 

flowsheet employed; the additional units are HEATEX, COOLER and COMPR2. 

The cooling of product gases was modelled using the COOLER unit. The 

COOLER unit was modelled using a FLASH2 block. The COMPR2 unit is a 

compressor to raise the pressure of product gases to the required pressure for the gas 

turbine. It was modelled by a COMPR block and assuming an isentropic efficiency 

of 85%. 

 

 
Figure 3.12 Schematic diagram of the base case 
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Case B. This process corresponds to the system described in section 3.1.2 and 

the diagram was illustrated in figure 3.1. 

Case C. This arrangement contains the same process units as the base case 

(case A), but in this configuration an energy integration system (EIS) was added as 

shown in figure 3.14. In the EIS, the hot GT exhaust gases were used to preheat 

further the product gases after compression, air for gasification and air after 

compression. The clean gases before entering the compressor were cooled down to 

400°C, and then further to 40°C to condense water vapour and lower the work of the 

syngas compression to reach the required operating pressure. After compression, the 

cool gases were used to lower the temperature of exhaust gases from the gasifier to 

400°C. Then the preheated gases were injected into the combustion chamber of the 

GT and burnt with the previously compressed air. 

 

 

Figure 3.14  Process configurations: Case C 
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block and fixing the outlet temperature. The COOLER unit was used to cool further 

the product gases to 40°C and modelled using a FLASH2 block. 

Case D. This arrangement contains the same process units as case B, but in 

this case an EIS using the Stage 4 was included as shown in figure 3.15. In the EIS, 

the hot GT exhaust gases were used to preheat air and the gases produced after 

gasification. Only one compressor was used for air compression, after which the air 

was preheated in the EIS.  

 

 
Figure 3.15 Process configuration: Case D 

Following pre-heating the air was divided into two parts. The first part was 

directed to the gasifier whilst the second part was passed to the burner of the GT as 

combustion air. 
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3.4.2 Calorific value and moisture content of poultry litter 

Biomass properties are of interest for gasification and the end gas product 

quality. Two properties selected are the calorific value and moisture content of 

poultry litter. The calorific value of a material is a property that shows the energy 

content released after being burnt in air, whilst the moisture content reduces the 

available energy from the biomass [154]. Therefore, the calorific value and moisture 

content of poultry litter were varied and their effects analysed.  

3.4.3 Pressure ratio of gas turbine 

An assessment of the effects of pressure on the gasifier and gas turbine 

performance, as well as on the overall process efficiency, was performed in order to 

identify an optimum pressure ratio. 

3.4.4 Turbine inlet temperature 

The effects of increasing the maximum expander inlet temperature (EIT) 

were evaluated with the objective of improving the process efficiency. This EIT is 

constrained by gas turbine materials. 

3.4.5 Temperature approach of heat exchangers 

The temperature approach for the heat exchangers will be varied to evaluate 

possible improvements in process efficiency. The setting of the temperature approach 

is normally a tradeoff between energy and capital costs. 

3.4.6 Pressure losses 

Frictional pressure losses can potentially occur in the passages on the air-side 

and gas-side. Pressure losses can decrease the turbine pressure ratio relative to the 

compressor pressure ratio and consequently reduce the net work output [151]. 

Pressure losses in the gasifier will be evaluated in order to identify their effects in the 

process efficiency. 



100 
 

3.5  Summary 

Since the temperature of the GT exhaust gases is around 850 K, energy is 

available in the system which can be integrated to raise the temperature of cooler 

streams such as air. As a result, this option for energy integration was discussed. 

Stage 4 was chosen as the configuration of heat exchangers for the energy 

integration system. This selection was based on the arrangement that allows the best 

energy recuperation into the gasifier and gas turbine.  

The case studies were defined in order to evaluate: the conventional case 

versus the pressurised layout. The conventional case employs a gasifier that operates 

at atmospheric pressure and requires the cooling of the product gases before 

compression to minimise the work required for the compression of product gases. 

The cases are modelled based on the assumption of chemical equilibrium. The 

gasification process is modelled in three stages as flash pyrolysis, gasification and 

ash separation. For the pressurised layout, parameters such as calorific value of 

poultry litter, temperature approach of heat exchangers and turbine inlet temperature 

will be evaluated in the following chapter. 
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Chapter 4 

Case studies: Process 

performance 

Medium BIGCC systems that integrate gasification with 

combustion/heat recovery can deliver net efficiencies of 40–50% 

(based on LHV) for a plant with capacity of 30–60 MWe [12]. In 

order to achieve comparable efficiencies, in this work, the GT exhaust 

heat is recuperated into the system. This chapter presents the findings 

of the six case studies described in section 3.4. Case study one 

compares the “conventional layout” (Brayton cycle with heat 

exchange), which comprises an atmospheric gasifier coupled to a gas 

turbine with a “stage 1” (Case A) energy integration system (EIS), to 

a “pressurised layout” comprising a pressurised gasifier, gas turbine 

and “stage 1” EIS (Case B). It also compares the performance of the 

two layouts when coupled with “stage 4” EIS (Cases C and D 

respectively). The comparison of the different configurations provides 

an insight into the effects of the energy integration and the selection of 

the most convenient configuration. The partition of inorganic species 

is included in the analysis, in order to identify the optimum 

parameters to minimise the vaporisation of inorganics. To evaluate 

environmental impacts, emissions were assessed. For the following 

case studies, parameters such as calorific value and moisture content 

of poultry litter, pressure ratio, turbine inlet temperature, temperature 

approach and pressure losses, were varied and their effects evaluated. 
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4.1  Conventional versus pressurised gasification 

The four cases previously described in 3.4.1 are compared in this section. 

This comparison includes the analysis of the effects of changes of ER on carbon 

conversion, lower heating value of product gases, cold gasification efficiency and 

process efficiency. For the four cases analysed, a moisture content of 25% was 

assumed. 

4.1.1 Carbon conversion 

Figure 4.1 shows that carbon conversion was improved with increasing ER 

for the four cases, since more oxygen was provided to react with the remaining 

carbon. This figure gives the optimum operating ER to achieve complete carbon 

conversion for the four cases. Complete carbon conversions were achieved for case 

A and case B at ER values equal or greater than 0.34 and 0.32, respectively, as 

shown in figure 4.1. At ERs lower than 0.32, carbon conversion for case A was 

improved by 4% points when the pressurised system was included (case B).  

 
Figure 4.1  Comparison of carbon conversion for case studies 
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In the present work, carbon conversions for case A and case B were 75% and 

80%, respectively, at an ER of 0.22.  A similar carbon conversion of 78.17% was 

reported from experimental studies on the gasification of pine sawdust with moisture 

content of 8%, air temperature of 338 K, ER of 0.22 and gasifier temperature of 

973 K [61]. However in Lv et al’s work the steam biomass ratio of 2.7 was very 

much higher than in this work  where it was effectively 0.33.   

Cases C and D reach complete carbon conversion at a lower ER value of 0.29 

than for case A and case B. This can be explained by the energy provided by the 

hotter gasifying air which can promote carbon conversion by endothermic reactions, 

such as the water-gas reaction (C + H2O → CO + H2) and Boudouard reaction (C + 

CO2 → 2CO). At low ER values, carbon conversion is lower for case C than for case 

D, because for case C gasification temperatures inside the atmospheric gasifier are 

lower. 

4.1.2 Lower heating value 

Figure 4.2 shows the LHV of product gases versus ER for the four cases. It 

can be seen that the LHV decreases as expected with increasing ER. This occurs due 

to the changes in gas composition, since changes in the proportion of methane, 

hydrogen and carbon monoxide impact on the LHV. However, the LHV at low ER 

slightly decreased up to an ER of 0.32 and 0.34 for cases A and B, respectively; at 

higher ERs, the LHV decreases steadily because of the continuous depletion of 

methane progressing to elimination. Furthermore, a critical ER is predicted where the 

sudden change in LHV gradient occurs which corresponds to the ER of complete 

carbon conversion (shown in figure 4.1) and at which H2O content of the gas starts 

increasing by the reaction CH4 + 2O2 → CO2 + 2H2O. 

For case C, the LHV at low ERs slightly decreased or remained almost 

constant up to the ER where complete carbon conversion (figure 4.1) was achieved. 

Higher LHVs were observed for case D at low ERs, because the CH4 composition 

increased, whilst H2 and CO formation decreased at the higher pressure of 5 bar, and 

CH4 has greater influence on the LHV. 
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Figure 4.2  Comparison of LHV for case studies 

These results are in agreement with a previous work on the gasification of 

olive kernel where fairly constant LHV values were obtained up to an ER of 0.21 

which were followed by steadily decreasing values with further increases to the ER 

[28]. However, they did not associate the critical value of ER with complete 

conversion of the carbon. Above the respective critical ER values, the LHV of the 

gas decreases along a common trend for all four cases. This trend represents the 

progressive oxidation of the fuel components of the gases, such as CH4 and H2. 

4.1.3 Cold gasification efficiency 

Figure 4.3 shows the cold gasification efficiency (CGE) for the four process 

layouts, based on the LHV versus ER. For the four cases, maximum CGEs were 

obtained. For the cases C and D, the maximum CGEs were achieved at a lower ER 

value of 0.29 compared to the case A and case B where maximum CGEs were 

achieved at ERs of 0.34 and 0.32, respectively. Figure 4.3 also illustrates that the ER 

identified with the maximum CGE coincided with complete carbon conversion. 
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Figure 4.3  Comparison of cold gasification efficiency for case studies (based 

on LHV) 

The maximum cold gasification efficiency of case A (74%) was increased by 

8% points when the energy recuperative system (case C) was included. These results 

agree with the trends previously found for wood gasification with both 20% and 40% 

wood moisture content [155]. When the air inlet temperature was increased from 

298 K to 873 K, the maximum cold gas efficiency showed an increase by nearly 6% 

points. In the present work, the air inlet temperature was raised from 293 K in case 

A, to 830 K in case C, and from 492 K in case B to 830 K in case D resulting in 8% 

and 6% points, respectively, increase in CGE. 

Cases C and D show a similar trend for the cold gasification efficiency with 

values very close, with only up to 1% point difference, especially at ERs lower than 

0.29. Figure 4.3 confirms that air preheating improves cold gasification efficiency 

and reduces the ER value necessary for maximum CGE. Even more advantageous is 

the fact that air was preheated by recovering heat from the gas turbine exhaust gases. 

Sugiyama et al. [156] used a pebble bed slagging-gasifier with a high 

temperature air generator in order to obtain a syngas with higher calorific value. 
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They analysed the effect of increasing the ER when air was preheated to 1000°C. 

They found that by increasing the ER the carbon conversion efficiency and the cold 

gasification efficiency were improved whilst the HHV of the product gases decreased 

which is in agreement with these results.  

4.1.4 Process efficiency 

Figure 4.4 shows the process efficiency for the four cases versus ER. It is 

seen that the efficiency increased with increasing ER up to a maximum which 

coincides with the ER for complete carbon conversion, maximum cold gasification 

efficiency and where the sudden increase in the LHV gradient occurs.  

The process efficiency of case A was improved by 5% points when the 

pressurised gasifier (case B) was included at the same ER. However, the maximum 

process efficiency was increased by 7% points but appeared at a lower ER, as shown 

in figure 4.4. 

 
Figure 4.4  Comparison of process efficiency for case studies 
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An ER of 0.32 is enough to achieve the maximum efficiency (32%) for case 

B. For cases C and D, the maximum efficiencies were achieved at an ER of 0.29, 

which is also lower than for the case A at an ER of 0.34.  

The difference seen between the efficiencies obtained for cases B and D 

shows the benefit of further heating the gasifying air from 492K to 830K, which 

raised the process efficiency by 3% points at the same ER and lowered the required 

ER value for complete conversion from 0.32 to 0.29. 

The ERs for the maximum efficiency values for the four cases correspond to 

the points for maximum cold gasification efficiencies, complete carbon conversions 

and the starting of LHVs decrease. After the maximum process efficiencies were 

reached, the efficiencies remain fairly constant when ER was increased for cases B, 

C and D. In contrast, for case A after reaching the ER for maximum efficiency, the 

efficiency started decreasing with increasing ER. This decrease in ER is attributed to 

the cooling of the product gases in case A and the energy wasted during the cooling 

prior to compression. 

Process efficiency analyses resulted in an alternative approach to evaluate the 

process configurations that complement cold gasification efficiency, carbon 

conversion and LHV analyses. Important variations in efficiency were observed as 

shown in figure 4.4. The figure illustrates that the process efficiencies between cases 

C and D differ by 4% points which show an unambiguous difference not observed 

when only cold gasification efficiency was analysed. Another benefit of these results 

is the identification of an optimal ER value, which can then be chosen as an 

operating parameter for future experimental work. 

The process efficiencies obtained for case D in the range of ER evaluated 

were between 26% and 33%. These results are surprisingly within the efficiencies 

reported for larger and more complex systems [52, 133, 139]. A conventional IGCC 

system, with a gasification temperature of 873 K, expander inlet temperature of 1547 

K, turbine pressure ratio of 15 and GT power output of 15.25 MW, gave a net 

efficiency of 32.6%, and with modification of 33.9%, on a coconut husk fuel with 

moisture content of 50% [133]. Higher net efficiencies have also been previously 

reported. One system included an ASU, gas turbine, HRSG, and steam turbine [139]. 

The efficiencies reported when nitrogen was injected to the combustor of the GT 

were from 38.2 to 40.8% with a net power output of 275–291 MW. The gasification 
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temperature was 1,589 K and the GT used a pressure ratio of 15.5 and an expander 

inlet temperature of 1,561 K. A second system showed an efficiency of 37.9% with a 

total power output of 17.9 MW [52]. The simulation parameters used were a pressure 

ratio of 15.5 and an air-blown gasifier operated at around 850°C. In this work, a 

small scale system was chosen (200 kW of net power output) with a pressure ratio of 

5. These process parameters allow the installation of a compact system with the 

potential of achieving an efficiency of 33% according to the results from case D. 

4.1.5 Air bleeding from compressor 

Integration of the gasifier with a gas turbine was achieved by recuperating 

energy from the GT exhaust gases to preheat air for gasification and combustion. In 

addition, air was extracted from the compressor discharge to avoid the use of a 

separate air compressor for the gasifying air for cases B and D. According to GE 

Energy, up to 5% of airflow can be extracted from the compressor discharge without 

the need of modifications, and an air extraction between 6% and 20% may be 

possible but requires some modifications to the casings, piping and controls [157]. 

Figure 4.5 shows the required amount of extracted air from the GT compressor for 

the two pressurised cases in solid lines. It can be seen that case B demands an air 

extraction between 4.8–7.3%. This case will require modifications in the compressor 

at ER values greater than 0.22, as suggested by manufacturer. 

In contrast for case D, figure 4.5 shows that less than 5% of air extraction is 

necessary when using low ER values of up to 0.3; at ERs higher than 0.3, up to 6.8% 

of air extraction is required. Since the preferred ER for maximum efficiency was of 

0.29 for case D, the extracted air mass flow was of 4.9% from the compressor 

airflow, which value is just below the constraints of gas turbines as recommended by 

a manufacturer (GE Energy). 

Figure 4.5 also shows the gasification temperatures for cases B and D in 

dashed lines. It can be seen that the change of air extraction gradient corresponds to a 

change in the gradient of the temperature of the gasifier product gases due to the 

increase of gasification temperature with increasing ER. 
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Figure 4.5  Air extraction from the compressor discharge and exit 

temperature of gasifier product gases for cases B and D 

4.1.6 Air emissions 

Any industrial and agricultural activity with the potential of polluting requires 

proper prevention and control of its emissions. As a result, the European Union has 

set out regulations in order to control industrial installations. The Council Directive 

96/61/EC of 24 September 1996, which is concerned with integrated pollution 

prevention and control, specifies the main rules to allow and control new or existing 

installations after complying with certain obligations and requirements. Sectoral 

directives establish specific emission limit values and are intended to certain 

industrial activities, e.g. large combustion plants and waste incineration. The Large 

Combustion Plants Directive (LCPD, 2001/80/EC) applies to large combustion 

plants with a thermal output greater than 50 MW and regulates the emission of major 

pollutants, such as sulphur dioxide (SO2), nitrogen oxides (NOx), and particulates or 

dust. The Waste Incineration Directive (WID, 2000/76/EC) establishes limit 

emission values for incineration and co-incineration of both hazardous and non-

hazardous wastes [11].  
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In this work, the WID applies to the gasification process being studied. In 

order to meet the emission limit values set out by the WID, installations should be 

designed, built and operated accordingly. Table 4.1 shows air emission limit values 

established by the WID for dust, organic carbon, HCl, HF, SO2 and NOx as daily 

averages.  

Table 4.1 Air emission limit values according to the Waste Incineration 
Directive (273 K, 101.3 kPa, 11% O2, dry) 

 Daily average 

Total dust 10 mg/m3 

Total organic carbon 10 mg/m3 

Hydrogen chloride (HCl) 10 mg/m3 

Hydrogen fluoride (HF) 1 mg/m3 

Sulphur dioxide (SO2) 50 mg/m3 

Nitrogen oxides (NOx) 400 mg/m3 

 

Figure 4.6 illustrates pollutant emissions from case D after being released 

from the De-NOx unit, which are regulated by the WID in table 4.1. HF is not 

included in the graph since fluorine is normally only present in poultry litter in an 

insignificant amount, and in this work the ultimate analysis does not include fluorine 

content. 

NOx emissions originate from the nitrogen contained in poultry litter. 

Nitrogen is firstly released as NH3 from poultry litter during gasification. Later, in 

the GT combustion chamber, NH3 is oxidised. However, NOx formation is predicted 

to be insignificant due to the low combined nitrogen content in the fuel gas and the 

use of the De-NOx unit which reduces the amount of NOx formed. Other reason for 

the low NOx emissions is the diluting effect of the air used for the complete oxidation 

of gases inside the GT combustion chamber. Excess air was also added in order to 

constraint the temperature of combustion to 1173 K, this in accordance with the 

temperature limitations in the expander inlet. Due to this excess air, the oxygen 

content in the exhaust gases is around 16%, which value is higher than the WID 

specifications of 11% of oxygen content in table 4.1. As a result, NOx emissions are 
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lower than 0.5 mg/m3 which are under the emission limit value of table 4.1; 

therefore, its corresponding curve is unnoticeable in figure 4.6. 

 

Figure 4.6 Effect of ER on pollutant emissions for Case D 

Figure 4.6 shows a substantial decrease in SO2 emissions at high ER values. 

At ER values greater than 0.33, gasification temperatures are greater than 970 K and 

calcium present in ash begins the retention of sulphur in the form of CaS, leading to 

the elimination of sulphur-containing gases, as seen in figure 4.7. This result agrees 

with a previous work from experiments of co-combustion of coal and poultry litter at 

a temperature of 1073 K that reported that poultry litter with high calcium and 

magnesium contents is capable of retaining sulphur in the ashes [158]. Therefore, the 

reduction of sulphur-containing gases during gasification decreases the formation of 

SO2 inside the GT combustion chamber.  

Figure 4.7 shows that at the ER value of 0.40 the calcination reaction occurs 

(CaCO3 → CaO + CO2), wherein the gasification temperature is 1105 K. The 

calcination reaction is endothermic and favoured by higher gasification temperatures. 

It is known that above 800°C, the calcination reaction is kinetically favoured but at 
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temperatures above 900°C sintering may deteriorate the reactivity, porosity and 

surface area of the particles [159]. The reverse of the calcination reaction is 

carbonation, and is therefore exothermic. 

 

Figure 4.7 Potassium and calcium content in ashes in gasifier versus ER  

Figure 4.8a shows that sulphur is initially released as H2S and COS during 

gasification. These two sulphur-gases are converted to SO2 during combustion inside 

the GT, as illustrated in figure 4.8b. At an ER value of 0.34, 73% of the sulphur 

present in poultry litter is converted to SO2 inside the GT combustion chamber, 

whilst at an ER of 0.40 only 7% of fuel-sulphur in the form of SO2 exits the De-NOx 

unit. The rest of the sulphur remains in the ashes as CaS. Thus, only at ER values 

greater than 0.39, SO2 emissions are lower than 50 mg/m3, as expected by the WID 

limits of table 4.1. 

This work also showed that a molar ratio of calcium to sulphur of 3.3 in 

poultry litter retained up to 51.5% of the sulphur with a gasification temperature of 

1027 K and an ER value of 0.40. The equilibrium calculations showed that when 

increasing the Ca/S molar ratio to 6.4, poultry litter ashes retain up to 79% at 1105 K 

and an ER of 0.40. Previous experiments on the combustion of coals of different 

sulphur contents showed that a much lower Ca/S mole ratio of 2.0 retained around 

70% of sulphur in the ash using a combustion temperature of 1123 K [160]. 

0

100

200

300

400

500

600

700

800

900

1000

1100

0.28 0.29 0.30 0.32 0.34 0.35 0.36 0.37 0.38 0.40

ER

S
o

li
d

s
 (

m
g

/m
3
 o

f 
p

ro
d

u
c
t 

g
a
s
)

CaO

CaS

Ca3SiO5

CaCO3

K2Si2O5

KCl

K2CO3



113 
 

   
Figure 4.8 Fuel-sulphur conversion versus ER inside: a) gasifier and b) GT 

combustion chamber 

Figures 4.7 and 4.9 show the fate of potassium during gasification. At ER 

values lower than 0.29, potassium remains in the solids as carbonate, chloride and 

disilicate (K2Si2O5) fairly constantly. Figure 4.9 shows that at ER values greater than 

0.29 the partition of potassium starts changing. The disilicate starts disappearing and 

KCl begins to evaporate at temperatures higher than 947 K. This agrees with a 

previous work on the simulation of KCl emissions from switchgrass combustion 

[162]. The Discrete Particle Method (DPM) was used to model the packed bed of 

solid fuel as composed of discrete particles with individual shapes and sizes. The fuel 

particles underwent various processes such as heating-up, drying, devolatilization, 

pyrolysis, gasification and combustion. They reported that the initial emission of 

potassium was caused by evaporation of KCl at 973–1103 K, and that the potassium 

that remained in the solids consisted of KCl, K2CO3, potassium silicate or bound to 

the organic matrix. 

Figure 4.6 shows that HCl emissions are insignificant at low ER values since 

most chlorine remains in the ashes. Initially chlorine is mainly retained as solid KCl 

during gasification, as shown in figure 4.9. This agrees with Kuramochi et al.’s [161] 

work that showed that five of the six biomasses studied could retain chlorine as solid 

KCl at low temperatures up to 823–873 K. Solid KCl was not produced in any 

temperature range only for sewage sludge. They suggested that key elements for the 

formation of solid KCl are aluminum and silicon, which were employed in a phase 
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diagram composed of the Al–Si–K–O–Cl system at a fixed concentration of oxygen 

and chlorine using FactSage software. They found that if the potassium content was 

lower than the content of either Al or Si in the feedstock, such as in sewage sludge, 

the HCl emissions were relatively higher in all temperature ranges due to the lack of 

solid KCl formation. Although KCl easily forms during gasification in the presence 

of potassium, they identified that there was a specific composition of key elements 

that made the formation of KCl thermodynamically unstable.  

 

 

Figure 4.9  Fuel-potassium conversion inside gasifier versus ER 

At ER values greater than 0.29, gasification temperatures are higher than 947 

K and the chlorine present in ash starts to vaporise as KCl, NaCl and HCl, as shown 

in figure 4.10a. Fuel-chlorine is converted up to 9.2% to KCl gas and less than 0.6% 

to NaCl and HCl gases. Figure 4.10b shows that HCl is the main gas generated in the 

GT combustion chamber. Therefore, low production of chlorine-containing gases 

during gasification requires the selection of an ER that does not exceeds an ER value 

of 0.36, which ensures an HCl emission below the WID limit of 10 mg/m3 (shown in 

figure 4.6). 
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Figure 4.10  Fuel-chlorine conversion versus ER inside: a) gasifier and b) GT 

combustion chamber 

In conclusion, the selection of the proper ER to minimise the emission of 

pollutants, will be a compromise. Low ER values have the benefit of generating low 

HCl emissions but with the disadvantage of releasing very high SO2 emissions. The 

preferred ER value of 0.29, which can potentially provide the best process efficiency 

of 33% with a gasification temperature of 940 K, will conveniently emit less than 1 

mg/m3 of HCl, however, the emission of SO2 will be as high as 368 mg/m3. Even the 

selection of a higher ER value, e.g. an ER of 0.36, will emit less than 10 mg/m3 of 

HCl but still 172 mg/m3 of SO2 at a gasification temperature of 1020 K. 

H2S removal processes include solid sorption and adsorption. Solid sorption 

is suitable for low H2S concentrations. Common adsorbents employed are the oxide 

of Fe, Mn, Zn, Cu and Ca. One example is char-supported Fe–Mo sorbents which 

showed to be effective reducing sulphur containing impurities from coal gases at 

temperatures below 773 K. The activated char contributed to the high reactivity of 

the sorbents due to the active pore structure and uniform dispersion of the metal 

oxides. Sulphur uptake by the sorbents showed to increase by increasing the iron 

loading level of the char. The addition of Mo into the char-supported Fe sorbents 

significantly increased the desulfurization efficiency [50]. However, most sorbents 

cannot be regenerated and must be disposed after being used. Solid sorption 

processes that use sorbents such as zinc-titanate and zinc ferrite which can be 
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regenerated are still under development [163]. Adsorption with molecular sieves is a 

feasible option when the gas contains heavier S compounds (such as mercaptane and 

COS) that must also be removed. Also water and CO2 are removed in large quantity. 

4.2 Calorific value of poultry litter 

The influence of fuel composition on the LHV of product gases and on 

process efficiency was examined by varying the LHV of poultry litter. Since the 

LHV of biomass depends on its elemental composition, mainly the composition of 

carbon, hydrogen, and oxygen was varied. This variation was carried out over a 

range of fuel compositions: C/O ratio of 0.8 to 1.4 wt% and C/H ratio from 6 to 

15wt%. In order to get comparable results, the ER, moisture content, and ash content 

were kept constant, as 0.26, 25 wt% and 21.63 wt% (dry), respectively.  

Figures 4.11 shows that increasing the LHV of poultry litter increases the 

LHV of product gases.  

 

Figure 4.11  LHV of product gases versus LHV of poultry litter with an ER 
of 0.26 and moisture content of 25% 

Figure 4.12 shows a linear relationship between the LHV of poultry litter and 

the process efficiency, in the range of LHV analysed. The LHV of poultry litter that 
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has been used in this work is of 11.4 MJ/kg, which delivers a LHV of product gases 

of 4.8 MJ/Nm3 and process efficiency of 32% using an ER value of 0.26. 

 

 

Figure 4.12  Process efficiency versus LHV of poultry litter with an ER of 
0.26 and moisture content of 25% 

4.2.1 Moisture content 

The selection of the operating conditions greatly depends on the quality of the 

feedstock used. The moisture content in poultry litter can vary depending on the 

season and the storage practices followed within the farms. The effects of moisture 

content together with ER changes were evaluated. Figure 4.13 shows a graph of cold 

gasification efficiency versus a range of moisture content values, each curve 

represents a different ER value employed for gasification.  

Figure 4.13 and 4.14 show that the cold gasification efficiency and process 

efficiency decrease with increases in moisture content. For ER values greater than 

0.30, the efficiencies decrease steadily with increasing moisture content. For lower 
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This range of moisture content corresponds to gasification temperatures lower than 

850 K, which allows the reheating of product gases with the hot GT exhaust gases. 

For this reason, it is seen that at high moisture contents, the efficiencies are higher 

for lower ER values. 

 

 

Figure 4.13  Cold gasification efficiency versus moisture content at various 
ER values 

Figure 4.15 shows in bars the composition of inorganics in the gas phase 

using different values of moisture content of poultry litter, and the line represents the 

gasification temperature. With increases of moisture content HCl, KCl, NaCl and 

KOH were minimised in the gas phase because the gasification temperature is 

reduced with higher moisture content.  
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Figure 4.14  Process efficiency versus moisture content at various ERs 

 
Figure 4.15  Composition of inorganics in the gas phase and temperature of 

gases varying moisture content with ER of 0.28 
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Figure 4.16 shows the composition of inorganics leaving the gasifier along 

with the gas stream as dust. At high temperatures (> 950 K), sulphur was captured in 

the solid phase as CaS which reduced the amount of H2S in the gas phase from 3.0 to 

0.8 g/m3 of product gas. At temperatures higher than 950 K, Ca3SiO5 also appeared 

in the solid phase and more potassium was captured as K2Si2O5. The concentrations 

shown in figure 4.16 represent 1% of the solids constituents of the ashes. 

The inclusion of ash constituents in the simulation showed that a wetter fuel 

helps to maintain the vaporisation of chlorine and sodium to lower levels. The total 

amount of solids was kept fairly constant despite char being completely gasified at 

moisture contents greater than 25%. 

 
Figure 4.16  Composition of inorganics in gas stream varying moisture 

content with an ER of 0.28 

Table 4.2 shows the inorganic concentrations in the product gases after 

gasification. The first two columns show the inorganics and their maximum 
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shows that Na is under tolerable values at the ER and MC values analysed. For K and 

HCl, maximum ER and/or MC values should not be exceeded to maintain inorganic 

gases below fuel requirements. Sulphur exceeds limits at all ranges, only SO2 is 

found at insignificant amounts, whilst COS and H2S exceed limits and are oxidised 

in the GT combustor. 

Although equilibrium calculations provide a good evaluation of the 

tendencies due to the variation of ER and moisture content, these calculations have 

been previously proved to predict higher potassium, sodium and chlorine 

concentrations than the experimental concentration results [164]. 

Table 4.2  Comparison of fuel requirements for gas turbines and inorganic 
concentrations after gasification 

Component Allowable 
concentration [52] 

Concentrations and parameters to maintain 
specifications after gasification (this work) 

  Moisture content : 

25% 

ER = 0.28 

HCl < 0.5 ppm < 0.5 ppm  

(at ER  ≤  0.35) 

< 0.5 ppm  

(with any moisture 

content) 

Na < 1-2 ppm < 1.5 ppm  

(at ER ≤ 0.36) 

< 1.2 ppm  

(with any moisture 

content) 

K < 1-2 ppm < 1.5 ppm  

(at ER ≤ 0.22) 

< 2.5 ppm  

(with MC > 30%) 

S (SO2 + 

H2S + etc) 

1 ppm SO2  <<  0.01 ppm 

COS  >  17 ppm 

H2S  >  320 ppm 

SO2  <<  0.01 ppm 

COS  >  17 ppm 

 H2S  >  320 ppm 

Other 

metals 

< 1-2 ppm - - 

4.3  Pressure ratio of gas turbine 

The effects of pressure on gas yields [147] and gasifier temperature, lower 

heating value (LHV) of gas, and exergy efficiency [165] were previously studied for 
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biomass gasification. In addition, an optimum pressure of approximately 13 bar was 

found based simply on the maximum cold gasification efficiency achievable; it was 

assumed that 25% of the amount of air for stoichiometric combustion was employed 

and air inlet was at ambient temperature during the simulation of wood gasification 

[140]. However, these studies were only concerned with gasification and did not take 

into account the effects of pressure when a turbine engine is integrated into the 

gasification process. Therefore, the effects of varying the pressure ratio of the gas 

turbine on carbon conversion, product gas temperature, product gas composition, 

higher heating value of gases and process efficiency were evaluated.  

Two conditions were assumed in the energy integration system (EIS), as 

proposed in [166] for case D. The first one that the temperature of air was 

constrained to 724 K in order to evaluate the effects of pressure at the same 

temperature, and the second one that the temperature approach of the EIS was 20 K, 

for all the pressure ratios evaluated. The latter case represents the use of ‘Stage 4’ as 

the EIS. 

Figure 4.17 shows the gasification temperature versus pressure when air was 

preheated to 724 K. It is seen that the temperature increases as expected with 

increasing pressure. This agrees with the trend previously shown using gasifier 

pressures of 10-20 bar for manure gasification [165]. The temperature at 10 bar in 

this work is 952 K and in the Srinivas et al.’ work of 1140 K; however, the 

conditions used were different. In this work an ER value of 0.29 and moisture 

content of 25% are employed, whilst the other work used an ER of 0.1, steam fuel 

ratio (SFR) of 1 (steam and air injected at the same temperature and pressure) and the 

moisture content of manure was neglected. The difference in temperatures is due to 

the assumption in the present work that energy from the gasification reactions is used 

to drive the flash pyrolysis. If it were assumed an ER of 0.1, SFR of 1, temperature 

of air and steam of 614 K and dry litter, the gasification temperature would be 1076 

K at 10 bar when eliminating the heat stream Q-DECOMP of figure 3.1.  

In the energy integration system when the temperature approach is set as 

20 K, the gasification temperature also increases with pressure, especially at lower 

pressure ratios as shown in figure 4.17. Gasification temperatures with temperature 

approach of 20 K are higher than in the constrained case at low pressure ratios due to 

the higher temperatures of preheated air (as illustrated in figure 4.18). 
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Figure 4.17  Gasification temperature versus pressure when temperature of 
air is at 724 K, and when temperature approach of energy 
integration system is 20 K 

 
Figure 4.18 depicts the exhaust temperatures of the turbine and compressor 

versus pressure ratio. It can be seen that the turbine exhaust temperature decreases 

with pressure ratio whilst the compressor exhaust temperature increases as expected. 

More energy is available for integration at lower pressure ratios due to higher turbine 

exhaust temperatures which can preheat the cooler compressed air. 
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Figure 4.18 Expander exhaust temperature (EET), compressor exhaust 
temperature (CET) and temperature of preheated air (Tair) vs. 
pressure ratio with a temperature approach of 20 K in the EIS 

Figure 4.19 shows the product gas composition versus gasifier pressure when 

the temperature of air is at 724 K. This figure shows that methane and water vapour 

increase with higher pressure, whilst hydrogen decreases. No significant difference is 

observed for CO and CO2 concentration with changes in pressure. 

For wood gasification, it was earlier found from simulation work that 

pressure increases favoured CH4 formation and simultaneously reduced CO and H2 

formation up to a pressure of 12-13 bar [140]. In contrast, other work reported that 

no significant influence of pressure was revealed on gas composition during the 

gasification of four types of biomasses [165]. However, in Srinivas et al. [165] work, 

the temperature of air was not kept constant with pressure changes since the increase 

in pressure ratio increases the compressed air temperature, which could have 

neutralised the effects of pressure. 
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Figure 4.19 Composition of gases versus pressure when temperature of air is 
at 724 K 

Figure 4.20 shows the effects of gasifier pressure on HHV of gases. Since the 

content of methane, hydrogen and carbon monoxide impact on the HHV, its value is 

expected to change with pressure. However, the graph shows only a slight increase in 

the HHV when preheated air is constrained to 724 K. The increase in methane 

concentration (figure 4.19) and gasifier temperature (figure 4.17) compensate the 

decrease in CO and H2 concentrations. When the temperature approach is fixed as 

20 K in the EIS, the HHV slightly increases up to a pressure ratio of around 4.5. 

Afterwards, the HHV decreases steadily because the decline in CO and H2 

concentrations together with the drop in the temperature of the gasifying air 

overcome the increase in methane concentration. 
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Figure 4.20  HHV of gases versus pressure when temperature of air is at 724 
K and with a temperature approach of 20 K 

Figure 4.21 illustrates the effects of pressure on carbon conversion. Because 

the gasifier temperature increases with pressure, carbon conversion slightly improves 

with increasing pressure when the temperature of preheated gasifying air is kept 

constant (724 K). When the temperature approach is established as 20 K in the EIS, 

carbon conversion is complete up to a pressure ratio of 4.17, whilst carbon 

conversion decreases steadily at higher pressure ratios. This decline in carbon 

conversion is attributable to the significant reduction of gasifying air temperature, 

from 998 K at a pressure ratio of 2 to 724 K at pressure ratio of 10, as shown in 

figure 4.17. 
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Figure 4.21  Carbon conversion versus pressure when temperature of air is at 
724 K and with a temperature approach of 20 K  

Figure 4.22 shows that increasing the pressure ratio improved the process 

efficiency up to a maximum, at a pressure ratio of 7, when the preheated air 

temperature is constrained to 724 K. At low pressure ratios not all the energy from 

the GT exhaust gases is recuperated. However, when the heat integration was 

improved using a temperature approach of 20 K in the energy integration system, 

lower pressure ratios provided higher efficiencies because for this case all the heat 

from the GT exhaust gases is integrated into the gasification and GT combustion 

processes. 

These results confirm that higher pressure ratios are recommended for the 

simple Brayton cycle, but for the Brayton cycle with heat-exchange, lower pressure 

ratios achieve higher efficiencies. 

Nonetheless, at pressure ratios lower than 3.5, the heat exchanger becomes 

the critical element because it would require the use of high temperature heat 

exchangers, which are considered when operating at temperatures above 923 K 

[167]. As a result, intermediate pressure ratios (4–6) seem more convenient because 

they do not require expensive heat exchangers that have to stand high temperatures 

and provide low temperature approaches. 
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Figure 4.22  Process efficiency versus pressure ratio when temperature of air 
is at 724 K, and when temperature approach of EIS is 20 K with 
EIT of 1173 K 

4.4  Turbine inlet temperature 

In previous sections, the expander inlet temperature was constrained to 1173 

K. This section, however, evaluates the effects of increasing the maximum expander 

inlet temperature (EIT), with the objective of improving the process efficiency. 

Figure 4.23 illustrates the process efficiency when the EIT was raised to two 

additional temperatures, 1273 K and 1373 K, at various pressure ratios in the GT.  

The two conditions assumed in section 4.3 were used for the energy 

integration system (EIS) for all the pressure ratios evaluated. The first condition was 

that the temperature of air was constrained with the purpose of evaluating the effects 

of pressure when the temperature of air is the same in all the cases. The second 

condition consisted of using the same temperature approach of 20 K in the EIS. The 

temperature of air, for the case of the constrained temperature, was selected 

according to the expander exhaust temperature at a pressure ratio of 10 on account of 

being the lowest exhaust temperature, as illustrated in figure 4.24. 

Figure 4.23 shows that process efficiency was improved by increasing the 

expander inlet temperature, as a result of the rise in the expander exhaust temperature 
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(shown in figure 4.24). The higher expander exhaust temperatures allow preheating 

air and product gases to reach higher temperatures and more energy can be integrated 

into the system. Therefore, at lower pressure ratios more energy is recuperated by 

preheating the product gases and air before entering the GT combustion chamber 

when the temperature approach in the EIS was of 20 K. The increment in efficiency 

was more pronounced at higher pressure ratios, especially when the temperature of 

air was constrained. The parameters constrained, such as expander inlet temperature, 

might entirely depend on the operating specifications of commercial gas turbines. 

 

 

Figure 4.23  Process efficiency versus pressure ratio when temperature of air 
is constraint and when temperature approach of EIS is 20 K at 
various expander inlet temperatures (EIT) 

One commercially available gas turbine is the Turbec T100 model which is a 

microturbine with combined heat and power unit [168]. The microturbine is designed 

to be fuelled with natural gas and can deliver 105 kW of net power output. The 

Turbec T100 operates with a pressure ratio of 4.5 in the GT compression and 
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expansion sections. The maximum expander inlet temperature is of 1223 K and the 

temperature of the exhaust gases is approximately 923 K; therefore, these parameters 

imply an isentropic efficiency of 80%. 

The 501-KB5 gas turbine from Rolls-Royce was designed to deliver 3,938 

kW of net power output. This machine utilizes a pressure ratio of 9.4 for the 

compressor and expander. The maximum allowable operating expander inlet 

temperature is of 1,308 K and the temperature of the exhaust gases is approximately 

833 K, which implies a required isentropic efficiency of 87%.  

As a result, the isentropic efficiency assumed in this work of 85% is between 

the Turbec T100 of lower power capacity and the Rolls-Royce 501-KB5 of much 

higher power output. 

 

 
Figure 4.24  Expander exhaust temperature versus pressure for various 

expander inlet temperatures (EIT) 
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efficiency improved linearly from 30% to 34% when changing the temperature 

approach from 50 K to 5 K, respectively, using an ER value of 0.29, as shown in 

figure 4.25.  

In previous sections, a temperature approach of 20 K was employed. The use 

of a lower temperature approach, such as 5 K, provides a process efficiency 

increment of 1.5% points; however, the selection of this value will depend on current 

commercial equipments and also might require a greater surface area. 

 
Figure 4.25  Process efficiency versus temperature approach 

Meggitt (UK) Limited trading as Heatric produces plate type exchangers 

PCHE, which are stacked and diffusion-bonded together to form strong, compact, 

all-metal heat exchange cores. These heat exchangers can stand high temperatures of 

up to 900°C, incorporate more than two process streams into a single unit, and be up 

to 85% smaller and lighter than the equivalent shell and tube exchanger. The counter 

current design enables temperature approaches of 3-5°C [169]. Bronswerk heat 

transfer BV (The Netherlands) designs and manufactures shell and tube heat 

exchangers in all kinds of special materials according to international standards. The 

company claims that these heat exchangers can stand high pressure, corrosive 

environment and temperatures up to 800°C with temperature approaches of up to 
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10°C [5]. These two examples of commercial exchangers show the possibility to 

operate with very small temperature approaches in high temperature heat exchangers. 

4.6  Pressure drops in system 

In order to analyse the effects of pressure drops, pressure drops were assumed 

in the gasifier. Figure 4.26 shows that process efficiency decreases linearly with 

increases in pressure drop. The gasifier pressure was maintained as 5 bar and the 

compression ratio was increased depending on the pressure drop assumed; therefore, 

the higher compression ratio requires more power to drive the gas turbine 

compressor, which ultimately reduces the overall process efficiency. With a pressure 

drop of 0.3 bar, the process efficiency decreases by only 1.5% points. 

 
Figure 4.26 Process efficiency versus pressure drop in gasifier 

It has been reported that a maximum process efficiency of 33% can be 

delivered at an ER value of 0.29. However, this value could decrease if the 

temperature approach of heat exchangers is lower than 20K or if pressure drop is 

experienced during gasification. 
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4.7 Summary of findings 

This work shows a solution for a small scale process that operates with a 

comparable efficiency to large scale options. This is due to the effective energy 

recuperation into the gasification process and gasifying air. The addition of the 

energy integration system is shown to be much more significant than the effect of 

pressure. 

Four case studies were evaluated, ‘atmospheric’ versus ‘pressurised’ layouts 

with the addition of energy recuperation as chosen in chapter 3. This chapter shows 

that efficiencies of up to 24% and 33% are achievable with the, ‘atmospheric layout’ 

(base case) and ‘pressurised layout’ (case D), respectively, where 200 kW of net 

power are generated.  

When only cold gasification efficiency was analysed, no significant 

difference among the two case studies was observed. Therefore, this parameter can 

mislead the comparison because it only provides the best ER for each layout without 

a considerable difference in the CGE. Nevertheless, CGE together with LHV and 

carbon conversion allow identification of the optimum ER for each case. Process 

efficiency analyses highlighted the best layout to achieve maximum integration. 

Two cases in the energy integration system were evaluated to analyse the 

effects of pressure ratio on the gasifier and gas turbine performances, as well as on 

the overall process efficiency. Process efficiency analyses showed the best pressure 

ratio to achieve maximum integration. Pressure ratios from 4 to 6 were recommended 

as they delivered process efficiencies of 34.4–31%, respectively. Additionally, 

increasing the turbine inlet temperature improved the process efficiency. 

On the other hand, the selection of the proper ER will be a compromise to 

achieve minimum emission of pollutants. Low ER values have the benefit of 

generating low HCl emissions and good process efficiency but with the disadvantage 

of releasing very high SO2 emissions. High ER values did not show to reduce the 

SO2 emissions enough to comply with the guidelines. Therefore, H2S removal seems 

to be necessary for the reduction of SO2 emissions. 

Inorganic studies showed that calcium and silicon were found in the solid 

phase. Chlorine was retained in the solids as KCl. However, at high temperatures 

(with high ERs or low MCs) NaCl, KCl, HCl and KOH are found in the gas phase. 

These gases are of great concern in gas turbines because they can increase rates of 
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hot corrosion on turbine surfaces. At high temperatures (> 950K), H2S concentration 

is lower since sulphur remains in the solid phase as CaS. These studies suggest 

operating at low temperature, selecting low ER values and wet fuels. To minimise 

the vaporisation of inorganic species, and in particular of potassium, an ER of 0.26 or 

lower or for greater ERs increasing moisture content is more convenient. For K and 

HCl, maximum ER and/or MC values should not be exceeded to maintain inorganic 

gases below fuel requirements. However, H2S and COS exceed the limits, only SO2 

was found at insignificant amounts. 
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Chapter 5 

Modelling of fluidised bed 

gasification: kinetic model 

The success of biomass gasification requires a reliable system that 

delivers a quality product. Therefore, tar elimination from the product 

gas is the ultimate goal to make gasification an attractive option. The 

presence of tar can cause operational problems because of the 

possible formation of aerosols, soot formation due to 

repolymerization, and interaction of tar with other contaminants on 

fine particles. In addition, heavy tars may condense on cooler surfaces 

downstream which can lead to blockage of particle filters and of fuel 

lines. This chapter describes the fundamentals of the proposed 

mechanism for tar formation and evolution, as well as of the model for 

the simulation of a fluidised bed gasifier. 

5.1 Background on tar formation and evolution 

During thermal conversion processes, one by-product formed is tar. The 

initial pyrolysis tars are often called primary tars, which are further transformed into 

secondary and tertiary tars at higher temperatures. Primary tars have been identified 

as consisting of mainly oxygenated compounds produced at 400–700°C. Secondary 

tars are produced at around 700–850°C and comprise of phenolics and olefins; whilst 

tertiary tars are formed at temperatures around 850–1000°C and consist of complex 

aromatic compounds [170]. As part of the tertiary tars, aromatics such as polycyclic 

aromatic hydrocarbons (PAH) are found. These by-products affect the end-use of the 

gasification product, causing problems such as pipeline plugging and damage to gas 

engines. Therefore, some mechanisms are proposed in the literature with the aim to 

understand the generation of PAH leading to soot formation, as described below: 
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i. Direct combination of aromatic rings, for example the combination of two 

rings to produce biphenyl. 

ii. H2-abstraction-C2H2-addition (HACA) sequence. Aromatic rings grow by H-

abstraction forming a radical compound, followed by acetylene addition 

which propagates molecular growth by cyclisation. 

iii. Phenol precursor for PAH formation. Phenol is transformed to 

cyclopentadiene and CO is abstracted from the phenol [171]. After that, 

cyclopendienyl radicals combine to form bigger compounds, e.g. aromatic 

compounds from naphthalene to chrysene [172]. 

Figure 5.1 shows a mechanism found in the literature for soot formation 

according to Fitzpatrick et al. [173]. This mechanism was proposed for the co-firing 

of coal and pine wood based on the species identified from their experimental 

findings and known mechanisms for PAH growth. The model consisted of three 

routes for soot formation: i) starting with coal and/or wood pyrolysis and oxidation 

products, wherein aliphatic species formed acetylene involved in the HACA 

mechanism to be transformed into PAH species of one to four aromatic rings; ii) 

through the so-called soot nucleation, in which soot precursors nucleate by 

association of the four-aromatic ring species and grow, it included the oxidation of 

soot particles; and iii) reactions of tar species, including side-chain cracking and 

decomposition and reaction via cyclopendienyl radicals. Since wood has a less 

aromatic nature than coal, HACA was suggested as having a more important role for 

biomass soot formation.  
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Figure 5.1  Proposed routes for the co-combustion of coal and wood. 
HACA: H-abstraction-C2H2-addition. CFD: cyclopentadiene 
[173] 

5.1.1 Tar precursors 

Biomass composition includes lignin, cellulose and hemicellulose. Lignin 

fraction normally consists of 20–40 wt% dry of biomass. Lignin is a complex 

racemic polymer and is composed of p-hydroxyphenyl, guaiacyl and syringil units 

[174]; an example of a typical lignin structure is shown in figure 5.2. Since only the 

lignin fraction of the biomass is aromatic in nature, lignin represents a potential 

precursor for PAH formation. In the case of poultry litter, around 6.3% of the total 

carbon has an aromatic origin [77].  

Lignin pyrolysis is known to produce non-condensable gases, char, and 

condensable tars comprising several low and high molecular weight phenolic 

compounds, at low to moderate temperatures (<700°C) [174]. Oxygenated 

compounds are the most dominant products during the pyrolysis of biomass from 

both cellulose and lignin; mainly guaiacols with some furans and sugar derivatives 

such as levoglucosan which predominantly arises from cellulose even above 600°C 

[173]. 

Experimental studies have shown that cellulose pyrolysis produces 

levoglucosan as an intermediate product, which then converts to tar compounds 

[175]. Besides levoglucosan, other primary tar components are produced after 
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cellulose pyrolysis such as, furfural, glycolaldehyde, hydroxyacetone, formic acid 

and acetic acid. Increasing yields of CO, CH4 and H2 were linked to decreasing 

yields of levoglucosan, glycolaldehyde, formic acid and furfural [176]. 

 

 

Figure 5.2 Typical structure of a softwood lignin [177] 

Figure 5.3 shows three hydroxycinnamyl alcohols considered precursors of 

lignin, which only differ in their degree of methoxylation. The three species, p-

coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, are also called monolignols. 

These monolignols produce dilignols as the main building blocks of the lignin 

polymer, p-hydroxyphenyl, guaiacyl, and syringyl phenylpropanoid, respectively 

[174]. 
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Figure 5.3 Hydroxycinnamyl alcohols precursors of lignin 

The lignin monomeric unit is often referred as nine carbon atoms and 

expressed using a C9 based formula, e.g. C9H7.2O2(H2O)0.4(OCH3)0.92 for Norway 

spruce. For spruce lignin a ratio of guaiacyl : p-hydroxyphenyl : syringyl units was 

estimated as 94:5:1 [177].  

Due to the complexity of lignin, model components have been used as 

reference in experimental works for the characterisation of the different lignin 

structures and identification of possible devolatilisation reactions. Some examples of 

model units are shown in figure 5.4. LIG-C represents a softwood lignin without 

methoxyl groups and with the largest amount of carbon [174]. LIG-O and LIG-H 

represent structures of hardwood lignin and are richest in O and H, respectively, 

containing methoxyl groups. 

 

Figure 5.4 Model units in lignin structure [174] 

Eugenol (4-Allyl-2-methoxyphenol, C10H12O2) is other model compound that 

was used in order to represent the structural units of lignin. The major aromatic 

produced during pyrolysis was naphthalene with methylnaphthalenes and other 2- 

and 3-ring PAHs [173]; during combustion mainly monoaromatics, such as benzene, 

toluene and C2-benzenes, were generated [178]. 
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As another representative of lignin, catechol (o-dihydroxybenzene) has been 

used because it is a predominant unit in lignin and coal, as well as present in biomass 

tars [179]. Catechol was pyrolised in the presence of various amounts of oxygen. 

Two-ring compounds, mainly indene and naphthalene were detected under pyrolysis 

or oxygen-rich conditions below 800°C; whilst in the absence of oxygen, larger 

PAHs were produced and decreased with increasing oxygen content above 800°C 

[178]. Also, experiments using a residence time of 0.4 s in a reactor operated at 500-

1000°C showed that benzene was the most abundant aromatic produced during 

catechol pyrolysis (maximum yield 6.7% w/w at 900°C), followed by naphthalene 

and indene [179]. 

Since the lignin fraction in biomass is relatively small, the HACA route to 

PAH formation was proposed as the more likely mechanism for soot formation 

[173]. Indeed, acetylene and butadiene were detected in significant concentrations 

during the combustion of pine wood [178]. The decomposition of methoxyl groups 

and aliphatic chains are the main sources of light hydrocarbon gases. Acetylene 

reached a maximum production between 900 and 1000°C and complete destruction 

at 1200 and 1400°C for gasification and pyrolysis, respectively [180]. It was 

suggested that acetylene may derive from the decompositions of C2H4 and certain 

aromatic tar components. The yield of non-equilibrium intermediates (e.g. acetylene 

and ethylene) during pyrolysis was increased by high temperatures and short gas 

residence times [181]. 

During experiments using catechol as a model compound of lignin, C2H2 was 

found as an abundant product during pyrolysis and was proposed to add to benzene 

or phenyl radicals to produce styrene and phenylacetylene, or add to naphthalene, 

phenanthrene and pyrene to form cyclopenta-fused PAHs [179]. 

5.1.2 Models of tar destruction 

Most reports are mainly concerned with the identification and quantification 

of PAH from pyrolysis or combustion [170]. In the case of kinetic studies, focus has 

been given to the determination of either kinetic parameters for the overall weight 

loss of the fuel or kinetic parameters for the evolution of light gases (such as CO, 

CH4 and H2). As a result, there are still insufficient kinetic data and theoretical 
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comprehension of the reaction process of gasification. On the other hand, tar is a 

complex unit with a large number of constituents.  

Tar conversion processes have been simulated using numerical methods to 

understand the cracking of tar as a secondary method inside a second reactor. A 

kinetic model was used for the thermal degradation of tar in a secondary gasification 

unit called Turboplasma®, where the plasma gas is air heated to temperatures up to 

5000 K close to the torch. Tar was represented by naphthalene and toluene, and a 

reaction pathway and its associated kinetics were given. This pathway was based on 

the thermal cracking of tar into soot and hydrogen and on the reforming of 

naphthalene and toluene into benzene and methane by water [182]. Other model used 

benzene, phenol, toluene and naphthalene as tar model compounds to simulate the tar 

destruction under partial oxidation conditions. Hydrocarbons were converted to CO 

and H2O by oxidation. Steam reforming reactions were proposed for toluene and 

phenol. Naphthalene was also formed from phenol pyrolysis and naphthalene 

reactions produced soot, benzene, CH4 and H2 [183]. 

A detailed kinetic mechanism was developed to predict lignin devolatilisation 

from TGA pyrolysis experiments. This model used three reference lignin units 

(shown in figure 5.4) to represent the initial lignin structure, 100 molecular and 

radical species were involved in the mechanism, and the mass balances included the 

net rate of formation. Heat and mass transport resistances were ignored. 

Experimental TGA data from a variety of lignins pyrolysed found in the literature 

were compared to the model predictions [174]. The model results agreed with the 

experimental thermal degradation of lignins, only the total mass loss at low pyrolysis 

temperatures was underestimated at isothermal devolatilisation. However, the 

supplementary file with the list of species and kinetics shows only half of the species 

with their reactions and kinetic parameters.  

A method to simulate high temperature steam gasification of woody biomass 

has been reported [184]. The system consisted of an updraft fixed bed gasifier. Heat-

up and pyrolysis calculations were based on thermal equilibrium, whilst gas-phase 

reactions were calculated in a one-dimensional plug flow reactor based on kinetics. 

The pyrolysis reaction was described as: 

������� → ��	ℎ�� + �
��� + ���
 + ��	� + ��	�
 + ��	�� + ��	
�� 
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The pyrolysis product yields were taken from experimental pyrolysis work up 

to the temperature of 1173 K. The tar composition was calculated as a mixture of 

acetol, toluene and naphthalene. Eleven reactions that included the evolution of these 

three compounds were given. They found that tar concentration from steam 

gasification was higher than from air or oxygen-blown gasification [184, 185]. The 

numerical analysis over predicted CH4 and under predicted H2.  

A review of the background on tar evolution, main tar precursors and models 

that simulate tar formation and evolution was given. A classification of tar 

compounds based on the evolution of tar as temperature increases divides them into 

primary, secondary and tertiary tars; a list of typical compounds corresponding to 

each category can be found in [170]. Due to the identification of tar compounds from 

experimental work, the most frequent individual tar species studied experimentally 

and as model tars are acetol, acetic acid and guaiacols (primary tars), phenols, cresols 

and toluene (secondary tars), and naphthalene (tertiary tar). Tars are normally 

modelled as a “lump” or using the most stable components such as toluene, benzene 

and naphthalene; however, these species are known to appear as secondary and/or 

tertiary tars and the mechanisms and kinetics of their formation are omitted. On the 

other hand, a detailed kinetic model for lignin devolatilisation that includes as much 

as 100 species becomes a complex problem when being incorporated to simulate the 

conversion of biomass inside the gasifier. Among the mechanisms found for the PAH 

growth, the HACA route seems feasible only at temperatures greater than 900°C 

wherein acetylene is more abundant. Therefore, a mechanism that could describe the 

formation of tars while maintaining a minimum number of tar species represents a 

more practical solution for tar simulation during biomass gasification. This review 

was taken as the framework to propose a mechanism for tar formation and evolution 

to be incorporated in a kinetic model of the fluidised bed gasifier. 

5.2 Model development 

5.2.1 Model assumptions 

This section describes the assumptions taken in order to model the fluidised 

bed gasifier regarding mass and energy balances inside the system. The following 
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section involves the description of the reaction pathway included in this kinetic 

model. 

The model consists of a bubbling fluidised bed with sand particles and on top 

a freeboard zone. Air is used as gasifying agent and is previously preheated. A 

schematic diagram of the fluidised bed is shown in figure 5.5. 

 

 

Figure 5.5 Schematic diagram of fluidised bed 

The model assumptions are:  

• steady-state regime 

• one-dimensional fluidised bed, where variations in conditions occur only 

in the axial z direction 

• two-phase model for the hydrodynamic behaviour of the fluidised bed, 

where the gas flow entering the reactor at u0 velocity is divided into two 

phases: the emulsion phase and the bubble phase 

• solids in the bed are well-mixed inside the emulsion phase 

• the bed consists of sand, ash and carbon 

• biomass devolatilisation occurs instantaneously since the mixing of 

biomass particles proceeds more slowly than pyrolysis [104]; therefore, 

pyrolysis takes place on entry to the bed 

• homogeneous and heterogeneous reactions occur in the emulsion phase, 

since it contains all the particles and a portion of the gases. The gases are 

maintained at minimum fluidisation conditions and the excess gas passes 

through the bed to the bubble phase 

Poultry litter 

bed 

freeboard 
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• only homogeneous reactions occur in the bubble phase, since it is 

considered as free of particles 

• all gases in both phases are assumed as in plug flow mode 

• mass transfer between bubble and emulsion phases occurs through 

molecular diffusion. Mass transfers in the axial or vertical direction within 

each phase are considered as negligible compared to transfers in the 

horizontal direction between phases 

• energy balance considers heat of reaction, heat exchange between bubble 

and emulsion phases, and heat exchange between well mixed particles and 

gas in the emulsion phase 

• the gases that travel to the freeboard zone are assumed in plug flow mode 

 

Differential equations for bubble phase and emulsion phase for each species 

included in the model were written. The model includes hydrodynamics of the 

fluidised bed, rate of reactions for homogeneous and heterogeneous reactions, and 

mass transfer between emulsion and bubble phases. The mass and energy balances of 

the emulsion phase are: 

���,�
�� = K��, ∙ δ #�$,�%��,�&

'()
+ ∑ +,,�,-

'()
+ ∑ +,.�,-

'()
   (5.1) 

�0�
�� = 123�4567�4 − �59 + 71 − 69#1 − ;<=&1>ℎ>7�? − �59 − 71 −

69;<= ∑ R��A,BB ∆H+,��A,B − 71 − 69#1 − ;<=& ∑ R�EA,BB ∆H+,�EA,BF/ ∑ H5,I ∙
	>5,I         (5.2) 

and for the bubble phase: 

��$,�
�� = −K��, ∙ δ #�$,�%��,�&

'$
+ ∑ +,,$,-

'$
    (5.3) 

�0$
�� = A�3−HKAδ7TK − TA9 − δ ∑ R��K,BB ∆H+,��K,BF/ ∑ FK, ∙ COK,  (5.4) 

where δ is the bubble diameter; umf is the minimum fluidisation velocity; ub is 

the bubble velocity; Cb,i is the concentration in the bubble phase of species i; Ce,i is 

the concentration in the emulsion phase of species i;  Kgt is the mass transfer 

coefficient; Rgg is the rate of reaction of gas-gas reactions; Rgs is the rate of reaction 

of gas-solid reactions; εmf is the bed voidage at minimum fluidisation; Tb temperature 

of bubble phase; Te is the temperature of the emulsion phase; Ts is the temperature of 
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solids; Hbe is the heat transfer coefficient between emulsion and bubble phases; hp is 

the heat transfer coefficient between solids and gas; Cp is the heat capacity, At is the 

cross-surface area of reactor, ∆HR,gg is the heat of reaction of homogeneous 

reactions, and ∆HR,gs is the heat of reaction of heterogeneous reactions. 

For the carbonaceous material, a global mass balance is integrated over the 

gasifier bed zone. The outlet flow is equal to the inlet flow plus the heterogeneous 

reactions, 

HP,QR2 = HP,IS +  T ∑ UV?,PII 1271 − 69WXYZ[\
Y]      (5.5) 

Similarly, a global energy balance,  

7H�9P,QR2 = 7H�9P,IS +  T 71 − 69#1 − ;<=&1>ℎ>7�? − �59WXYZ[\
Y]  (5.6) 

where FC is the flow rate of carbonaceous material, HC,in is the enthalpy of the 

carbonaceous material calculated from ultimate analysis, and zbed is the total bed 

height. 

For the freeboard region, it is considered that homogeneous reactions 

continue as it were a second reactor in series with the fluidised bed. The mass and 

energy balances in this zone for each species follow the equation: 

^P_
^Y = ∑ `aa,bb

Rc
         (5.7) 

�0)
�� = de ∑ +,,,-fg,--

∑ h),�∙�i),�
         (5.8) 

where uf is the gas velocity in the freeboard. These parameters were 

calculated using the following correlations: 

a) Hydrodynamics 

It was assumed that air is injected from the bottom of the gasifier. Once 

injected, part of the air will remain in the emulsion phase at minimum fluidisation 

velocity (umf) and react with the fuel, and the rest will ascend as bubbles at increasing 

velocity. Knowledge of the bubble size is important because it affects the bubble rise 

velocity, the fractions of bubble and emulsion phases, the mixing of solids and the 

interface mass transfer between bubble and emulsion phases [120]. The growth of 

bubbles along the bed height is modelled according to the bubble assemblage model 

for a perforated plate distributor proposed by Mori and Wen [186]. It assumes a 

perfectly mixed gas entrance region and coalescence of bubbles to calculate the 
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growth of bubbles (db, diameter of bubbles). Table 5.1 also shows the equations to 

calculate minimum fluidisation velocity (umf), bubble velocity, bubble diameter, 

bubble fraction and bed voidage along the bed height. 

Table 5.1 Bed hydrodynamics 

Parameter Equation Reference 

Bed voidage at 
minimum 
fluidisation 

021.0029.0

3

2
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
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Bubble velocity 
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[32] 
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( ) δδεε +−= 1mff  [32] 
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b) Mass transfer coefficients 

The bubble-emulsion phase mass transfer coefficient was estimated as the 

sum of convective and diffusive transfer through the bubble surface. The mass 

transfer coefficients (Kgt) were calculated using the work of Sit and Grace [188] on 

bubble interaction on mass transfer in fluidised beds, and as follows 

2
1

3

4

4 








⋅
+=

b

bmf

b

mf

gt
d

uD

d

u
K

π

ε

      (5.9)
 

where D is the diffusion coefficient. Table 5.2 shows the equations to 

estimate the mass diffusivity and the mass diffusivity of the mixture. 

Table 5.2 Mass transfer parameters [189] 

Parameter Equation

Mass diffusivity 
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c) Energy transfer coefficients 

The heat transfer coefficient between emulsion and bubble phases (Hbe) is 

estimated with the following correlation [32]:  

( )
4

5

4
1

2
1

85.55.4
b

ggg

b

ggmf

be
d

gCpk

d

Cpu
H

ρρ
+







=     (5.10)

 

For the calculation of the heat transfer coefficient between the solids and the 

gases (hp) [32], it was estimated using dimensionless numbers, i.e. Reynolds number 

(Re), Nusselt number (Nu) and Prandtl number (Pr). 

3
1

2
1

PrRe6.02 +=Nu       (5.11) 
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gk

Cp µ⋅
=Pr

        (5.12)

 

µ

ρ gpud 0Re =
        (5.13)

 

g

pp

k

dh
Nu =

        (5.14)

 

d) Thermodynamic and transport properties 

Table 5.3 shows how thermodynamic and transport properties were 

calculated. The heat capacity of the species participating in the reactions was 

determined as a function of temperature. Thermal conductivity and viscosity of the 

gas mixtures were both estimated as a function of the temperature and composition 

of the confined area. Appendix A contains the coefficients to calculate the heat 

capacity, thermal conductivity, viscosity, Gibbs free energy of formation and 

enthalpy of formation of each species. 

Table 5.3 Thermodynamic and transport properties of species 

Property Equation Reference 

Heat capacity 	> = 1 + �� + 	�
 + o�� + p�� + q�� [190] 

Enthalpy of 
formation 

�= = 1 + �� + 	�
 + o�� + p�� [190] 

Gibbs free 
energy 

∆q= = 1 + �� + 	�
 + o�� + p�� [190] 

Thermal 
conductivity 

rV = 1 + �� + 	�
 + o�� [191] 

Thermal 
conductivity of 
mixture 

r<Is = ∑ tIrVI  
 

 

Viscosity of gas ( )

( ) 22
1

2
1

64.16

σε
µ

k

TM
=  in µP 

u = 1 + �� + 	�
 + o�� 

[192] 

Viscosity of 
mixture of gases 

u<Is = v tIuI
I  
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5.2.2 Proposed mechanism for tar and coke formation 

In this work, the proposal of a mechanism that incorporates tar formation is 

presented and its development consisted of two steps. Firstly, a list of main tar 

compounds was made based on the tar compounds identified as most abundant from 

experimental work after biomass pyrolysis. Secondly, possible reaction pathways 

were evaluated by the selection of the most favourable reactions to occur in the 

process.  

Table 5.4 shows some typical products of lignin pyrolysis identified from 

experimental work [193]. These pyrolysis products can be mainly grouped in 

phenolics, such as phenols, guaiacols and catechols, and light gases e.g. carbon 

oxides. However, this list does not identify if the products are originally generated or 

evolved after reactions of previous products. To make a distinction, in this work a 

mechanism is proposed that includes the reaction pathway from lignin precursors to 

larger PAHs. 

Table 5.4 Typical lignin pyrolysis products [193] 

Type of product Group of compound Examples 

Light liquids  H2O, methanol 

Phenolics 

Monohydroxyl phenols 
Phenol, o-cresol, m-cresol, p-

cresol, 2-ethylphenol, 4-
propylphenol and xylenols 

Guaiacols 
Guaiacol, 4-methylguaiacol, 4-
ethylguaiacol, 4-propylguaiacol 

Catechols 
Catechol, 4-methylcatechol, 4-

ethylcatechol, 3-
methoxycatechol 

Gases 

Hydrocarbons 
Methane, ethane, ethylene, 

propane, propylene, n-butane 
and isobutene 

Carbon oxides CO, CO2 

Sulphur-containing 
compounds 

H2S, methyl mercaptan 
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Based on the typical structure of lignin, catechol, guaiacol and vanillin were 

chosen as primary tar products in the present work. Guaiacol and vanillin were 

selected because reports have shown that these two guaiacols are dominant products 

during biomass pyrolysis [170, 173, 194] and lignin is rich in methoxyl groups 

(OCH3). Catechol was selected because it is a structure found in lignin and a major 

component of biomass tars. Other researchers have used catechol and dihydric 

phenol catechol as model compounds of lignin units [179]. 

In this work, lignin is represented by seven guaiacol, seven vanillin and two 

catechol units. The sixteen units are put together and accounted for 70% of the 

softwood lignin proposed by Adler [177] shown in figure 5.2. The main assumptions 

were that 

• only the lignin fraction is aromatic in nature, 

• the main route for soot formation is via tar components reactions, and  

• the formation of cyclopentadiene and indene intermediates are responsible 

for PAH growth.  

However, this might underestimate soot formation since biomass has a less 

aromatic nature than coal and the HACA mechanism in the absence of aromatic 

precursors was not included, which might have a more important role for biomass 

soot formation [173], if acetylene is formed which requires temperatures above 

900°C and included in the model. 

Figure 5.6 shows the proposed mechanism for tar formation assuming lignin 

units as precursors. The three lignin units, vanillin (C8H8O3), guaiacol (C7H8O2), and 

catechol (C6H6O2) are pyrolysed and/or react with hydrogen. This figure does not 

show the release of volatiles, such as CO, H2 and CO2, which are also produced. The 

reaction pathway was chosen according to the reactions that are most 

thermodynamically favourable.  

Table 5.5 shows the reactions identified from the three lignin units to the 

formation of three-ring compounds. R1 represents the reaction of pyrolysis of 

vanillin, and R1a is the reaction of vanillin with hydrogen. For example, reaction 

R3c was not included in the model, this reaction might also occur but it was not 

considered because it is not thermodynamically favourable. 
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Table 5.5 Reactions of proposed mechanism for tar formation and evolution 

  ∆G @ 298K  
(kJ/mol) 

∆G @ 800K  
(kJ/mol) 

R1 C8H8O3 → C7H8O2 + CO -29.2 -91.5 
R1a C8H8O3 + H2 → C7H8O + H2O + CO -153.1 -218.6 

R2a C7H8O2 + H2 → C7H8O + H2O -123.9 -127.1 

R2b C7H8O2 → C7H6O2 + H2 -1.7 -69.9 

R2c C7H8O2 + 2H2 → C6H6O + H2O + CH4 -161.3 -223.3 

R2d C7H8O2 + H2 → C6H6O2 + CH4 -94.6 -88.2 

R3 C6H6O2 + 2H2 → C6H6 + 2H2O -144.3 -161.6 

R3a C7H6O2 + 2H2 → C7H8O + H2O -122.2 -57.2 

R3c C7H6O2 → C6H6O + CO 57.7 91.7 

R3b C7H8O + H2 → C7H8 + H2O -72.0 -81.8 

R3d C7H8O + H2 → C6H6O + H2O -48.7 -54.7 

R4 C6H6O  → C5H6 + CO 73.3 -4.7 

R5 2C6H6O2  → C10H8 + 2CO2 + 2H2 -198.5 -379.4 

R6 3C6H6O2  → C14H10 + 4CO + 2H2O + 2H2 -148.4 -570.1 

R7 2C5H6 → C10H8 + 2H2 -131.9 -164.1 

R8 C10H8 + O2 + H2 → C9H8 + CO + H2O -354.8 -378.6 

R9 C5H6 + C9H8 → C14H10 + 2H2 -104.9 -139.7 

 

i) Reactions 

The reactions used for the model included homogeneous and heterogeneous 

reactions for the emulsion phase and only homogenous reactions for the bubble 

phase. Biomass pyrolysis was modelled using two reactions: R18 and R21. Reaction 

R18 represents the flash pyrolysis of biomass that releases volatiles, i.e. non-

condensable gases and water, and char. Biomass composition is based on the 

ultimate analysis minus the lignin ultimate analysis. Char was assumed as only 

composed of carbon. Reaction R21 corresponds to the formation of primary tars, the 

three lignin units previously chosen, vanillin, guaiacol and catechol. The evolution of 

these three tars followed the mechanism shown in figure 5.6, which corresponds to 

reactions R1 to R9. Reactions R10 to R17, R19, and R20 represent combustion and 

gasification reactions of carbon and volatiles.  

Ash was assumed to contain a fraction of sodium carbonate, the rest was 

considered as inert. Reaction R22 represents the reaction of Na2CO3 with HCl to 

retain chlorine in the solid phase.  
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Reaction R23 shows the decomposition of vanillin to non-condensable gases 

and water. Reaction R24 corresponds to the steam gasification of naphthalene. 

Finally, reactions R25 and R26 represent the combustion and steam gasification of 

benzene, respectively. Table 5.6 shows the reactions included in the simulation: 

Table 5.6 Homogeneous and heterogeneous reactions 

 Reaction Reference 

R1 C8H8O3 → C7H8O2 + CO [195] 

R2 0.705C7H8O2 → 0.47C6H6O2 + 0.04C6H6O + 0.07C7H8O + 

0.15C7H6O2 + 0.275CH4 + 0.06CO + 0.01H2 

[196] 

R3 C6H6O2 + 2H2 → C6H6 + 2H2O [179] 

R4 C6H6O → C5H6 + CO [172] 

R5 2C6H6O2 → C10H8 + 2CO2 + 2H2 [179] 

R6 3C6H6O2 → C14H10 + 4CO + 2H2O + 2H2 [179] 

R7 2C5H6 → C10H8 + 2H2 [197] 

R8 C10H8 + O2 → C9H8 + CO2 [197] 

R9 C9H8 + C5H6 → C14H10 + 2H2 [198] 

R10 	 + ½	�
 → 	� [199] 

R11 	� +½	�
→ 	�
 [102] 

R12 �
�x →�
�V [200] 

R13 	� + �
� → 	�
 + �
 [201] 

R14 �
 +½	�
 →�
� [199] 

R15 	 + �
� → 	� +�
 [201] 

R16 	 + 2�
 → 	�� [201] 

R17 	�� + �
� → 	� + 3�
 [202] 

R18 ������� → ��	� + �
	�
 + ���
� + ���
 + ��	�� +
��{�� + ���
| + �}�	~ + ��	ℎ��  

 

R19 2H2S + 3O2 → 2SO2 + 2H2O [203] 

R20 NH3 + 5⁄4 O2 → NO + 3⁄2 H2O [204] 

R21 ������ = 2	����
 + 7	��}�
 + 7	}�}��  
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 Reaction Reference 

R22 Na2CO3 + 2HCl → 2NaCl + CO2 + H2O [205] 

R23 	}�}�� + 6.68�

→ 2.66	� + 0.085	�
 + 5.255	�� + 0.17�
� 

[201] 

R24 C10H8 + 4H2O → C6H6 + 4CO + 5H2 [206] 

R25 C6H6 + 3O2 → 6CO + 3H2 [199] 

R26 C6H6 + 5H2O → 5CO + 6H2 + CH4 [182] 

R27 Ash → Ash  

  

 

ii) Rate of reactions 

Reactions R18 and R21 represent the primary decomposition of biomass 

based on a one-component reaction process. This approach is normally adopted for 

fast heating rates, and the kinetics are derived from yield measurements and weight 

loss curves of the three product classes (gases, tar and char) formed [87]. The 

mechanism was chosen as two parallel reactions occurring for the formation of the 

three product classes. After these three product classes are produced, they are further 

decomposed and underwent combustion and gasification reactions. 

For the rates of reaction of catechol, kinetic parameters and reaction order 

were taken from work on the pyrolysis of catechol. The kinetics parameters for 

reactions R3 and R5 were taken from Ledesma et al. [179]. In Ledesma et al. work, 

experimental product yield/temperature data and observed maximum yields were 

fitted to obtain the activation energy and pre-exponential factor for each product 

species when a first order reaction was assumed, at a fixed residence time. Individual 

kinetics for some benzene and benzenoid PAH, vinyl- and ethyl-substituted 

aromatics, and cyclopenta-fused PAH compounds were derived.  

Phenol is transformed to cyclopentadiene and CO is abstracted from the 

phenol according to reaction R4 [172]. After that, cyclopendiene combines to form 

naphthalene in accordance with reaction R7. The reaction rates and kinetic 

coefficients for all homogeneous and heterogeneous reactions involved in the kinetic 

model are found in Appendix B. 
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5.2.3 Numerical method 

For the solution of mass equations of individual species (equations 5.1 and 

5.3) and energy equations (equations 5.2 and 5.4), the methods available and the one 

chosen are described in this section. The set of ordinary differential equations (ODE) 

is solved as an initial value problem, where initial conditions at the bottom of the 

gasifier were given and concentrations were calculated up the top of the fluidised bed 

and freeboard zone. Among the solvers commonly employed to solve the differential 

equations are: the predictor-corrector methods, Richardson extrapolation and the 

Bulirsch-Stoer method, and the Runge-Kutta methods [207]. The many reactions 

involved in a gasification process have significantly different reaction rates. 

Therefore, the wide variation in time scales has severe consequences in the numerical 

solution of the differential equations that govern the established reaction system. 

Since stiffness is very likely to occur in this system, methods to solve stiff systems 

are described: 

1) Predictor-corrector methods 

These methods first store the solution and then use those results to extrapolate 

the solution one step advanced, called the predictor step. Then the prediction step 

value is used to interpolate the derivative, called the corrector step. The difference 

between the predicted and corrected values gives the local truncation error which is 

used to control accuracy and adjust the stepsize. These methods are recommended 

for a high-precision solution of very smooth equations. 

2) Generalizations of the Bulirsch-Stoer methods 

The Bulirsch-Stoer methods extrapolate a computed result to the value that 

would have been obtained if the stepsize was zero. The semi-implicit extrapolation 

method is one of the most important for stiff ODEs. This method is recommended for 

high-precision applications or when the right-hand sides are expensive. Not 

recommended for non-smooth functions or with singular points inside the interval of 

integration. 

3) Runge-Kutta methods 

The fourth-order Runge-Kutta method evaluates the derivatives four times in 

each step: once at the initial point, twice at trial midpoints and once at trial endpoint. 

The final function value is calculated from the four derivatives. When an adaptive 

stepsize control is included, the method provides the error of the calculation. It uses 
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the difference between the fifth-order and fourth-order estimates to determine the 

error and adjust the stepsize with a desired accuracy.  

A generalization of the Runge-Kutta method is the Rosenbrock method. This 

method solves equations and looks for a solution of the form, 

 

�7t� + ℎ9 = �� + ∑ �I�I?I��       (5.15) 

where ki are the corrections found by solving s linear equations: 

 

71 − �ℎffff′9 ∙ kkkkI = ℎffff#�� + ∑ �I�kkkk�I%���� & + ℎffff � ∙ ∑ �I��� ,I%����   (5.16)  

where i = 1,…,s, f’ is the Jacobian matrix, and γ, ci, αij, and γij are coefficients 

fixed as constants independent of the problem. 

 

An automatic stepsize adjustment algorithm is necessary for the success of 

the stiff integration. Runge-Kutta-Fehlberg method is an automatic stepsize 

adjustment algorithm that computes two estimates of the form (5.15). One called 

‘real’ for y and a lower-order estimate ŷ with different coefficients ci, i = 1,…,s, 

where ŝ < s but with the same ki. The local truncation error is calculated as the 

difference between y and ŷ, and then used for stepsize control. It was shown by Kaps 

and Rentrop that the smallest value for s is four and for ŝ is three which made 

embedding possible, leading to a fourth-order method. The right-hand side of (5.16) 

was rewritten to minimise the matrix-multiplications 

 

ggggI = ∑ �I�kkkk� + �kkkkII%����       (5.17) 

 

The equations become 

� 1�ℎ − ffff′� ∙ gggg� = ffff7��9 

� 1�ℎ − ffff′� ∙ gggg
 = ffff7�� + �
�gggg�9 + �
�gggg�ℎ  

� 1�ℎ − ffff′� ∙ gggg� = ffff7�� + ���gggg� + ��
gggg
9 + ���gggg� + ��
gggg
ℎ  

� 1�ℎ − ffff′� ∙ gggg� = ffff7�� + ���gggg� + ��
gggg
 + ���gggg�9 + ���gggg� + ��
gggg
 + ���gggg�ℎ  

         (5.18) 
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The linear equation (5.18) are then solved by first computing the LU 

decomposition of the matrix 1/γh – f’. Then, the four gi are calculated by back-

substitution of the four different right-hand sides. The Rosenbrock method was 

chosen to solve the ODEs because it is a reliable method for moderate accuracies 

(ε < 10-4–10-5). The subroutines odeint and stiff from [207] were adapted to perform 

the calculations. 

In section 5.2.2, the reactions included in the system were shown. They 

consist of 27 reactions involving 27 species. However, these 27 species are not 

involved in all the reactions and this provokes many zeros within the matrix 

generated, the so-called sparse matrix. In order to threat sparse matrices properly, a 

coordinate-storage format was used to store only the non-zero elements of the matrix 

along with their location by keeping row-index and column-index values. 

The system of equations to be solved is of the form 

 

�� = �        (5.19) 

where A is the n by n matrix, b the right hand side vector of length n, and x is 

the solution vector of length n. 

 

The solution of systems of sparse linear equations can be solved by two types 

of numerical methods: direct and iterative. Iterative methods involves the selection of 

an initial approximation of the solution vector x. The calculation includes an iteration 

to obtain x until an acceptable approximation is found. Iterative methods require less 

computer storage, however, they experience some fill-in and generate a filled matrix 

that has non-zero in locations which are zero in A. Direct methods benefit of not 

having rounding errors and provide a solution after a finite number of arithmetic 

operations are completed [208].  Therefore, a direct method was chosen as described 

in the numerical solution scheme. 

Reaction R18 (shown in section 5.2.2) represents the flash pyrolysis or 

devolatilisation of biomass to non-condensable gases, steam and char. The 

stoichoimetric coefficients of this reaction were calculated based on mole balances 

between every element (C, H, O, N, S, Cl) present in biomass (ultimate analysis) and 

tar (molpyr,i = molbio,i – moltar,i, where i = C,N,O,H,S,Cl), and the species generated. 

Nine species were assumed to be generated after the devolatilisation of biomass 
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according to reaction 18. The reactions used to calculate the stoichiometric 

coefficients were the following: 

 

∑ 7�I�I�9 = �b
∑ S__I         (5.20) 

 

∑ �I = 1I          (5.21) 

 

where Ak is the total number of atomic weights of the kth element present in 

the system as determined by the initial constituents of biomass, ni is the number of 

moles of the ith species in the system, yi is the molar fraction of the species 

produced, and aik is the number of atoms of the kth element in each molecule of the 

chemical species i. 

 Appendix C contains the details of each of the equations involved and the 

method used to calculate the number of moles for each species by imposing some 

constraints to allow all species to be produced. 

Numerical solution scheme 

The NAGWare f95 Compiler was selected for coding the model, which is a 

full ISO and ANSI standard implementation of the Fortran 95 language. The Fortran 

Builder (Professional Edition 5.1) was used for writing the coding; this is an IDE 

(integrated development environment) for Fortran and comes with numerical and 

plotting libraries. 

The LU decomposition (direct method) was performed using the NAG 

Fortran Library Routine F01BRF for a real sparse matrix A. F01BRF is used to 

obtain the LU factorization of a permutation of A, 

 

PAQ = LU        (5.22) 

where P and Q are permutation matrices, L is unit lower triangular and U is 

upper triangular.  

 

A pivotal strategy was used to compromise between maintaining sparsity and 

controlling loss of accuracy through round-off. The routine first permutes the matrix 
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into block lower triangular form and then only factorizes the diagonal blocks. This 

saves considerable storage and execution time.  

Then the NAG Fortran Library Routine F04AXF was used to solve the set of 

n linear equations of the form (5.19). This routines requires the right-hand side vector 

b and returns the solution vector x. 

Figure 5.7 shows a schematic diagram of the simulation program coded in 

Fortran. Two iteration processes are used; one iteration concerns with the carbon 

conversion and the other with the temperature of solids. The process starts by giving 

the input parameters that consist of air flow rate, biomass flowrate, temperature of 

air, gasifier dimensions, density of solids, particle size, ultimate analysis, lignin 

content and moisture content. The carbon conversion and temperature of solids are 

given as an initial guess. The Rosenbrock method is used to solve the ODEs and 

obtain the temperatures and composition of the different phases. The solid reaction 

rate is integrated over the bed height using (5.5) and the new carbon conversion is 

obtained and compared with the initial guess. Once the carbon fraction iteration 

finishes, the energy equation of the solid is integrated using (5.6) and a new 

temperature of the solid is obtained and then compared with the initial guess. The 

tolerance for the convergence of carbon conversion and temperature of solids are 

established as, 

 

�s�, [¡%s�,¢£\�
s�,¢£\ ≤ 10%�       (5.23) 

 

�¥¦, [¡%¥¦,¢£\�
¥¦,¢£\ ≤ 10%�       (5.24) 



 

Figure 5.7 Flow diagram of model for the fluidised bed gasifier

5.3  Summary 

This section described the development of a method to simulate the fluidised 

bed gasification of biomass. A two

Flow diagram of model for the fluidised bed gasifier

 

This section described the development of a method to simulate the fluidised 

bed gasification of biomass. A two-phase model was used to represent the fluidised 
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Flow diagram of model for the fluidised bed gasifier 

This section described the development of a method to simulate the fluidised 

phase model was used to represent the fluidised 
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bed. The main contribution of this model is the incorporation of a reaction pathway 

that includes tar formation and evolution. Lignin was assumed as the precursor of tar 

compounds due to its aromatic nature. The lignin fraction was described as 

consisting of guaiacol, vanillin and catechol units which are some of the main 

species identified in the lignin structure and during lignin pyrolysis. These three 

compounds were designated as primary tars. Further tar evolution was established 

based on tar compounds identified from experimental work as most abundant and on 

most thermodynamic favourable reactions. 

The differential equations for bubble phase and emulsion phase for each 

species were solved using the Rosenbrock method. The model includes 

hydrodynamics of the fluidised bed, rate of reactions for homogeneous and 

heterogeneous reactions, and mass and energy transfer between emulsion and bubble 

phases. In order to verify the proposed model, the following chapter shows the 

results of the comparison with experimental results previously reported. 
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Chapter 6 

Results and discussion: kinetic 

model 

Since tar elimination from the product gas is necessary to make 

gasification an attractive option, the presence of tar was included in 

the kinetic model as described in the previous chapter. Lignin was 

assumed as the main precursor of tars due to its aromatic nature, 

therefore, the lignin content of biomass was considered as part of the 

fuel characterisation. This chapter shows the results from the 

simulation of the fluidised bed gasifier that incorporates the proposed 

mechanism for tar formation and evolution into the kinetic model. The 

model results are validated with experimental data from wood 

gasification and then compared with the results from the equilibrium 

model for the gasification of poultry litter. 

6.1  Model verification 

In order to verify the results generated from the model, experimental data was 

taken from a previous report since at the present time experimental data from the 

gasification of poultry litter is not yet available. The inputs used in the model were 

based on the experimental work conducted in a lab-scale bubbling fluidised bed 

gasifier of the Energy research Centre of the Netherlands (ECN) [209]. The fuel 

employed was beech chips and it was used as received. Table 6.1 shows the 

properties of the beech used during the gasification experiments. 
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Table 6.1 Properties of fuel [209] 

 Beech wood   

Ultimate analysis (wt. %, dry)  

Carbon 48.55 

Hydrogen 5.97 

Nitrogen 0.14 

Sulphur 0.017 

Oxygen 44.28 

Chlorine 0.005 

Ash 1.04 

Proximate analysis (wt. %, dry)  

Fixed carbon 16.0 

Volatile matter 83.0 

Moisture 10.2 

Lignin 24.0 

HHV (kJ/kg) 19071  

 

The gasifier is configured to be heated electrically in order to control the 

gasifier temperature. The temperatures of bed and freeboard were recorded, and non-

condensable gases (CO, CO2, CH4, H2, C2H4, and C2H6), benzene and toluene were 

measured on-line by GC-MS and other tars off-line using solid phase absorption 

(SPA). Table 6.2 shows the gasifier and bed material characteristics. 

Table 6.2 Fluidised bed characteristics [209] 

Condition  

Bed material silica sand 

Particle diameter 0.27 mm 

Bed internal diameter 74 mm 

Bed height 500 mm 

Freeboard diameter 108 mm 

Total length 1100 mm 

Gasifying agent air 
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Table 6.3 shows a comparison of the results reported from the experimental 

work, kinetic model and equilibrium model results using the operating conditions 

indicated in the table, such as fuel feeding rate. The results are shown using two ER 

values. The table compares experimental and predicted product gas compositions, 

bed and freeboard operating temperatures, and total tar and tars compositions. 

Table 6.3  Comparison between experimental [209] versus kinetic and 
equilibrium results of beech gasification 

 Units Exp. 
data 

Kinetic 
Model 

Equil. 
model 

Exp. 
data 

Kinetic 
Model 

Equil. 
model 

ER  0.25 0.25 0.25 0.26 0.26 0.26 

Biomass 
feeding rate 

kg/h 1 1 1 1 1 1 

CO vol. % 14.09 12.9 16.4 14.20 13.4 17.5 

CO2 vol. % 13.25 13.7 13.6 13.18 13.5 13.02 

H2 vol. % 7.17 9.1 22.7 7.10 8.8 22.6 

N2 vol. % 43.04 57.5 37.2 43.94 58.4 37.5 

CH4 vol. % 4.22 0.54 1.5 4.23 0.37 1.3 

H2O vol. % 15.6a 5.4 8.5 15.5a 4.9 7.9 

SPA total 
tar 

g/m3 10.0 21.0  7.6 13.7  

Class 2 mg/m3 1089 17255  471 10909  

Class 3 mg/m3 1359 1871  756 1481  

Class 4 mg/m3 5495 1876  5024 1342  

Phenol mg/m3 1015 555  425 339  

Class 5 mg/m3 311 -  354 -  

Temperature 
bed 

K 1079 969  1103 965  

Temperature 
freeboard 

K 1049 910 910 1073 918 917 

Temperature 
of air 

K 298 960 1367 298 967 1367 

Carbon 
conversion 

% 97-99 96.7  97-99 97.0  

NA: not available 
a calculated [209] 
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The results of tar compounds were reported according to the tar classification 

system. Class 1 refers to GC-undetectable tars, like heaviest tars that condense at 

high temperatures even at low concentrations. Class 2 refers to heterocyclic 

compounds that generally have high water solubility, such as phenol and cresol. 

Class 3 includes 1-ring aromatic compounds, for example xylene, styrene and 

toluene. Class 4 refers to 2-3 ring PAH compounds, such as naphthalene, flourene 

and phenanthrene. Class 5 includes higher PAH compounds, that is, 4-7 ring 

aromatic compounds from fluoranthene to coronene. 

In order to compare the predicted results with the experimental data, the tar 

concentrations are presented by grouping the simulated tar compounds according to 

the tar classification system. Vanillin, guaiacol, catechol, phenol, o-cresol and 

salicylaldehyde were counted as class 2. Cyclopentadiene and benzene were 

considered class 3. Finally, naphthalene, indene and phenanthrene were added as 

class 4. Class 5 is not reported since aromatic compounds of four or more rings were 

not considered in the model.  

The results from the kinetic model show that the concentration of class 2 is 

much higher than expected. This high concentration is mainly due to catechol and 

salicylaldehyde, where only adding these two compounds gives a concentration of 

14.7 g/m3 and 9.2 g/m3 with an ER of 0.25 and 0.26, respectively. One of the 

limitations of the proposed set of reactions is that combustion reactions of catechol 

and salicylaldehyde, and pyrolysis and gasification of salicylaldehyde were not 

included due to lack of kinetics. These two compounds are generated from the 

pyrolysis of guaiacol, which is a primary tar. This reaction causes the decomposition 

of guaiacol whilst producing primary tar catechol and secondary tar salicylaldehyde 

among others, according to reaction R2 as shown in chapter 5 (section 5.2.2). 

Another difference between the results presented in table 6.3 of the predicted 

and experimental data is the temperatures of inlet air and gasifier. This difference is 

due to the fact that the fluidised-bed gasifier from ECN has electrical heaters to 

control the temperature of the bed and freeboard to particular values. In contrast, the 

model assumes introducing hot air to achieve high temperatures in both sections. In 

order to improve the comparison, the model would need to be adjusted to include the 

option of choosing that the gasifier is externally heated to maintain or achieve certain 

temperature. 
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Even though it was observed that the increase of air temperature helped to 

reduce tar production, the air temperature was established as the one necessary to 

achieve a carbon conversion of 97%. Allowing the system higher values of 

conversion made the model unstable. 

From the experimental data, it can be inferred that less than 2.6 vol. % and 

1.8 vol. % of the total gases correspond to the tar fraction for an ER of 0.25 and 0.26, 

respectively. The composition of sulphur and chlorine containing gases, ammonia 

and NOx was not reported. From the model, 0.9 vol. % and 0.6 vol. % of the gases 

are tars for an ER of 0.25 and 0.26, respectively. It was previously reported that the 

total tar yield decreased from 10.15% to 0.26% of the initial biomass feedstock when 

the ER value was increased from 0 to 0.34; at ER values greater than 0.34, the 

benefits of adding more oxygen showed to be reduced [183]. The kinetic model also 

agrees with the experimental data in that the total tar is reduced when the ER value is 

raised, falling by 24% in the empirical data and 34% in the model, when the ER is 

increased, from 0.25 to 0.26. Experimental and kinetic model results show that 

individual tar class concentrations are reduced with the increase of ER and 

gasification temperature. The experimental data show a greater reduction of classes 2 

and 3, and phenol than the kinetic model, whilst the kinetic model decreased greater 

class 4. 

In regard to non-condensable gases, it can be seen that concentrations from 

experimental data and predicted results by the kinetic model are consistent for some 

gases, such as CO2, CO and H2. The greatest differences are for nitrogen and water. 

The experimental report presented the concentrations on a dry basis; nitrogen 

concentration was given as 51% with a note that this value was estimated based on 

mass balance and for H2O of 15.6% as calculated, for an ER value of 0.25. Table 6.3 

shows that the predicted results present the same trends in the concentration of 

species for the two compared ER values. The CO2 composition agrees among the 

experimental data and both models. The composition of non-condensable gases is 

lower than the estimated by the equilibrium model, which shows that equilibrium 

concentrations were not reached. Hydrogen is under predicted and nitrogen is over 

predicted by the kinetic model with respect to the equilibrium model. 

Figure 6.1 shows the composition of tars in the emulsion phase along the 

gasifier bed and freeboard zone for an ER value of 0.26 using the kinetic model. 
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Primary tars are shown in dashed lines, vanillin (C8H8O3) and guaiacol (C7H8O2) in 

figure 6.1A, and catechol (C6H6O2) in figure 6.1B. Vanillin and guaiacol are rapidly 

produced and then destroyed along the bed. At the top of the bed (0.5 m), guaiacol is 

completely eliminated and vanillin is significantly reduced. 

A very different curve shape can be seen for catechol (C6H6O2) in figure 

6.1B. This is due to catechol being a primary tar and also produced from guaiacol 

pyrolysis. Catechol concentration increases progressively with height in the bed zone 

until it reaches a maximum and then starts decreasing in the freeboard but at a slow 

rate. Catechol reacts with hydrogen to generate benzene according to reaction R3 and 

recombines itself to produce naphthalene and phenanthrene in accordance with 

reactions R5 and R6, respectively. Since the activation energies are relatively high 

(shown in Appendix B), temperatures greater than 950°C are necessary to 

decompose catechol into benzene, naphthalene and phenanthrene based on the 

Arrhenius values determined for the catechol pyrolysis between 500 and 1000°C by 

Ledesma et al. [179]. 

Figure 6.2 shows the composition of tars in the bubble phase. The shapes of 

the curves are very similar to the emulsion phase curves. For vanillin and guaiacol, 

smaller concentrations are seen as expected, since these two compounds are 

transferred from the emulsion phase where they are produced. 

An abundant secondary tar is phenol (C6H6O), which is increasingly produced 

along the bed, reaching a maximum value of 452 mg/m3 at the top of the bed. Phenol 

is considerably reduced in the freeboard zone (above 0.5 m) to a value of 339 mg/m3. 

Another secondary tar is o-cresol (C7H8O) shown in figures 6.1B and 6.2B. It 

can be seen that o-cresol concentration increased with height and remained constant 

in the freeboard zone. This is another compound that requires the addition of 

reactions that correspond to the gasification and combustion of o-cresol. 

Benzene and indene are considered both secondary and tertiary tars since they 

often appear in both classes [170]. Figures 6.1A and 6.2A show that benzene and 

indene are formed in the bed and also continued to be generated in the freeboard 

zone. Reactions R26 and R27 (shown in chapter 5) correspond to the combustion and 

steam reforming of benzene, respectively. Even though these two reactions were 

included in the model, benzene concentration increases which shows that it requires 

more heat to be destroyed because oxygen is limited in the freeboard. 
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Figure 6.1  A) and B) Tar composition in the emulsion phase from the kinetic 
model along the gasifier using an ER value of 0.26 
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Figure 6.2  A) and B) Tar composition in the bubble phase from the kinetic 
model along the gasifier using an ER value of 0.26 
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From experimental work on biomass gasification, it has been reported that 

benzene and naphthalene are two of the aromatic species present in notable amounts. 

Whilst most aromatic compounds reached a maximum formation at either 800 or 

900°C, followed by a steady destruction with increasing temperature, benzene was 

one of the most stable one-ring species and was not completely destroyed even at 

1200°C [180]. 

The presence of cyclopentadiene (C5H6) is negligible since it is considered an 

intermediate compound that is produced by reaction R4 where CO is abstracted from 

phenol [171]. Once cyclopentadiene is generated it immediately reacts to produce 

naphthalene according to reaction R7 [197]. 

Very low concentrations are seen for naphthalene (C10H8) and phenanthrene 

(C14H10) as shown in figure 6.2A and 6.2B, respectively. The oxidation of 

naphthalene according to reaction R8 is more favourable in the bed zone where 

oxygen is available. In the freeboard, the steam reforming of naphthalene (reaction 

R24) is more dominant and produces benzene. Phenanthrene is generated mainly in 

the freeboard at very low concentration (< 135 µg/m3). These results agree with work 

on the characterisation of tars. It was reported that naphthalene is the most 

quantitatively important tertiary tar analysed and that PAH compounds were present 

in insignificant amounts up to temperatures of approximately 750-800°C [170]. 

Figure 6.3 shows the trends of the temperatures of the different phases in the 

bed zone. In the freeboard zone, the temperature of gases decreased by 32 K from the 

top of the bed zone.  This decrease is consistent with experimental observations. The 

increase in temperatures of the bubble and emulsion phases in the bed is caused by 

the combustion reactions occurring closer to the bottom of the bed due to the 

presence of oxygen. Until the bed height is of 0.4 m or higher, the oxygen content 

decreases to less than 1% mol and leading to complete absence, respectively, as 

shown in figure 6.4. 
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Figure 6.3 Temperatures of gases as a function of gasifier height. Te: 
temperature of emulsion, Tb: temperature of bubble, Ts: 
temperature of solids, and Tf: temperature of freeboard zone 

 

Figure 6.4  Gases composition in the bubble phase from the kinetic model 
along the gasifier using an ER value of 0.26 
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This section evaluated the kinetic model using experimental data for wood 

gasification. The results showed consistency with what is expected during the 

evolution of primary tars according to experimental work from previous reports. This 

model requires the knowledge of the lignin content. The measurement of lignin 

content can be performed by the acid detergent lignin (ADL) method. 

6.2 Gasification of poultry litter: Comparison of equilibrium 

and kinetic models 

The results of the kinetic model and equilibrium model are compared in this 

section. One of the disadvantages of the equilibrium model is that tar components 

cannot be included because they are not thermodynamically stable; therefore, this 

model predicts a complete conversion of the tars into non-condensable gas species 

and water vapour. The kinetic model was compared with the equilibrium model 

using the input data shown in table 6.4. For both models, flow rates of fuel and 

gasifying air, temperature of air, and ultimate analysis and moisture content of 

poultry litter are specified. In addition, lignin content, particle size and density, and 

gasifier dimensions are required as inputs for the kinetic model. 

Table 6.5 shows a comparison of the composition of product gases, 

temperatures and LHV of gases using the equilibrium and kinetic models. The 

concentrations of CO, CO2 and CH4 are very consistent, whilst the molar 

composition of H2 and H2O are lower for the kinetic model than the equilibrium 

model. The nitrogen composition is higher for the kinetic model than the equilibrium 

model. Since the amount of nitrogen is the same for both models, the same ratio of 

fuel and air was used, non-condensable species that did not reach equilibrium 

concentration made nitrogen composition higher for the kinetic model. 

For the equilibrium model, the achievement of chemical equilibrium is 

independent of the gasifier height; as a result complete carbon conversion is 

achieved. In the case of the kinetic model, the bed height was assumed as of 0.4 m. 

With this bed height, the air temperature was increased in order to raise the 

temperature of the freeboard to be closer to the equilibrium temperature and achieve 

high carbon conversions. 
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Table 6.4 Conditions of kinetic model and equilibrium model 

Parameter Equilibrium model Kinetic model 

Air flow rate 0.0543 kg/s 0.0543 kg/s 

ER 0.29 0.29 

Temperature of air 830 K 830 K 

Poultry litter flow rate 0.0527 kg/s 0.0527 kg/s 

Moisture content of poultry 
litter (wt. %) 

25 25 

Proximate analysis (wt.%, dry)   

Fixed carbon 24.0 24.0 

Volatile matter 54.37 54.37 

Ash content 21.63 21.63 

Ultimate analysis (wt.%, dry)  

C 37.4 37.4 

H 5.11 5.11 

O 30.74 30.74 

N 3.70 3.70 

S 0.45 0.45 

Cl 0.97 0.97 

Ash content 21.63 21.63 

Lignin content (wt %)  25 

Particle size  0.35 mm 

Particle density  2250 kg/m3 

Reactor diameter  0.6 m 

Bed height  0.4 m 

Reactor height  1.0 m 

Freeboard diameter  1.1 m 

Number of holes in distributor  60 
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Table 6.5 Comparison between equilibrium and kinetic model 

 Equilibrium 
model 

Kinetic  
model 

Temperature of solids in bed  880 K 

Temperature of emulsion phase  885 K 

Temperature of bubble phase  941 K 

Temperature of freeboard 940 K 910 K 

Carbon conversion 99.9% 96.4% 

Gases composition (% mol)   

CO 10.6 9.2 

CO2 15.1 14.5 

H2 19.4 16.0 

CH4 3.8 2.7 

H2O 14.2 12.5 

N2 36.7 43.9 

H2S 0.12 1.5x10-2 

HCl 1.7x10-5 2.3x10-5 

NH3 0.025 4.3x10-1
 

SO2 6.5x10-10 1.0x10-2 

NO 1.9x10-15 6.8x10-3 

Tar  0.74 

LHV (MJ/Nm3, dry, non-
condensable gases) 

5.58  4.41 

LHV (MJ/Nm3, dry, non-
condensable gases including tars) 

5.58 4.95 

 

Figure 6.5 shows the composition of main product gases in the emulsion 

phase of the bed and freeboard zones. Methane shows an increasing concentration 

with bed height. CO, H2 H2O, and CO2 appear rapidly near the bottom of the bed due 

to drying and fast devolatilisation of poultry litter. However, their concentrations 

decrease subsequently with height due to mass transfer to the bubble phase and 

reactions, such as reaction R11 (oxidation of CO), and reaction R14 (oxidation of 

hydrogen). H2O appears near the bottom and is reduced rapidly by heterogeneous 
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reaction (R15, water gas reaction), and gas-gas reactions such as reaction R13 (steam 

gasification of CO) and reaction R17 (steam methane reforming). 

 

 
Figure 6.5  Composition of main product gases in the emulsion phase (ER = 

0.29) 

Figure 6.6 shows the composition of main product gases in the bubble phase 

of the bed and freeboard zones. Different curve shapes can be seen in figure 6.6 for 

some of the gases when compared to figure 6.4. Methane, carbon dioxide and 

ammonia show a monotonic increase in concentration with height. The greatest gases 

are CO2, H2O, and H2; Nitrogen decreases steadily due to dilution by the generation 

of fuel gases, and oxygen decreases monotonically due to consumption by 

combustion reactions. More complex behaviours can be seen for CO, H2 and H2O. 

H2 reacts to produce more H2O and CO is also produced by the decomposition of tars 

(R1, R4, R6, R23, R25 and R26). CO and CH4 concentrations increase up to a 

maximum closer to the top of the bed. The concentration of water vapour is quite 

significant in the bubble phase but when it enters the freeboard it decreases to values 

lower than 12.5% (mol). This decrease is due to the lower concentrations in the 

emulsion phase caused mainly by heterogeneous reactions such as water gas 

reaction, plus homogeneous reactions as steam methane reforming reaction. In 
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addition, steam gasification of naphthalene according to reaction R25 and of benzene 

by reaction R27 consume H2O. The step seen in figures 6.5 and 6.6 is caused by the 

mixing of gases from the bubble and emulsion phases before entering the freeboard 

zone. 

 

Figure 6.6  Composition of main product gases in the bubble phase (ER = 
0.29) 

Figure 6.7 shows the tar composition for the emulsion phase in the bed zone 

plus in the freeboard zone as a function of gasifier height. Benzene and indene 

concentrations increase in the freeboard while other aromatics decompose, such as 

guaiacol, vanillin, catechol and phenol. Insignificant concentrations are seen for 

naphthalene, cyclopentadiene and phenanthrene. These results agree with the 

findings described for beech gasification in section 6.1. 

Figure 6.8 shows the temperatures of gases for the bubble phase, emulsion 

phase, solids and freeboard zone, as a function of bed height. At the bottom of the 

bed, the temperature of the emulsion increases abruptly and then remains very 

similar to the temperature of the solids due to the higher gases-solid energy transfer 

coefficients. In contrast, the temperature of the bubble phase increases in the middle 

of the bed due to a decrease in the bubble-emulsion energy transfer coefficients. 
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Figure 6.7 Tar composition of emulsion phase in bed zone as a function of 

gasifier height (ER = 0.29) 

 

Figure 6.8 Temperatures of gases as a function of bed height. Te: 
temperature of emulsion, Tb: temperature of bubble, and Ts: 
temperature of solids 

 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

0

300

600

900

1200

1500

1800

2100

2400

2700

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

T
a

r 
co

m
p

o
si

ti
o

n
 (

m
g

/m
3
)

Height (m)

C7H6O2

C7H8O

C6H6O

C6H6

C9H8

C10H8

C5H6

C14H10

C7H8O2

C8H8O3

C6H6O2

700

750

800

850

900

950

1000

1050

1100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

T
e

m
p

e
ra

tu
re

 (
K

)

Height (m)

Te

Tb

Ts

Tf



178 
 

Knowledge of these temperatures is important to identify high temperature 

regions during the gasifier operation. The temperature of the emulsion shows a hot 

sport near the distributor which will need to stand this higher temperature. The hot 

spot in the bubble phase should be considered since it could cause problems to 

maintain the fluidisation of the bed. 

Figure 6.9 shows the composition of product gases when the ER was varied. 

This figure compares the results between equilibrium model (dashed lines) and 

kinetic model (solid lines) results using ER values from 0.22 to 0.32. It can be seen 

that CO, H2 and CH4 decreased with increasing ER value, whilst CO2, H2O and N2 

increased for both models.  

As expected, CO, H2 and CH4 decreased while CO2 increased with increasing 

ER due to the addition of more air. H2O increased with greater ER values due to the 

combustion of hydrogen and methane. Methane decreased due to steam methane 

reforming reactions. The concentration of methane was higher for the equilibrium 

model than the kinetic model because methane represents all hydrocarbons in the 

equilibrium model. 

Figure 6.10 shows the tar concentrations of individual tar compounds for 

various ER values. Catechol and phenol decrease with increasing ER values, whilst 

benzene and indene increase. Cyclopentadiene and phenanthrene are produced in 

insignificant amounts (< 35 µg/m3). O-cresol and salicylaldehyde concentrations 

remained quite constant in the range of ER values evaluated. Figure 6.10 agrees with 

the results of section 6.1. The most abundant tar compounds are catechol, o-cresol 

and salicylaldehyde, followed by benzene and indene. The total tar concentration 

decrease with increasing ER value as expected. 

This section compared the kinetic model with the equilibrium model. The 

results showed agreement of the trends of the evolution of main gases when the ER 

value was varied. The kinetic model provides additional information on the 

formation of tars and their behaviour when the ER was raised. The increase in ER 

value has the benefit of reducing the total tar concentration; however, it has the 

disadvantage of decreasing the LHV of the gases. The model showed that catechol, 

o-cresol and salicylaldehyde are abundant species for which kinetic parameters for 

pyrolysis and gasification are not yet available.  
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Figure 6.9  A) Gas composition of product gases using various ER values 
and temperature of air of 830 K, and B) N2 composition. (solid 
lines for kinetic model and dashed lines for equilibrium model) 
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Figure 6.10 Tar composition using various ER values 

6.3  Summary 
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providing information on the formation of tars and their behaviour when the ER 

value was raised. The model showed the most abundant tar compounds were 

catechol, o-cresol and salicylaldehyde, which require further experimental studies to 

obtain kinetic parameters for their pyrolysis and gasification, since kinetic data for 

their destruction was not available for inclusion in the model. 
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Chapter 7 

Conclusions 

 

A process for the gasification of poultry litter was examined in this study. 

This process integrates a fluidised bed gasifier with a gas turbine with the aim of 

generating combustibles gases for energy production. This process was proposed as a 

viable solution for a small-scale system to be installed on-site the biomass source. 

The system allows the treatment of waste with the additional benefit of generation of 

energy, and is suitable for a poultry farm to avoid the transportation of litter to 

centralised disposal facilities. A fluidised bed gasifier was chosen because biomass is 

very rapidly mixed with the bed material, and almost immediately heated up to the 

bed temperature. During gasification many by-products are generated such as NOx, 

SO2, fly ash and tar. Since tar is a major issue in biomass gasification when 

implementing this technology, tar formation and evolution was presented as a central 

part of the evaluation in this work. 

After a bibliographic review, the lignin content of biomass was concluded as 

responsible for tar formation because of its aromatic nature. Therefore, the model 

requires the knowledge of the biomass lignin content. As lignin components, 

guaiacol, vanillin and catechol were chosen as tar precursors due to their known 

presence in the lignin structure. A reaction mechanism and its corresponding kinetics 

were derived. This mechanism was based on the three-lignin unit decomposition into 

lighter molecules and greater aromatic rings. Some of the tar products were involved 

in combustion and/or steam gasification reactions. This model consisted of 27 

reactions. The tar reaction mechanism was introduced into the kinetic model for the 

gasification of poultry litter. 
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The kinetic model was compared with experimental data from wood 

gasification for validation purposes. The results showed consistency with 

experimental work from previous reports for the evolution of primary tars. However, 

the model overestimated the total tar concentration and tars of class 2. 

The kinetic model and equilibrium model were compared changing the ER 

value. The results showed good agreement on the composition of the main gases 

when the ER value was varied. The increase in ER value has the benefit of reducing 

the total tar concentration; however, it has the disadvantage of decreasing the LHV 

of the gases. The model showed the evolution of tar compounds and which tar 

species were the most abundant. Three tar species dominated: catechol, o-cresol and 

salicylaldehyde, with an average composition of 64, 8, and 20 wt. % of the total tars, 

respectively. 

Since there is limited literature on the gasification of poultry litter, the results 

generated provided a means to evaluate the leading parameters that affect the optimal 

operation of the gasifier. In addition, tar is a major issue in biomass gasification; 

therefore, its prediction is relevant for the selection of operating parameters. The 

kinetic model showed consistent tar predictions as well as a framework to conduct 

future experimental work. 

The full process was evaluated in order to compare layout configurations 

which included heat recuperation from the GT exhaust gases. On one hand, for the 

conventional “atmospheric layout”, the fuel gases had to be cooled down before 

being compressed to the desire pressure; therefore, this caused significant wastage of 

energy from the hot fuel gases, for the base case 14% of energy was wasted by 

cooling the fuel gases. On the other hand, the “pressurised layout” benefit was that 

all process stages could be maintained hot. The maximum efficiency achieved by the 

conventional “atmospheric layout” was 24%. Process efficiency analyses showed 

that even when the “atmospheric layout” was set with energy recuperation (28.5%), 

the “pressurised layout” delivered higher efficiencies with (33%) or without the 

energy recuperation (31.5%) into the gasifier. 

Different energy integration configurations were compared to recuperate 

energy from the hot exhaust gases from the gas turbine. Pinch analysis was not the 

most useful tool for the selection of the heat exchanger configurations. The cool 

streams were air and product fuel gases. However, once the gasifying air was 
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preheated, the gasification temperature can increase to values higher than the GT 

exhaust temperature (hot stream), especially at high ER values and low moisture 

content of poultry litter. 

This work reviewed the selection of an optimal ER value. However, it was 

found that its selection is a compromise between achieving the best process 

efficiency and the minimum emission of pollutants to comply with environmental 

standards. Low ER values had the benefit of generating low HCl emissions and good 

process efficiency but the disadvantage of releasing very high SO2 emissions. High 

ER values did not show to reduce the SO2 emissions enough to comply with the 

guidelines. Therefore, H2S removal seems necessary for the reduction of SO2 

emissions. 

The incorporation of inorganic constituents of ash in the equilibrium model 

showed the partition of inorganics in the solid and gas phases. Most of the inorganics 

remained in the solids. However, at high temperatures (with high ERs or low MCs) 

chlorine, potassium and sodium can be found in the gas phase. These vapours are of 

great concern in gas turbines because they can increase rates of hot corrosion on 

turbine surfaces. At high temperatures (> 950K), H2S concentration was reduced due 

to reaction with calcium and sulphur remained in the solid phase as CaS. The studies 

showed that operating at low temperature, selecting low ER values and/or wet fuels 

is preferred to minimise the vaporisation of inorganic species and not exceed the fuel 

requirements for gas turbines.  

7.1 Future work 

This work has provided an evaluation of the gasification of poultry litter 

using two models. Since at the present time experimental data from the gasification 

of poultry litter was not available, future experimental work would not only benefit 

the design of a commercial facility but also help improving the accuracy of the 

proposed model. 

This work has proposed a tar mechanism and showed how tar evolves during 

biomass gasification. The evaluation of the simulation results showed that some 

intermediate reactions require additional kinetic parameters for tar decomposition. It 

would be beneficial to study individual reactions to gain Arrhenius parameters; in 
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particular, it is needed to study the reactions of pyrolysis and combustion of o-cresol 

and salicylaldehyde. The completeness of the kinetics would improve the fidelity of 

the tar simulation. 

For the formation of tar, the main assumption is that tar derives directly from 

the lignin present in biomass based on its aromatic nature. However, there are 

experimental studies on cellulose and wood that suggest that acetylene is also 

responsible for the formation and growth of aromatic rings. During biomass 

gasification, it would be worth quantifying the generation of acetylene, its 

implication on benzene formation and PAH compounds growth and its relative 

importance to lignin aromatics. 

In addition, the model could be further improved by making more flexible the 

design of the gasifier, e.g. allowing the variation of the feeding point of biomass or 

the use of external heaters to keep certain temperature inside the gasifier. By 

improving the model to more accurately represent the design and operation of 

gasifiers, it could provide a better understanding of the reactions occurring during the 

process and identify optimum conditions to minimise tar production. In order to 

further validate the model, experiments need to be performed using the operating 

conditions assumed in the model and required to analyse individual tar compounds 

and main product gases at various heights of the bed and freeboard zones. 

In the kinetic model, a reaction that represents the retention of chlorine 

(reaction R22) in the ash was included. However, other inorganics, such as sulphur, 

are also retained in the bed as shown by the equilibrium model. Empirical work on 

the study of the ash chemistry would benefit the simulation since the incorporation of 

these reactions would allow the prediction of inorganics partition, ash agglomeration 

and ash melting, and also benefit the gasifier operation to comply with environmental 

regulations by predicting the emissions of pollutants, such as SOx and HCl. 
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APPENDIX A. THERMODYNAMIC AND TRANSPORT PROPERTIES 

OF GASES 

 
 
 

Table I. Enthalpies of formation, heat capacities and Gibbs free energy of formation 
of gases at standard conditions [190] 

 

name formula 
∆∆∆∆Hf 

(kJ/mol) 

@ 298 K 

Cp 

(J/(mol K)) 

@ 298 K 

∆∆∆∆Gf 

(kJ/mol) 

@ 298 K 

hydrogen chloride HCl -92.312 29.136 -104.41 
hydrogen H2 0 28.77142 0 
water H2O -241.826 33.59 -164.92 
hydrogen sulfide H2S -20.502 34.192 -36.212 
ammonia NH3 -45.898 35.652 -235.836 
nitric oxide NO 90.291 29.845 122.0638 
nitrogen dioxide NO2 33.095  71.43442 
nitrogen N2 0 36.974 0 
oxygen O2 0  0 
sulfur dioxide SO2 -296.842 29.1134  
methane CH4 -74.5 35.69 -50.5 
carbon monoxide CO -110.5 29.14 -137.2 
carbon dioxide CO2 -393.5 37.13 -394.4 
cyclopentadiene C5H6 134.3 75.4 178 
benzene C6H6 82.9 82.43 129.8 
phenol C6H6O -96.4 103.22 -32.5 
pyrocatechol C6H6O2 -272 120.09 -183.1 
salicylaldehyde C7H6O2 -214.95 132.4771 -140.73 
o-cresol C7H8O -128.6 127.3 -34.3 
guaiacol C7H8O2 -249 131.4548 -139 
vanillin C8H8O3 -369 163.4713 -247 
indene C9H8 163.4 124.31 235.1 
naphthalene C10H8 150.6 131.92 224.1 
phenanthrene C14H10 207.5 185.7 308.2 
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Table II. Enthalpies of formation of gases (kJ/mol) [190] 
 

 

name formula A B C D E Tmin (K) Tmax (K) 

hydrogen chloride HCl -91.55941 -0.00226 -1.3E-06 1.56E-09 -4.1E-13 298.15 1500 
hydrogen H2 0 0 0 0 0 298.15 1500 
water H2O -238.5296 -0.01202 3.32E-06 -3.43E-10 7.24E-14 298.15 1500 
hydrogen sulfide H2S -17.82052 0.007989 -9.6E-05 1.66E-07 -1.1E-10 298.15 368.3 
ammonia NH3 -37.85469 -0.03163 1.68E-05 -4.28E-09 8.74E-13 298.15 1500 
nitric oxide NO 90.117767 0.000881 -1.3E-06 9.77E-10 -2.7E-13 298.15 1500 
nitrogen dioxide NO2 36.761872 -0.01865 2.54E-05 -1.48E-08 3.26E-12 298.15 1500 
nitrogen N2 0 0 0 0 0 298.15 1500 
oxygen O2 0 0 0 0 0 298.15 1500 
sulfur dioxide SO2 -294.0432 -1.7E-06 -6.3E-05 1.37E-07 -1.1E-10 298.15 368.3 
methane CH4 -66.63984 -0.02229 -2.2E-05 2.98E-08 -8.4E-12 150 1500 
carbon monoxide CO -114.1326 0.019801 -3E-05 1.49E-08 -2.8E-12 150 1500 
carbon dioxide CO2 -393.0721 -0.00185 2.08E-06 -2.62E-09 8.57E-13 150 1500 
cyclopentadiene C5H6 153.0614 -0.07584 4.46E-05 -3.62E-09 -2.3E-12 150 1500 
benzene C6H6 102.13093 -0.07759 4.55E-05 -4.77E-09 -1.9E-12 150 1500 
phenol C6H6O -77.44987 -0.08099 6.41E-05 -1.94E-08 1.69E-12 150 1500 
pyrocatechol C6H6O2 -251.3707 -0.09645 0.000105 -4.86E-08 8.96E-12 150 1500 
salicylaldehyde C7H6O2 -198.1099 -0.07486 6.44E-05 -8.47E-09 -2.4E-12 150 1500 
o-cresol C7H8O -106.2013 -0.09164 5.77E-05 -6.96E-09 -2.1E-12 150 1500 
guaiacol C7H8O2 -223.0745 -0.10734 7.14E-05 -9.22E-09 -2.8E-12 150 1500 
vanillin C8H8O3 -344.3725 -0.10741 8.66E-05 -1.03E-08 -3.9E-12 150 1500 
indene C9H8 185.85532 -0.08973 4.91E-05 -1.85E-09 -1.9E-12 150 1500 
naphthalene C10H8 175.29383 -0.10103 6.37E-05 -8.15E-09 -2.2E-12 150 1500 
phenanthrene C14H10 236.39397 -0.12049 8.38E-05 -1.55E-08 -1.2E-12 150 1500 
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Table III. Heat capacities of gases (J/(mol K), Tmax 1500 K) [190] 
 

 
 
 

name formula A B C D E F G 

hydrogen chloride HCl 27.914284 0.004098 0 0 0 0 0 
hydrogen H2 19.670998 0.069682 -0.0002 2.89E-07 -2.2E-10 8.81E-14 -1.4E-17 
water H2O 33.174382 -0.00325 1.74E-05 -5.98E-09 0 0 0 
hydrogen sulfide H2S 29.754047 0.014885 0 0 0 0 0 
ammonia NH3 27.739667 0.026538 0 0 0 0 0 
nitric oxide NO 35.838886 -0.04612 0.00012 -1.26E-07 6.48E-11 -1.5E-14 8.67E-19 
nitrogen N2 28.716771 0.007346 -4.5E-05 1.16E-07 -1.2E-10 5.9E-14 -1.1E-17 
sulfur dioxide SO2 32.853121 -0.01037 0.000209 -4.21E-07 3.86E-10 -1.7E-13 3.05E-17 
methane CH4 44.356584 -0.14623 0.0006 -8.74E-07 6.78E-10 -2.8E-13 4.58E-17 
carbon monoxide CO 28.504576 0.010202 -6.2E-05 1.61E-07 -1.8E-10 9.02E-14 -1.7E-17 
carbon dioxide CO2 23.506104 0.038066 7.4E-05 -2.23E-07 2.34E-10 -1.1E-13 2.17E-17 
cyclopentadiene C5H6 44.492574 -0.29841 0.002429 -4.8E-06 4.54E-09 -2.1E-12 3.87E-16 
benzene C6H6 40.445112 -0.2629 0.002457 -4.9E-06 4.64E-09 -2.2E-12 3.93E-16 
phenol C6H6O 26.917301 0.001934 0.001683 -3.74E-06 3.68E-09 -1.7E-12 3.22E-16 
pyrocatechol C6H6O2 15.430076 0.202621 0.001111 -2.77E-06 2.77E-09 -1.3E-12 2.41E-16 
salicylaldehyde C7H6O2 88.605938 -0.38087 0.003131 -5.98E-06 5.44E-09 -2.4E-12 4.31E-16 
o-cresol C7H8O 55.302571 -0.10825 0.00219 -4.53E-06 4.31E-09 -2E-12 3.66E-16 
guaiacol C7H8O2 109.49991 -0.66604 0.004404 -8.54E-06 8.07E-09 -3.8E-12 6.94E-16 
vanillin C8H8O3 94.397033 -0.26327 0.00288 -5.27E-06 4.48E-09 -1.9E-12 3.08E-16 
indene C9H8 106.59516 -0.74895 0.004734 -8.89E-06 8.07E-09 -3.6E-12 6.29E-16 
naphthalene C10H8 36.529108 -0.13512 0.002873 -6.01E-06 5.75E-09 -2.7E-12 4.9E-16 
phenanthrene C14H10 32.439474 0.042455 0.003097 -6.78E-06 6.57E-09 -3.1E-12 5.62E-16 
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Table IV. Gibbs Free Energies of Formation of Gases (kJ/mol) [190] 
 

 
 
 

name formula A B C D E Tmin (K) Tmax (K) 

hydrogen chloride HCl -91.9142 -0.01293 6.07E-06 -2.8E-09 5.35E-13 298.15 1500 
hydrogen H2 0 0 0 0 0 298.15 1500 
water H2O -240.617 0.035116 2.02E-05 -9.3E-09 1.78E-12 298.15 1500 
hydrogen sulfide H2S -17.158 -0.06856 6.02E-05 -4.7E-08 1.98E-11 298.15 368.3 
ammonia NH3 -43.3381 0.078873 4.53E-05 -2.3E-08 4.47E-12 298.15 1500 
nitric oxide NO 90.28682 -0.01228 -3.3E-07 1.25E-10 -2.2E-14 298.15 1500 
nitrogen N2 0 0 0 0 0 298.15 1500 
oxygen O2 0 0 0 0 0 298.15 1500 
methane CH4 -68.7718 0.03833 9.22E-05 -5.5E-08 1.24E-11 150 1500 
carbon monoxide CO -111.997 -0.07848 -2.6E-05 2.25E-08 -6.1E-12 150 1500 
carbon dioxide CO2 -393.333 -0.00403 1.53E-06 -7.4E-11 -3.9E-14 150 1500 
cyclopentadiene C5H6 145.1709 0.066956 0.000178 -1.2E-07 2.92E-11 150 1500 
benzene C6H6 94.05034 0.075715 0.000182 -1.2E-07 2.96E-11 150 1500 
phenol C6H6O -86.147 0.13963 0.000167 -1.1E-07 2.84E-11 150 1500 
pyrocatechol C6H6O2 -261.766 0.223515 0.000169 -1.2E-07 3.09E-11 150 1500 
salicylaldehyde C7H6O2 -205.788 0.180836 0.000158 -1.2E-07 2.98E-11 150 1500 
o-cresol C7H8O -115.841 0.222905 0.000208 -1.4E-07 3.44E-11 150 1500 
guaiacol C7H8O2 -234.154 0.259937 0.000245 -1.7E-07 4.17E-11 150 1500 
vanillin C8H8O3 -355.423 0.308399 0.000232 -1.7E-07 4.29E-11 150 1500 
indene C9H8 176.8424 0.141601 0.000222 -1.5E-07 3.63E-11 150 1500 
naphthalene C10H8 164.6348 0.143908 0.000229 -1.5E-07 3.78E-11 150 1500 
phenanthrene C14H10 223.5791 0.22025 0.000262 -1.8E-07 4.4E-11 150 1500 
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Table V. Gas viscosities (Tmax 1500 K) [191] 
 

 
 

name formula A B C D 
Tmin 

(K) 

Gas viscosity 

@ Tmin (µP) 

Gas viscosity 

@ 25°C (µP) 

hydrogen chloride HCl -16.8499 0.598746 -1.8291E-04 3.83E-08 150 68.976 146.423 
hydrogen H2 1.76113 0.341655 -1.8368E-04 5.11E-08 15 6.8448 88.6535 
water H2O 22.8211 0.173868 3.2465E-04 -1.4E-07 150 55.7222 99.72 
hydrogen sulfide H2S 192.146 -0.39855 9.6506E-04 -2.8E-07 150 153.128 151.641 
ammonia NH3 -7.68191 0.366991 -4.713E-06 4.8E-10 150 47.2623 101.33 
nitric oxide NO -0.62427 0.738434 -3.7605E-04 9.27E-08 110 76.1766 188.568 
oxygen O2 -4.94329 0.806733 -4.0416E-04 1.01E-07 54 37.725 202.336 
sulfur dioxide SO2 -17.0634 0.538327 -1.7010E-04 3.44E-08 150 59.9744 129.229 
methane CH4 1.26029 0.438036 -2.43E-04 7.1E-08 91 39.161 112.121 
carbon monoxide CO 18.0493 0.63753 -0.0003575 1.03E-07 68 59.7807 179.078 
carbon dioxide CO2 11.8109 0.49838 -0.0001085 0 195 104.869 150.757 
cyclopentadiene C5H6 -10.2343 0.320276 -7.696E-05 1.04E-08 250 65.1862 78.6887 
benzene C6H6 2.65848 0.236657 3.7782E-05 -3.4E-08 287 72.8857 75.6733 
phenol C6H6O -1.82232 0.286449 1.0716E-05 -2E-08 250 70.1494 84.0086 
pyrocatechol C6H6O2 1.27034 0.188183 2.6795E-05 -2E-08 250 49.6811 59.2337 
salicylaldehyde C7H6O2 -2.06469 0.232196 3.5705E-06 -1.4E-08 250 55.984 67.1029 
o-cresol C7H8O -1.38912 0.240873 1.0236E-05 -1.7E-08 250 59.2013 70.8831 
guaiacol C7H8O2 -1.30473 0.22241 9.2631E-06 -1.6E-08 250 54.6305 65.4126 
vanillin C8H8O3 1.79341 0.193126 3.1116E-05 -2.2E-08 250 51.6829 61.5688 
indene C9H8 -1.63087 0.212991 5.5831E-06 -1.4E-08 250 51.7481 61.9994 
naphthalene C10H8 -16.6111 0.252958 -3.356E-05 -1E-09 275 50.3935 55.7984 
phenanthrene C14H10 4.12734 0.150174 4.2369E-05 -2.2E-08 250 43.9675 52.072 
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Table VI. Thermal conductivity of gases, kg (W/(m K)) [191] 
 

name formula A B C D Tmin (K) Tmax (K) 
kg @ 25°C  

(W/(m K)) 

hydrogen chloride HCl -2.7488E-03 6.1287E-05 -7.9739E-09 1.2821E-12 159 1500 0.014849 
hydrogen H2 1.0979E-02 6.6411E-04 -3.4379E-07 9.7283E-11 14 1500 0.181 
water H2O 5.6199E-03 1.5699E-05 1.0106E-07 -2.4282E-11 150 1500 0.018641 
hydrogen sulfide H2S 3.1184E-03 3.5162E-05 4.4168E-08 -1.4769E-11 213 1500 0.017137 
ammonia NH3 9.1414E-03 -7.2945E-06 2.1666E-07 -6.4465E-11 240 1500 0.024517 
nitric oxide NO 2.9995E-03 8.3047E-05 -1.5185E-08 1.8810E-12 121 1500 0.02646 
nitrogen N2 -2.2678E-04 1.0275E-04 -6.0151E-08 2.2332E-11 63 1500 0.025652 
oxygen O2 1.5475E-04 9.4153E-05 -2.7529E-08 5.2069E-12 80 2000 0.025917 
sulfur dioxide SO2 8.5308E-04 8.6212E-06 8.3662E-08 -5.0333E-11 250 900 0.009526 
methane CH4 5.3767E-03 5.1555E-05 1.6655E-07 -5.7168E-11 97 1500 0.034038 
carbon monoxide CO 9.9186E-04 9.4020E-05 -4.0761E-08 1.3751E-11 70 1500 0.025765 
carbon dioxide CO2 -1.2000E-02 1.0208E-04 -2.2403E-08 0.0000E+00 195 1500 0.016444 
cyclopentadiene C5H6 -9.3915E-03 4.4282E-05 1.0131E-07 -3.8169E-11 250 1500 0.011805 
benzene C6H6 -9.7669E-03 5.7816E-05 5.8698E-08 -2.2768E-11 250 1500 0.012085 
phenol C6H6O -7.1128E-03 3.7284E-05 9.4254E-08 -3.4414E-11 250 1500 0.01147 
pyrocatechol C6H6O2 -3.3835E-03 1.9421E-05 5.0244E-08 -1.8548E-11 250 1500 0.006382 
salicylaldehyde C7H6O2 -0.0040085 2.3154E-05 6.3861E-08 -2.332E-11 250 1500 0.007954 
o-cresol C7H8O -4.9197E-03 2.7464E-05 9.0857E-08 -3.2759E-11 250 1500 0.010477 
guaiacol C7H8O2 -4.0641E-03 2.1655E-05 7.1376E-08 -2.6071E-11 250 1500 0.008046 
vanillin C8H8O3 -2.2169E-03 1.3456E-05 5.6222E-08 -2.0048E-11 250 1500 0.006262 
indene C9H8 -5.9734E-03 2.8944E-05 7.7894E-08 -2.6277E-11 250 1500 0.008884 
naphthalene C10H8 -6.4056E-03 2.0372E-05 8.1863E-08 -2.9543E-11 250 1500 0.006162 
phenanthrene C14H10 -3.3919E-03 1.6148E-05 6.6858E-08 -2.3716E-11 250 1500 0.006737 



   

APPENDIX B. KINETIC PARAMETERS OF REACTIONS INVOLVED IN THE 

KINETIC MODEL 
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APPENDIX C. CALCULATION OF COEFFICIENTS OF VOLATILES PRODUCED 

FROM DEVOLATILISATION OF BIOMASS (R18) 

 
 

�P© + 2�P©° + �¨°© = r© 

��Å + ��Å° + ��f¿ + y�ÇÈÉ = rP 

2�f°Å + 2�f° + 4��f¿ + 3�Êfª + 2�f°Ë + �f�Ì = r¨ 

�Êfª = rÃ 

�f°Ë = rÂ 

�f�Ì = rPx 
The right-side of the equations was calculated as a sum of the initial element 

composition and the elemental composition that converts to non-condensable gases and 

water, and tar. 

kpyr,i = kPL,i – ktar,i 

where i = O, C, H, N, S, Cl 

To deal with the set of equations, some constraints were imposed to allow the 

devolatilisation of CO and CH4. Char is composed of pure carbon and is fixed according to 

the fixed carbon content based on the proximate analysis of biomass. 

 

�P©° = rP − �PÍÁÎ − r©
2  

�P¨¿ = #r¨ − 3�Ã¨ª − 2�¨°Â − �¨Px& 4⁄ − �PÍÁÎ 

�P© = rP − �PÍÁÎ − �P©° − �P¨¿  

�¨°© = r© − �P© − �P©°
2  

�¨° = 2r¨ − �¨°© − Ð�Ñ¿

 − 
Ã¨ª

� − �¨°Â − 2�¨Px 
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Abstract 

This work reports the integration of a small scale gasification unit with a gas 
turbine for on-site power generation. This eliminates the need for the 
transportation of biomass to centralised plants. The poultry industry in 
Europe is vast and proper waste management is required in order to comply 
with environmental regulations. Therefore, poultry litter represents a 
potential fuel candidate since it is an available source. A process simulation 
was developed for six levels of integration. The model was applied to 
evaluate integration schemes involving atmospheric gasification, pressurised 
gasification and recuperation of energy from the gas turbine exhaust gases. 
The recuperation of residual heat to preheat air and produced gases was 
performed with the aim of achieving the highest electrical efficiency. The 
energy integration system showed more significant effects on process 
efficiency, cold gasification efficiency, carbon conversion and LHV than the 
gasifier operating pressure. The proposed solution of the small scale process 
delivered an electrical efficiency comparable to large scale options. 
 

Keywords: Integrated Gasification; Biomass; Gas turbine; Energy Recuperation; 
Poultry litter; Aspen Plus 
 

1. Introduction 

Biomass and agricultural waste used in energy conversion processes has gained 
attention as a promising alternative to reduce greenhouse gas emissions. Thermochemical 
processes are preferred since they offer the following advantages: i) the process can be 
designed to suit on-site application allowing a more compact system, ii) conversion takes 
shorter times (a matter of minutes) compared to the long periods required in anaerobic 
digestion, iii) destruction of pathogens due to high process temperatures; the option of 
employing seasonal residues from farms, and iv) more efficient recovery of nutrients [1]. 
One thermochemical process is gasification, which converts biomass into a combustible 
gas mixture by partial oxidation. Gasification is chosen because it solves the problem of 
waste disposal and represents a viable solution for the on-site generation of energy. 

Since the main product of biomass gasification is a valuable mixture of combustible 
gases, gasification is frequently coupled to power generation systems. Integrated 
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gasification combined cycle (IGCC) puts together a gasification unit and a combined cycle 
power system. The combined cycle system combines one or several gas turbines (GT) 
and/or one or several steam turbines which can include a heat recovery steam generator 
(HRSG). There are currently 18 installed coal-fired plants of large size (200 – 300 MW) 
worldwide, mainly located in Japan, the USA, Germany and Holland, which have reached 
the demonstration stage of commercial-scale IGCC plants [2]. Thus, the IGCC technology 
focuses on high efficiency and large capacity. 

For biomass gasification plants, literature is mostly dedicated to simulation studies. 
Baratieri et al. [3] compared two plant layouts: a circulating fluidised bed gasifier where 
one layout was integrated with a gas engine, and the other with a combined cycle gas 
turbine (CCGT) and a HRSG. The first layout was recommended for 100 – 1000 kWel 
plants because steam could be produced without the need of an expensive district heating 
network, and the second layout for medium size plants (10-20 MWel) due to the higher 
electrical efficiency. In traditional IGCC systems, gasification is performed at atmospheric 
pressure and the produced gases need to be cooled before being compressed to the required 
pressure for the GT [3-5]. In addition, systems employing a pressurised gasifier are usually 
of medium to large scale. At Värnamo, Sweden, a 6 MW BIGCC (Biomass integrated 
gasification combined cycle) system was installed and consists of a circulating fluidised 
bed gasifier that operates at 20 bar and 950 – 1000°C [6]. The hot gas is cooled to a 
temperature of 350–400°C before entering a ceramic filter for particle removal. GT 
exhaust gases are used in a HRSG to generate steam and then injected into a steam turbine. 
An IGCC system using air-blown pressurised biomass gasification was suggested within 
the power range of 10–40 MWe capable of achieving up to 40% of net efficiency [7]. 
Indeed, more complex systems are found in the literature, such a modified IGCC system 
that used a HRSG to generate steam. Air for combustion and fuel gases were preheated 
before entering the GT burner. However, the fuel gas was previously cooled down to 
673 K for hot gas clean-up; after being preheated in the HRSG, the fuel temperature was 
50 K lower than after steam gasification. The GT exhaust gases were employed to 
externally heat the gasifier and the remaining heat used in the HRSG [8]. In addition to a 
HRSG for generating high and low pressure steam, an air separation unit (ASU) was 
included for oxygen-blown gasification. The nitrogen generated from the ASU was used to 
dilute and cool syngas before combustion. The gasifier was modelled at high pressure and 
temperature, 25 bar and 1600°C, respectively. Co-gasification of coal, petcoke and olive 
pomace delivered an overall plant efficiency of 35% [9]. 

The understanding of the gasification process allows the operation and optimisation 
of the system. A useful tool to explore its complexity is the mathematical simulation of the 
gasification process. Significant work has focused on biomass gasification using chemical 
equilibrium models [10-14]. The equilibrium calculation provides the final composition 
and temperature of the product gases considered. Furthermore, equilibrium models are 
helpful due to the prediction of the thermodynamic limits of the gasification reaction. 

Most biomass gasification work has concentrated on wood utilisation. However, the 
United Kingdom and in general the European Union have large poultry industries that 
produce 820 and 5,500 million birds per year, respectively [15]. From poultry operations, 
litter is generated as a waste consisting of manure, waste bedding and feathers. In the EU, 
the litter is removed with every new flock and substituted with fresh bedding material; 
therefore, an estimated production of 1.4 million tons of poultry litter results from broiler 
operations [16]. Disposal of poultry litter traditionally includes application to land as 
fertiliser, but the improper application and overuse of poultry litter represent a potential 
problem due to: spread of pathogens [17]; emission of ammonia, greenhouse gases and 
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odorous compounds; and ground water pollution through infiltration of nutrients leading to 
eutrophication [18]. With this growing concern and new regulatory constraints, land 
spreading is becoming a less acceptable option. Furthermore, poultry litter represents an 
available source for energy conversion. 

Most systems use the hot gas turbine exhaust gases essentially to generate steam. In 
this work, electricity production is maximised by avoiding the generation of steam and the 
cost of a HRSG unit. The hot gases from the GT can be used as a heat source for the 
biomass gasification process as it is proposed in this work. Therefore, the main objectives 
of this work are the integration of the gasification of poultry litter with a gas turbine using 
a small-scale and on-site system, and the recuperation of residual heat to preheat air and 
product gases in order to achieve the highest electrical efficiency. 

 
2. Method 

2.1 Process configurations 

In order to compare the performance of the proposed pressurised system, it was 
compared to a conventional arrangement using an atmospheric gasifier. In addition, two 
more arrangements that include heat recovery were analyzed. Therefore, six case studies 
were evaluated as explained below. 

Base case. This base case does not include any energy integration. This case 
consists of a gasifier operating at atmospheric pressure where air is used as the gasifying 
agent as illustrated in figure 1a. Since the product gases carry particles, a filter is used to 
remove dust from the gas stream. The clean gases are cooled down to 40°C to condense 
water vapour and lower the work of the syngas compression to reach the required operating 
pressure. Then the product gases are injected into the combustion chamber of the GT and 
burnt with the previously compressed air. After combustion, the gases enter the expander 
and then the De-NOx unit for NOx elimination. This arrangement is representative of what 
has become relatively common practice in the biomass to energy industry in the UK. 
However, in most installations the combination of syngas compressor and GT is replaced 
by a converted IC piston engine. 

Case 2. This arrangement contains the same process units as the base case, but the 
hot product gases are used to reheat itself after compression. In this case, the clean gases 
are cooled down first to 400°C and then further to 40°C. After compression, the cool gases 
are used to lower the temperature of fuel after gasification to 400°C. Then the reheated 
gases are injected into the combustion chamber of the GT and burnt with the previously 
compressed air, as shown in figure 1b. 

Case 3. This arrangement contains the same process units as the base case, but in 
this case, the gasifier is pressurised. A second compressor is used to pressurise the 
gasifying air as shown in figure 1c. Since the product gases are already at the required 
pressure, they are not cooled before combustion in the GT. 

Case 4. This arrangement includes the same process units as the base case, but in 
this configuration an energy integration system (EIS) is added as shown in figure 1d. In the 
EIS, the hot GT exhaust gases are used to preheat air for gasification and air after 
compression. 

Case 5. This arrangement includes the same process units as case 2, but in this 
configuration an energy integration system (EIS) is added as shown in figure 1e. In the 
EIS, the hot GT exhaust gases are used to preheat further the product gases after 
compression, air for gasification and air after compression. 

Case 6. This arrangement contains the same process units as case 3, but in this case 
an EIS is included as shown in figure 1f. In the EIS, the hot GT exhaust gases are used to 



 

preheat air and the gases produced after gasification. Only one compressor is used for air 
compression; then air is preheated in the EIS. 
two parts. The first part is directed to the gasifier whilst the second part is passed to the 
burner of the GT as combustion air. 

 

Figure 1  Process configurations: a) Base case, b) Case 2, c) Case 3, d) Case 4, e) 
Case 5, and f) Case 6

 
2.2 Model description

A model based on chemical equilibrium was developed to analyse the four layouts. 
The equilibrium calculation provides the final composition and temperature of the product 
gases considered. This equilibrium model assumes that the gasifie
mixing conditions and uniform temperature, fast reaction rates and sufficiently long 
residence time to reach equilibrium. Heat losses are ignored since the gasifier is considered 
to be ideally insulated. 

The simultaneous solution o
modelling in ASPEN Plus 
involving solids and is equipped with physical, chemical and thermodynamic databases. As 
input data to run the simulations, the ultimate (elemental) analysis, proximate analysis, 
moisture content, mass flow and HHV of the poultry litter were specified. The ultimate and 
proximate compositions employed are given in table 1. The HHV for poultry litter was 
estimated, by ASPEN Plus using the IGT correlation, to be 13.23 MJ/kg (dry basis). 

To model the gasification process, the process was split into three component sub
processes, as shown in figure 2, corresponding to: a) the flash pyrolysis of poultry litter 
was modelled by breaking it into its constituent elements, ash and energy according to its 

preheat air and the gases produced after gasification. Only one compressor is used for air 
compression; then air is preheated in the EIS. Following pre-heating, the air is 
two parts. The first part is directed to the gasifier whilst the second part is passed to the 
burner of the GT as combustion air.  

Process configurations: a) Base case, b) Case 2, c) Case 3, d) Case 4, e) 
Case 5, and f) Case 6 

2 Model description 

A model based on chemical equilibrium was developed to analyse the four layouts. 
The equilibrium calculation provides the final composition and temperature of the product 

This equilibrium model assumes that the gasifier operates under perfect 
mixing conditions and uniform temperature, fast reaction rates and sufficiently long 
residence time to reach equilibrium. Heat losses are ignored since the gasifier is considered 

The simultaneous solution of mass and energy balances was performed by 
modelling in ASPEN Plus [19] software. ASPEN Plus allows the use of processes 
involving solids and is equipped with physical, chemical and thermodynamic databases. As 

e simulations, the ultimate (elemental) analysis, proximate analysis, 
moisture content, mass flow and HHV of the poultry litter were specified. The ultimate and 
proximate compositions employed are given in table 1. The HHV for poultry litter was 

by ASPEN Plus using the IGT correlation, to be 13.23 MJ/kg (dry basis). 
To model the gasification process, the process was split into three component sub

processes, as shown in figure 2, corresponding to: a) the flash pyrolysis of poultry litter 
lled by breaking it into its constituent elements, ash and energy according to its 
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preheat air and the gases produced after gasification. Only one compressor is used for air 
heating, the air is divided into 

two parts. The first part is directed to the gasifier whilst the second part is passed to the 

 
Process configurations: a) Base case, b) Case 2, c) Case 3, d) Case 4, e) 
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To model the gasification process, the process was split into three component sub-

processes, as shown in figure 2, corresponding to: a) the flash pyrolysis of poultry litter 
lled by breaking it into its constituent elements, ash and energy according to its 
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ultimate analysis. This step used a reactor modelled by a RYIELD block; b) the 
gasification reactions were simulated based on the chemical equilibrium. The composition 
of the produced gas was estimated through the minimisation of the Gibbs free energy using 
a RGIBBS block. The specified products were CO, CO2, H2O, H2, O2, N2, C, CH4, NH3, 
H2S, COS, HCl and HCN. Longer chain hydrocarbons and aromatics were not included as 
they are thermodynamically unstable under the gasification conditions [12]; and c) Ash 
separation was simulated by a SSPLIP block using a fractional carryover of the solid 
components (ash and carbon).  

 
Figure 2 Diagram of the fluidised bed gasification model 

 
In order to model the gas turbine unit, the GT was split into three component sub-

processes as shown in figure 1: i) compression of air was modelled using a COMPR block. 
The isentropic efficiency and the desired pressure ratio were specified; ii) combustion was 
simulated using an adiabatic stoichiometric reactor with a RSTOIC block. The combustion 
reactions were specified and established as progressing to completion; and iii) the 
expansion section simulated the expansion of hot gases to convert their sensible heat into 
rotational energy. The power generated was used for driving the compressor and the excess 
work for energy production. The isentropic efficiency and the desired pressure ratio were 
specified. The expander was modelled using a COMPR block. Table 2 shows further 
model assumptions. 

With the aim of obtaining the best achievable efficiency, the exhaust gases from the 
GT were used to preheat the air for gasification and the air for combustion in the GT 
section. In addition, when the outlet product gas temperature was lower than the GT 
exhaust temperature, product gases were preheated before entering the combustor. The 
heat exchangers were modelled as counter current using a HEATX block. 

 
 
3. Results and discussion 
The six proposed process layouts were compared by varying the equivalence ratio 

(ER) and observing its effects on cold gasification efficiency, carbon conversion, lower 
heating value and process efficiency. ER refers to the ratio of the amount of air supplied 
and the required air for stoichiometric oxidation. 

3.1 Cold gasification efficiency 

Cold gasification efficiency is commonly used as a parameter for evaluating the 
gasification process. The cold gasification efficiency (CGE) was calculated at standard 
conditions using the following equation: 

biobio

gasgas

CG
LHVm

LHVQ
=η        (1) 
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where Qgas refers to the volumetric flow rate of produced gases in m3/s, LHVgas is 
the lower heating value of the produced gases in MJ/Nm3, mbio is the mass flow rate of 
biomass in kg/s, and LHVbio is the lower heating value of biomass in MJ/kg. 

Figure 3 shows the cold gasification efficiency for the six process layouts based on 
the LHV versus ER. For the six cases, maximum CGEs were obtained. For the base case 
and case 2, the CGE were identical because the gasifier operating conditions were the 
same; a similar result was observed for cases 4 and 5. For the base case and case 3, the 
maximum CGEs were achieved at an ER of 0.33 and 0.32, respectively; whereas for the 
two energy recuperative layouts, the cases 4, 5 and 6, the maximum CGEs were achieved 
at a lower ER of 0.29.  
 

 
Figure 3 Cold gasification efficiency versus ER for the six cases  

 
The maximum cold gasification efficiency of the base case (74%) was increased by 

5% points when the energy recuperative system (cases 4 and 5) was included. These results 
agree with the trends previously showed for wood gasification with 20% and 40% of wood 
moisture content [20]; when the air inlet temperature was increased from 298 K to 873 K, 
the maximum cold gas efficiency showed an increase by nearly 6%. In the present work, 
the air inlet temperature was 293 K for the base case and case 2, 492 K for case 3, and 830 
K for the energy recuperative systems (cases 4, 5 and 6). At an ER of 0.29, the CGE 
increase of case 5 was up to 11% points higher than the base, which it is the ER where the 
maximum CGE for case 5 was obtained. As a result, figure 3 confirms that preheating air 
improves the cold gasification efficiency. Even more advantageous is the fact that air was 
preheated by recovering heat from the gas turbine exhaust gases. 

Figure 3 shows the effect of raising the pressure of gasification from atmospheric 
(base and case 2) to 5bara (case 3). It can be seen that the cold gasification efficiency of 
the base case is improved by 3.5% points at the same ER when the pressurised gasifier was 
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included. However, the maximum CGE was increased by only 1% point but appeared at a 
lower ER. Previous work investigating the effect of pressure on wood gasification without 
air preheating found that the CGE increased by approximately 1% between atmospheric 
and a maximum pressure of approximately 13 bar [21]. For the energy recuperative, 
atmospheric and 5bara pressurised systems, cases 5 and 6, respectively, the CGEs varied 
by less than 1%. When pressure was increased, H2 and CO concentrations decreased; 
however, CH4 composition increased. The combined effects of these changes resulted in 
only small variations in the LHV and gasification efficiency. 

Even though the cold gasification efficiency did not drastically improve with every 
layout modification, each modification from the base case resulted in an optimum ER of 
lower value. This fact provides some benefits since lower ER under similar air preheat 
conditions represents operating the gasifier at lower temperatures and obtaining gases with 
higher LHV. This result is consistent with a previous thermodynamic study of wood 
gasification, where preheated air reduced the optimum ER for achieving the maximum 
CGE from 0.29 to 0.25 [20]. However, in that work only the gasification process was 
evaluated. 

 
 3.2 Carbon conversion 

Figure 4 shows the carbon conversion as a function of ER for the six cases. Each 
case shows an increasing conversion up to the maximum 100% and the expected plateau 
for all higher values of ER. The cases 3, 4, 5 and 6 show complete carbon conversion being 
achieved at lower ER values than for the base case and case 2. This can be explained by 
the energy provided by the hotter air which promotes the carbon conversion by 
endothermic reactions, such as the water-gas reaction (C + H2O → CO + H2) and 
Boudouard reaction (C + CO2 → 2CO). 

 
Figure 4 Carbon conversions versus ER for the six cases 
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When Figure 4 is read in conjunction with figure 3, it can be seen that the 
maximum CGE coincides with the minimum ER required for complete conversion of the 
carbon, also referred to as carbon burn-out. 

 
3.3 Lower heating value (LHV) 

Figure 5 shows the LHV versus ER for all the layouts. It is observed that the LHV 
decreases as expected with increasing ER. However, the LHV at low ERs only decreased 
slightly or remained almost constant for cases 4 and 5 up to the ER where the maximum 
cold gasification efficiency (figure 3) and complete carbon conversion (figure 4) were 
achieved. 

 
Figure 5 Lower heating value (LHV) versus ER for the six cases 

 
A previous study [22] examining the effect of ER on the gasification of olive kernel 

found that below a critical value the LHV changes only slightly with ER whilst above the 
critical value the LHV decreases steadily with increasing ER. Their result supports the 
trends shown in figure 5; however, they did not associate the critical value of ER with 
complete conversion of the carbon or the maximum CGE. Furthermore, above the 
respective critical ER values, the LHV of the gas decreases along a common trend for all 
six cases. This trend represents the progressive oxidation of the fuel components of the gas. 

Higher LHVs were observed for the pressurised cases at low ERs, as already noted; 
the CH4 composition increased, while H2 and CO formation decreased at higher pressure, 
and CH4 has greater positive influence on the LHV. 

Sugiyama et al. [23] used a pebble bed slagging-gasifier with a high temperature air 
generator in order to obtain a syngas with higher calorific value. They analysed the effect 
of increasing the ER when air was preheated to 1000°C. They found that by increasing the 
ER the carbon conversion efficiency and the cold gas efficiency were improved whilst the 
HHV of the product gases decreased which is in agreement with our results.  
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3.4 Process efficiency 

Figure 6 shows the process efficiency for the six layouts versus ER. In all cases, the 
efficiency improved with increasing ER reaching maximum values at the points of carbon 
burnout and peak CGE. In the base case the maximum efficiency (13%) was achieved at an 
ER of 0.33. This compares with 19% for the equivalent configuration containing an IC 
engine with a typical compression ratio of 10:1. For cases 2 and 3, the maximum 
efficiencies of (14% and 21%) were achieved at ERs of 0.33 and 0.32, respectively. 
Maximum efficiency in these cases is maintained for all greater ER values studied. For the 
energy recuperative systems (cases 4, 5 and 6), the maximum efficiencies (25%, 27% and 
33.5%, respectively) were achieved at a lower ER of 0.29. However, only case 6 
maintained its high efficiency for greater ER values. 

 
Figure 6 Process efficiency versus ER for the six cases 

 
For the base case and cases 4 and 5, the process efficiency falls for ER values 

greater than those required for carbon burnout illustrating that it is undesirable to provide 
gasification air in excess of that required to just achieve burnout. However, for the cases 2, 
3 and 6, after the maximum process efficiencies were reached, the efficiencies remained 
almost constant when ER was increased. Whilst this shows that adding more air does not 
benefit the efficiency once complete carbon conversion is achieved it indicates that process 
operation in this region can lead to high efficiency being achieved over range of ER values 
making process operation and control easier. 

For the base case, cases 4 and 5, the reason that the efficiency decreased after 
reaching their maximum value can be explained with figure 7 which shows the temperature 
of product gases after gasification (Tgas) and at the entrance to the GT combustor 
(Tcomb). For all three cases Tgas increases with increasing ER. Tcomb presents a more 
complex picture as it represents the temperature of the fuel gas after being cooled, 
compressed and reheated. For all three cases the temperature of fuel gases after cooling 
and compression was 500 K. For the base case the fuel was fed to the GT combustor at this 
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temperature, whereas for case 4, the compressed fuel gases stream was reheated to 
approximately 800K in the heat integration system by interchange with the GT exhaust, 
and for case 5, the compressed fuel gas was initially reheated by interchange with the hot 
gasifier product gases before receiving additional reheating from the GT exhaust in the 
same manner as case 4. In the range of ER between 0.24 and 0.35 the fuel gas in case 5 
receives additional heat from the GT exhaust raising its temperature by approximately 30K 
above that of case 4. However at ERs greater than 0.35 the gasifier product gas is 
sufficiently hot to reheat the fuel gas following compression to temperatures in excess of 
the GT exhaust producing the upward “tick” shape of the case 5 Tcomb curve. The loss of 
process efficiency for ER values greater than 0.29 can be attributed to the additional waste 
of heat energy arising from the cooling of hotter gasifier product gases in conjunction with 
the additional mechanical energy required to compress the higher mass flow of gas. Case 5 
shows that a proportion of the wasted heat can be recovered through interchange between 
the gasifier product gases and the compressed gases thus mitigating some of the efficiency 
losses. At ERs higher than 0.35, the additional heat recovered into the compressed fuel gas 
results in a slight flattening of the efficiency curve. 

 
Figure 7  Fuel gases temperature after gasification (Tgas) and fuel gases 

temperature before entering GT combustor (Tcomb) versus ER for base 
case, case 4, and case 5 
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process configurations that complement cold gasification efficiency, carbon conversion 
and LHV analyses. Important variations in efficiency were observed as shown in figure 6. 
The maximum efficiency for the base case was improved by 6% points when a pressurised 
gasification unit was employed (case 3). However, a bigger improvement was achieved 
when the energy recuperation system was added to the base case, which increased the 
efficiency by 11% points (case 4). The addition of a heat exchanger to recover energy from 
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the hot product gases to reheat itself after compression improved the efficiency by 
additional 3% points (case 5), that is, 14% points higher than the base case. Figure 6 
illustrates that the process efficiencies between cases 5 and 6 differ by 5.5% points which 
demonstrate an unambiguous difference not observed when only cold gasification 
efficiency was analysed.  

Full integration of the gasifier and GT was achieved by recuperating energy from 
the GT exhaust gases to preheat air for gasification and combustion, as well as by air 
extraction from the compressor discharge to avoid the use of a separate air compressor for 
gasifying air. According to a manufacturer, up to 5% of airflow can be extracted from the 
compressor discharge without the need of modifications, and air extraction between 6% 
and 20% may be possible but requires some modifications to the casings, piping and 
controls [24]. For case 3, an air extraction of 8.6–13% was required for the range of ER 
evaluated (0.2–0.4). In contrast, for case 6 less than 5% of air extraction was required 
using an ER of up to 0.3, and at ERs higher than 0.3 approximately 6.7% of air extraction 
was employed. Since the preferred ER was 0.29 for case 6, the extracted air mass flow was 
4.7% of the compressor airflow, which value is within the constraints of the gas turbines as 
recommended by manufacturers. 

The process efficiencies obtained for case 6 in the range of ERs evaluated were 
between 26% and 33.5%. These results are surprisingly within the efficiencies reported for 
larger and more complex systems [7, 8, 25]. A conventional IGCC system, with a 
gasification temperature of 873 K, turbine inlet temperature of 1547 K, turbine pressure 
ratio of 15 and GT power output of 15.25 MW, gave a net efficiency of 32.6%, and with 
modification of 33.9%, for coconut husk with moisture content of 50% [8]. Higher net 
efficiencies have also been reported. One system included an ASU, gas turbine, HRSG, 
and steam turbine [25]. The efficiencies reported when nitrogen was injected to the 
combustor of the GT were from 38.2 to 40.8% with a net power output of 275–291 MW. 
The gasification temperature was 1,589 K and the GT used a pressure ratio of 15.5 and 
expander inlet temperature of 1,561 K. A second system showed an efficiency of 37.9% 
with a total power output of 17.9 MW [7]. The simulation parameters used were a pressure 
ratio of 15.5 and an air-blown gasifier operated at around 850°C. In this work, a small 
scale system was chosen (200 kW of net power output) with a pressure ratio of 5. These 
process parameters allow the installation of a compact system with the potential of 
achieving an efficiency of 33.5%. 

 
4. Conclusions 

This work shows a solution for a small scale plant that operates with a comparable 
efficiency to large scale options. This is due to effective energy recuperation to the 
gasification process and preheated air. The addition of the energy integration system is 
shown to be much more significant than the effect of pressure. 

Six case studies were evaluated to compare atmospheric versus pressurised 
gasification and the addition of energy recuperation. When only cold gasification 
efficiency was analysed, no significant difference between three (4, 5 and 6) of the six 
cases was observed. However, the overall peak process efficiencies differed by 10% points 
showing that CGE used in isolation can mislead any process configuration comparison. 
Whilst the analysis of CGE together with LHV and carbon conversion allows the 
identification of the optimum ER for an individual case it is still unable to reliably 
differentiate between all the process configurations. Only overall process efficiency 
analyses are able to highlight the layout required to achieve maximum efficiency. 
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Abstract 

Environmental implications of the disposal of waste from the poultry industry have 
created the need for proper waste management. As a result, poultry litter has been proposed 
as a potential fuel candidate for thermal conversion technologies since it is an available 
source. This review discusses the recent advances in the physical and chemical 
characterisation of poultry litter. The focus of this review is on gasification for energy 
generation and current commercial combustion facilities. Significant advances have been 
made in the pyrolysis, gasification and combustion investigations with the aim to 
determine their kinetics. These results are important for modelling work and critical issues 
for the simulation of poultry litter gasification are discussed. 
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1. Introduction 

The large poultry industry in the United Kingdom and European Union produces 
820 and 5,500 million birds per year, respectively [1]. The increasing demand for poultry 
supply has resulted in the generation of the so-called litter. Poultry litter is the waste that 
consists of a mixture of manure, waste bedding, waste food and feathers. The term poultry 
litter covers total manure and litter generated from chicken and turkey broilers, breeder 
chickens and layer chickens. Broilers are pullets and cockerels that have not yet reached 
sexual maturity. 

Disposal of poultry litter traditionally includes its utilisation as fertiliser, but its 
improper application and/or overuse represent potential environmental problems, such as 
spread of pathogens [2]  and emission of greenhouse gases and odorous compounds. 
Nitrogen present in poultry litter can be converted to ammonia and nitrates. Infiltration of 
water soluble nutrients can cause ground water pollution and favour high levels of nitrate 
in drinking water. These high levels of NO3 can cause cancer, respiratory disease in 
humans, foetal abortion in livestock and methaemoglobinaemia, a blood disorder in infants 
commonly known as ‘blue baby disease’ [3]. Heavy rainfall can sweep the poultry litter 
applied to land into nearby ditches, streams and lakes. Surface water pollution by nutrients 
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can lead to eutrophication, which is the excessive growth of algae that consumes aquatic 
nutrients and oxygen, and block sunlight [4]. 

Thermal conversion of agricultural waste represents a promising alternative to 
energy generation and reduction of greenhouse gas emissions. Reviews on the main 
methods for the conversion of biomass to biofuels, e.g. hydrogenation, pyrolysis and 
gasification, and the type of biofuels produced can be found in reports by Demirbas [5] and 
Demirbas et al. [6]. Since gasification of poultry litter represents a viable solution for the 
disposal of litter and generation of energy, experimental work has been conducted to 
characterise physically and chemically poultry litter. This work reviews the literature 
available for the kinetics of gasification of poultry manure and litter, and the advances on 
experimental work and the challenges of the modelling of its gasification. 

2. Characteristics of poultry litter 

Biomass properties are important in thermal conversion processes, especially the 
moisture content, calorific value, fractions of fixed carbon and volatiles, and ash content 
[7]. Biomass is characterised by lower fixed carbon, and higher moisture and volatile 
matter contents than coal. However, the higher volatile matter content in biomass favours 
working at lower gasification temperatures. In addition, poultry manure contains mainly 
organic matter as showed in table 1. 

 
Table 1 Chemical and physicochemical characterisation of poultry manure [8] 

 Poultry manure 

Organic matter a 85.38 
pH 8.8 
Moisture b  48.69 
Total nitrogen a  3.56 
Inorganic nitrogen a  1.74 
Ammonia nitrogen a  1.76 
OCC/nitrogen ratio 10.89 
TCC/nitrogen ratio 12.24 
P2O5 (wt %) 0.71 
K2O5 

a  3.79 
Paraffinic C c 12.4 
C in OCH3, sterols and amino acids c 6.7 
C in carbohydrates and aliphatics with OH groups c 68.1 
Aromatic and N-heterocyclic C c 3.2 
Phenolic C c 3.1 
C in CO2H c 6.5 
Total aliphatic C c 87.2 
Total aromatic C c 6.3 
Aromaticity c 6.7 

a in wt % dry basis  
b in wt % wet basis 
c distribution of C as % of total C from [9] 
OCC: oxidizable carbon content, OCC = (TOMC – 15.356)/1.805 
TCC : total carbon content, TCC = (TOMC – 9.33)/1.745 
TOMC: total organic matter content, weight loss on ignition at 540°C for 16 h 
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Nitrogen is present in several forms and is continuously converted by microbial 
activity and changes in temperature, pH, moisture, and oxygen concentration. Poultry litter 
contains typically 60–80% of nitrogen in organic form from urea, protein and amino acids 
present. A large percentage of this organic nitrogen (40–90%) can be transformed to 
ammonia gas or ionised (NH4

+) depending on environmental conditions. NH4 can then be 
converted to nitrate by microorganisms [10]. 

Typical composition of poultry litter is shown in table 2; it includes proximate and 
ultimate analyses, ash fusion and ash analysis, as earlier reported in some publications. 

 
Table 2 Composition of poultry litter 

Components 
Kirubakaran et 
al. 2007 [11] 

Reardon et al. 
2001 [12] 

Antares Group 
Incorporated 
(1999)  [13] 

Whitely et al. 
2006 [14] 

HHV (MJ/kg) 9.56  
13.99 (dry) 

10.73 
14.79 (dry) 

12.0 

Proximate analysis (wt %) 
Fixed carbon 10.2 14.0 9.8 8.11 
Volatile matter 50.3 62.2 47.3 54.72 
Moisture 8.2 25.5 27.4 10.59 
Ash 28.8 23.9 15.7 26.58 

Ultimate Analysis (wt %) 
C 24.84 35.6 27.22 29.09 
H 1.9 4.6 3.72 5.11 
O 33.76 29.8 23.10  
N 2.5 5.3 2.69 3.44 
S 2.5 0.9 0.33 0.8 
Cl 2.5 - 0.71  
Ash 28.8 23.9 15.7 26.58 
Moisture 8.2 - 27.4 10.59 

Ash Composition (wt %) 
SiO2 18.5 22.2 8.1 9.83 
Al2O3 3.1 2.9 1.9 1.36 
TiO2 - 0.2 0.2 0.06 
Fe2O3 2.1 1.7 1.16 0.58 
CaO 18.5 21.3 17.3 3.72 
MgO 4.2 5.0 5.0 1.26 
Na2O 3.6 3.9 9.2 1.61 
K2O - - 16.3 3.34 
P2O5 25.7 20.2 24.4 4.23 
SO3 5.2 7.0 6.7 1.91 
BaO - - - - 
SrO - - - - 
CO2/other - 0.3 9.4 - 

Ash fusion (°C) 
Initial deformation 
temperature 

1139 - - - 

Softening 
temperature  

1149 - - - 

Hemispherical 
temperature  

1161 - - - 

Fusion temperature  1163 - - - 
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Table 2 illustrates that the composition of poultry litter can vary significantly 
depending on the litter origin and management practices of the farm. It shows that poultry 
litter ashes contain high concentrations of potassium (K), calcium (Ca) and phosphorous 
(P). The presence of K in ashes is known to be dependent on the type of bedding material 
used. For example, potassium content is very high, around 4–6%, when straw is employed; 
in contrast, wood shavings reduce the level of K to around 1.5% [15]. 

A by-product from thermochemical processes, such as combustion and gasification, 
is ash. The resulting ash contains high phosphorus and potassium concentration that makes 
it a feasible fertiliser for agricultural crops. Poultry litter ash was evaluated as a potential 
phosphorus source for wheat and other crops, and showed similar effectiveness as 
potassium phosphate when the soils were limed [16]. This ash could be potentially sold at a 
price comparable to fertilisers with phosphorus and potassium of different ratios such as 
0:7:30 and 0:10:20, at €11.45 per 50 kg bag. However, the ash might require formulation 
and granulation which might incur in additional costs. But at least the ash could be used in 
its original state and save the farmer the expenditure on agricultural fertiliser. 

Biomass has been pointed out as a source of inexpensive gasification catalyst. 
Alkali metal salts contained in biomass ash, especially those containing potassium, have 
been found good promoters of gasification reactions; an almost eight-fold increase in co-
gasification rate at 895°C was seen in a 10:90 mixture of coal char and switchgrass ash 
[17]. Reactivity experiments showed that 20%wt wood ash increased the reactivity of 
wood by a factor of 32 relative to uncatalysed experiments [18]. 

Poultry diet contains a range of trace elements, some of which are essential for 
healthy growth and development, such as zinc, copper, chromium, nickel and manganese, 
and others which have no known biological functions such as arsenic, cadmium and lead. 
The addition of Cr, Ni, Cd, Pb and As to animal feedstuffs is not permitted under UK nor 
European Union regulations. These trace elements should not be added to compound feeds 
or blended with other feeding stuffs; therefore, levels in diets are those naturally present in 
the feeds. Arsenic, Cd and Pb are considered to be undesirable substances in livestock 
feeds. 

The presence of arsenic in poultry litter is of great concern; however, arsenic is 
essential in the poultry diet which benefits arise from pharmacological effects on the gut 
microflora. The importance of the gut microflora relates to its effects on host nutrition, 
health and growth performance by interacting with nutrient utilisation [19].  

Arsenic was added to poultry diets in the past as a growth stimulant at rates of 
around 90 mg As/kg DM [20]. Since the benefits were questionable, arsenic is no longer 
used as a growth promoter in the UK. However, the USA has continued the use of arsenic 
as Roxarsone (3-nitro-4-hydroxyphenylarsonic acid) because it has shown to increase 
growth and feed utilisation [21]. This addition causes the presence of 150 mg of As per 4.9 
kg of poultry litter generated by a single broiler in a 48-day lifetime in the USA [22]. 
Recently, the US Food and Drug Administration (FDA) conducted studies of As levels in 
the liver of chickens; as a result, Alpharma, a subsidiary of Pfizer, Inc., is suspending the 
sales of Roxarsone by July 2011 [23]. A different situation is found in the UK, arsenic is 
not included in the poultry diet; therefore, As might be present in an insignificant amount 
in poultry litter. 

The maximum permitted levels of heavy metals in poultry feeds are regulated 
according to the European Parliament and Council Directive 2002/32/EC and the amended 
2003/100/EC, as indicated in table 3. The data reported by Nicholson et al. [24] confirmed 
that none of the samples of compound or home-mix poultry feeds analysed exceeded the 
limit. This led to an arsenic content in manure of <0.1–41.1 mg/kg DM with a mean of 
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9.01 mg/kg DM, as shown in table 3. According to these low values of heavy metals found 
in poultry litter, the emission of heavy metals are expected to be below the limits 
established in table 3, which allows emissions of less than 0.5 mg/m3. 

Table 3 Maximum content of heavy metals in poultry feed and their presence in manure 

Heavy 
metal 

Maximum 
content in 

poultry feed 
(mg/kg DM) 

[25] 

Content in 
commercial 
poultry feed 
(mg/kg DM) 

[24] 

Content in 
poultry manure 

(mg/kg DM) 
[24] 

Estimated 
content in 

poultry litter 
(mg/m3) [24] 

Zinc 284 106 –169 208 – 473 130 
Copper 40 24.8 – 52.4 45.7 – 173 19 
Nickel Not stated. 

Poultry 
tolerance: 400 

mg Ni/kg DM in 
sulphate or 

acetate form 

1.1 – 3.9 2.2 – 12.3 2.4 

Lead 5.6 <1 – 2.4 <1 – 9.28 2.0 
Cadmium 0.56 <0.1 – 0.33 0.2 – 1.16 0.33 
Arsenic 2.24 0.14 – 0.31 <0.1 – 41.1 0.3 
Chromium Not stated <0.2 – 3.44 3.57 – 79.8 1.2 
Manganese 284    
Fluorine 284    
Mercury 0.11    
 

 
3. Experimental work on gasification of poultry litter 

Gasification comprises sequential steps: pre-heating and drying, pyrolysis, and char 
gasification and oxidation. The pyrolysis step normally takes place at 200–500°C, where 
the fuel decomposes into three often lumped products: char, volatiles (condensable 
hydrocarbon or tar) and gases (non-condensable) [26, 27]. Since pyrolysis is the first stage 
of thermal degradation, the mechanisms of biomass pyrolysis have been studied to 
determine the pyrolysis rate and the amount, properties and composition of the resulting 
product [26, 28].  

There is a vast literature on wood pyrolysis, both experimental and modelling, for 
various types of wood, such as oak, hardwood, sweet gum, fir wood, pine and beech [27]. 
However, work on the pyrolysis of poultry litter has shown that the pyrolysis 
characteristics are very different from wood and other types of biomass [29]. As a result, 
experimental work on the pyrolysis of poultry litter has started. It has been reported that 
weight is significantly lost during fast devolatilisation of poultry litter to around 40% of 
weight loss at 500°C, and to about 94% at 1300°C [30]. Table 4 shows the product yields 
after the pyrolysis of poultry litter from the yet limited work found in the literature. The 
yields of products and pyrolysis rates are known to be affected by the heating rate, 
temperature and pressure, as well as by biomass characteristics, such as chemical 
composition, ash content, particle size and shape, density, and moisture content [26]. 
Accordingly, the product yields reported vary greatly because of the quite different 
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experimental conditions in each work, the type of pyrolyser used, and the differences in the 
poultry litter composition. The results from Lima et al. [31] were the most different. In 
Lima et al.’s work, char and non-condensable gases were directly quantified; whereas the 
condensable gases (tar) might have been overestimated since they included non-
condensable gases not calibrated, water vapour and pyrolytic oil vapours, that is, tar and 
hydrocarbon gases greater than C4H10 which were not measured. 

Table 4 Product yields from pyrolysis of poultry litter 

Pyrolysis 
conditions 

Reactor 
Sample 

description 

Yields (% wt) 

Gas Tar Char 

Fast pyrolysis  at 
550°C, sample 
feed rate 200 g/h 
(gas yield 
calculated by 
difference) [29]  

Fluidised bed 
reactor of 5.08 
cm pipe, 50.80 
cm high and 
13.97 cm 
preheater zone 

Chicken litter 
with hardwood 
shavings 

33.04 26.98 39.98 

Chicken litter 
with softwood 
shavings 

42.28 20.66 37.14 

Wood chip 17.1 34.62 39.28 

Heating rate: 100 
K/min, sample of 
21-37 mg, He 
flow rate of 400 
ml/min [32] 

TGA coupled 
with FTIR (tar 
calculated by 
difference)  

Chicken litter 
with straw as 
bedding 

49.75 23.37 26.88 

Fast pyrolysis at 
500°C, sample 
feed rate 200 g/h 
using N2 flow 
rate of 18 L/min 
[33] 

Bubbling 
fluidised bed 
reactor (50 mm 
pipe, 500 mm 
high and 140 
mm preheater 
zone) 

Chicken litter 
after one flock 
was raised, with 
hardwood 
shavings as 
bedding 

13.6±5.7  45.7±2.9 40.6±6.2 

Chicken litter 
after two flocks 
were raised, 
hardwood 
shavings 

22.3±2.5 36.8±1.2 40.8±1.9 

Turkey litter, 
pine wood 

21.7±1.9 50.2±1.6 27.6±1.7 

Hardwood 
bedding 

24 63.3±11.3 12.7±2 

Fast pyrolysis 
20°C/ms at 
700°C, 1 mg 
sample [31] 

CDS analytical 
pyroprobe, 1-cm 
quartz tube 

Broiler litter, 
with softwood 
such as pine 

9 66 25 

Pyrolysis at 
330°C [9] 

Advanced 
prototype 
pyrolyser 

Chicken 
manure 

23 50 27 
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3.1 Char and ash production 
Experimental work has shown that the char yield is favoured at lower temperatures, 

and in order to maximise char yields low heating rate and long residence time are 
necessary, i.e. slow pyrolysis [31]. Table 5 shows the composition of poultry litter char as 
reported in previous works. It is seen that the carbon content is very high. The ash content 
in char was between 21.55 and 66.26% [29], that is, higher than in the initial poultry litter. 
This higher ash content is because almost all the ash that was in the initial poultry litter 
remains in the char. In contrast, the ash content in char for bedding material was much 
lower between 1.4 and 27.28% [29, 33]. 

Table 5 Composition of poultry litter char from fast pyrolysis and ash content (% wt, on 
moisture- and ash-free basis) 

Pyrolysis 
temperature 

 330°C 575°C  575°C 575°C  

Component Chicken 
manure1 

Poultry litter2 Poultry litter3 Hardwood 
bedding [33] 

Carbon 82.7 41.63 74.20 61.33 
Nitrogen 7.0 3.08 5.23 1.62 
Oxygen 6.4 48.67 5.89 32.33 
Hydrogen 3.3 2.42 3.74 2.70 
Sulphur 0.6 1.48 3.56 0.39 
Chlorine - 2.72 7.37 1.22 
Ash 48.6 43.79 54.53 27.28 

1 Chicken manure [9] 
2 Poultry litter after one flock was raised, hardwood shavings used as bedding material [33] 
3 Poultry litter after two flocks were raised, hardwood shavings used as bedding material [33] 

 
 
Char is composed of several inorganics such as, potassium, phosphorous, silicon, 

calcium and trace elements, for instance cadmium, copper and zinc. Table 6 shows the 
inorganic speciation of char. The concentration of inorganics such as calcium, potassium 
and phosphorous were increased 2.8–7 times compared to the original samples [29]. The 
presence of these inorganic elements is what makes poultry litter char a potential soil 
conditioner or fertiliser. 

 
Chars from poultry litter contain between 1.68% wt [33] and 3.7% wt of 

phosphorus; in contrast, chars from coal, coconut shell and wood have less than 0.2% wt 
[31]. Inorganic species, such as potassium, are known to favour char formation [29]. 
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Table 6 Inorganic components of char from poultry litter pyrolysis 

 Chicken litter Hardwood bedding 

Element % wt [33] 2 mg/g char [31] % wt [33] 
 

P 1.68 36.8 ± 2.7 0.09 
K 5.65 42.0 ± 5.3 1.06 
Ca 6.55 53.0 ± 4.0 1.56 
Mg 1.16 14.2 ± 1.2 0.17 
Na 1.48 NA 0.17 
Al 0.54 NA 0.03 
Fe 0.62 NA 0.12 
Mn 0.08 NA 0.02 
Cu1 0.08 NA 0.01 
Zn1 0.08 NA 0.01 
Cd1 4.0 NA 1.0 
Ni1 45 NA 26 
Se1 1.2 NA 0.2 
Mo1 11 NA NA 
S NA 17.3 ± 2.3 NA 

1 ppm 
2 Poultry litter after one flock was raised, hardwood shavings used as bedding 
material 

NA – not available 

3.2 Condensable gases production  
Table 7 shows the elemental analysis of condensable gases after pyrolysis of 

poultry litter. The carbon and nitrogen content are higher for poultry litter than for bedding 
material. The higher nitrogen content was attributed to the presence of manure in the litter. 
Due to the higher content of carbon, the higher heating value (HHV) of condensable gases 
for poultry litter is higher than for bedding material. It was attributed that this greater HHV 
was caused by the higher protein content or lipids content, where decarboxylation and 
nitrogen lost from proteins cause higher hydrocarbon content [33]. 
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Table 7 Composition of condensable gases from fast pyrolysis of poultry litter at 500°C 

Component 
Content in % wt 

Chicken 
litter 

Turkey 
litter 

Wood 
chip 

Chicken 
litter 

Hardwood 
bedding 

 [29] [33] 
Carbon 58.07 60.62 45.22 63.24 55.25 
Nitrogen 8.30 4.21 <0.5 5.05 <0.5 
Oxygen 22.77 28.68 48.73 23.89 37.58 
Hydrogen 7.22 7.16 7.7 7.22 6.54 
Sulphur - - - 0.46 <0.05 
Ash 1.37 0.71 0.1 <0.09 <0.08 
Moisture - - - 4.6 5.3 
HHV (MJ/kg) 27.49 26.24 18.11 28.25 22.64 

 
3.2 Gases production 
The composition of the gases released after pyrolysis depend on the characteristics 

of the feedstock. Attempts to understand the fast devolatilisation of poultry litter have also 
included characterisation of volatiles. The main released non-condensable gases are carbon 
dioxide, carbon monoxide and hydrogen and small amount of low molecular weight 
hydrocarbons such as CH4, C2H6, and C3H8 [31]. The yield of gases increased with 
increasing pyrolysis temperature. Methane yields were found as three to eight times lower 
than CO and CO2 yields. CO2 yields were the highest over the temperature range (400–
1300°C) measured and reached an asymptotic value at around 1000°C [30]. At 
temperatures greater than 700°C, CO2 increases are considered to be caused by 
decarboxylation of mineral-matter (such as CaCO3); this mineral-matter in poultry litter 
might be the reason for lower tar yields than from other fuels and the cause for tar 
destruction at an early stage [32].  

The thermal conversion behaviour of poultry litter has also been analysed using 
thermogravimetric analysis (TGA). The release of nitrogen species has been studied in 
detail in order to identify NOx precursors [30, 32]. Experiments on the pyrolysis of poultry 
litter used TGA and Fourier Transform Infrared (FTIR) spectrometry to quantify evolved 
gases, mainly N-gases. A high percentage of chicken litter bound nitrogen converted to 
NH3, HCN and HNCO, where NH3 was the main gas released of the three. These nitrogen 
species are of interest because they are considered NOx precursors. However, no 
correlation was found between the amount of nitrogen species released and the nitrogen 
content in the litter. The gaseous nitrogen species yields were found to decrease with 
increasing heating rates. In addition, acetic acid (1.3–3.1 % wt daf) and methane (1.2–3.4% 
wt daf) were released from poultry litter pyrolysis [32]. 

Other work employed a heated wire mesh to study fast pyrolysis and it was coupled 
with a FTIR spectrophotometer for the simultaneous analysis of gas species. It was found 
that CO2 was predominant at low temperatures (< 800°C) and CO increased at high 
temperatures, which was attributed to tar decomposition. At low temperature (< 600°C), 
nitrogen was mainly retained in the char, and ammonia was the main N-gas product. At 
high temperatures, more nitrogen was released, high yields of N-tar were produced and 
HCN was the main N-gas formed [30]. 

Coupling a Fourier transform infrared spectrometer (FTIR) to a TGA was 
recommended for slow pyrolysis applications, like carbonization and biochar production, 
but also for modelling purposes using tools such as FG-Biomass [34]. Giuntoli et al. [34] 
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showed a differential thermogravimetric (DTG) curve with the compounds analysed by 
FTIR from chicken manure using a heating rate of 10°C/min. It is seen the drying step at 
105°C, where moisture is evolved and the water released subsequently was pyrolytic water. 
Some ammonia was released already during the drying step and it was assumed as 
physically absorbed NH3 contained in the manure. CH4 was released at around 530°C, 
probably due to the release of methoxyl groups mainly from lignin decomposition. In 
chicken manure protein-nitrogen is present mainly due to undigested food, and it was 
considered responsible for the continuous release of NH3 at lower temperatures. Since 
manure has also a high concentration of nitrogen in the form of urea, this component was 
assumed responsible for the high amount of HNCO released at around 430°C, in 
correspondence with the release of NH3 and HCN. HNCO possibly decomposes into NH3 
and CO2 due to the appearance of their respective peaks. A limitation of these works is that 
FTIR cannot detect H2, since FTIR cannot measure diatomic molecules of the same 
element.  

 

4. Combustion facilities for the disposal of poultry litter 

Since the application of poultry litter into land is restricted by the European Union, 
treatment of this waste has gained attention. One example is the work carried out at the 
Department of INETI in Portugal contracted by the University of Limerick from Ireland 
using a small-scale fluidised bed combustor [15]. The combustor is square (30 cm x 30 cm) 
and height of 500 cm. Due to the fluidising velocity employed (0.4–0.5 m/s) a large 
amount of the ashes was elutriated out of the combustor and then collected in two 
cyclones. The measurement of the ashes showed that most remained in the bed (only 10–
12%) and the ashes collected in the cyclones allowed to trace the partition of potassium, 
chlorine and heavy metals. Major problems arose from the feeding of poultry litter into the 
combustor since its moisture as received was 43% which led to unstable combustion. This 
high moisture content also affected the ignition temperature, which was found to be over 
620°C at a moisture content of 20%. To help the combustion of chicken litter, a mixture 
with peat has been also studied. The combustion efficiency was improved by introducing 
part of the air as secondary to the freeboard with some turbulence. This reduced the CO 
formed, and NOx and N2O levels were lower than the permitted emission values. It was 
reported that the ash fusion was determined as 931.9 K; however, a tendency for ash 
agglomeration above 1073 K was mentioned, but that in general no agglomeration 
tendency was observed because the bed was reported as shallow and well fluidised. In 
September 2010, it was announced the approval of Rose Energy Limited, a consortium of 
three agri-food companies in Glenavy, Ireland, for converting poultry litter into electricity 
using a fluidised bed combustion and steam turbine. The combustor will be fed with 
poultry litter and meat and bone meal (approximately 250,000 tonnes per annum), and 
power about 25,000 homes [35]. 

Another example of a small size waste disposal system for the farm industry is the 
co-combustion of poultry litter with natural gas in a swirling fluidised bed combustor 
(SFBC), where secondary air was injected in a tangential direction. The resulting hot gas 
was passed through heat exchangers, one after the combustor and the second after the 
cyclone; the heat recovery efficiencies were 50 and 20%, respectively, which gave a total 
heat recovery efficiency of around 75% [36].  

Examples of commercial facilities for the conversion of poultry litter to energy 
were reviewed in [10]. Fibropower opened as a poultry-litter-fired power plant at Eye in 
Suffolk, UK in November 1993. The plant generates a net output of 12.7 MW to supply a 
33 kV power line for distribution of local electricity networks. Fibrowatt constructed two 
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plants; one is a 38.5 MW plant in Thetford, England. The plant consists of a conventional 
moving grate boiler and steam cycle that employs 420,000 tonnes/yr of poultry litter [37]. 
The litter is combusted at more than 850°C with a residence time of 2 s. Based on the 
experience of the management team that built the world's first three poultry litter-fuelled 
power plants in the United Kingdom in the 1990s, Fibrowatt LLC was founded in 2000 
[38]. In mid 2007, the first poultry litter-fuelled power plant (Fibrominn) in the USA began 
operation in Benson, Minnesota. The 55-MW power plant uses more than 500,000 tonnes 
of poultry litter annually mainly supplied by Minnesota turkey growers and produces 
enough electricity for approximately 40,000 homes. This solution uses the heat from a 
furnace to produce high pressure and temperature steam in a boiler which is then used in 
steam turbines to generate electricity. However, this project requires that poultry litter be 
transported in trucks to the plant storage facility plus truck routing to minimise traffic 
impact on local communities. 

In contrast to combustion applications of small and medium scale, little open 
literature exits for the gasification of poultry litter. A small scale study was performed at 
Texas A&M University in a updraft fixed-bed gasifier with a 10 kW capacity [39]. The 
gasifier worked at atmospheric pressure using air as gasifying agent. The apparatus had an 
internal diameter of 0.15 m and total height of 0.75 m, with a thick two-stage insulation of 
castable alumina refractory and insulating blankets. The product gas composition mainly 
consisted of CO (28%), CO2 (3.7–11%), H2 (6.1–7.3%) and CH4 (0.9–1.4%) with a HHV 
of 4.28–4.64 MJ/m3 (dry basis). However, the experiments were performed under a batch-
mode operation (approximately for 1 hr) since steady-state was not achieved due to ash 
accumulation in the bed; tar measurements were not presented. This limited literature 
supports the need for studies on poultry litter gasification. 

 

5. Modelling of gasification of poultry litter 
5.1 Kinetics of thermal conversion of poultry litter 
The investigation of the thermal conversion behaviour of biomass includes the 

study of the mechanism and kinetics by which biomass decomposes. The kinetics 
parameters are normally determined by the curves obtained from experiments using 
thermogravimetric analysis (TGA). The weight loss at different temperatures from TGA 
studies is used to determine the characteristics of devolatilisation and further conversion of 
biomass, and afterwards to elucidate the kinetics of reaction. 

TGA results of wood chips and chicken litter (broiler and flock) were compared 
since chicken litter can contain wood chips as bedding material. Wood chips showed two 
weight loss regimes, the first one attributed to the decomposition of cellulose, 
hemicellulose and lignin and the last one to further devolatilisation of residual charcoal. 
Whereas chicken litter presented three different weight loss regimes, the second loss 
regime was attributed to manure and lignin and the third one to further charcoal 
devolatilisation [40]. 

The kinetics parameters of pyrolysis of chicken litter has been determined using the 
differential method from data obtained using DTG. The rate of reaction (-r) was expressed 
as: 

( )Xfk
dt

dX
r ⋅==−          (1) 

The reaction rate constant, k, follows the Arrhenius equation: 
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The combination of the equations 1 and 2, and taking the natural logarithm yields 
the following equation: 
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where E is the apparent energy of activation, A is the pre-exponential factor, T is 
the pyrolysis temperature, X is the conversion of sample, t is the pyrolysis time, R is the 
gas constant and n is the reaction order. E and A were determined by linear regression from 
the lineal relationship between ln(dX/dt) and 1/T with slope –E/R, since TGA was run at 
different heating rates [40-42]. 

Another approach to elucidate the gasification kinetics of poultry litter employed 
static air and static nitrogen separately at a heating rate of 5°C/min [11]. From the TGA 
data, the rate of reaction was determined as the average of weight loss (dX/dt) between (t – 
1) and (t), and (t) and (t + 1). Assuming a first order reaction, f(X) was defined as the 
weight of biomass yet to be degraded (w) and calculated for each temperature. Using 
equation 1, k was calculated for each temperature. With the natural logarithm of equation 
2, a plot for lnk versus 1/T showed different zones of conversion; E and A were determined 
for each zone.  

Table 8 summarises the results of kinetics parameters for poultry litter when a first 
order reaction was assumed. The activation energies shown vary significantly as a result of 
different heating conditions, experimental devices such as classical thermogravimetry, 
sample characteristics, and mathematical treatment of the data [43]. These variations make 
difficult to identify proper kinetics of the primary degradation through fast pyrolysis for 
the simulation of the gasification of poultry litter. 

 
Table 8 Kinetic parameters for chicken litter considering a first order reaction 

TGA Stages of conversion E 
(kJ/mol) 

A (s-1) Reference 

Pyrolysis carrier 
gas: N2 at 20 
ml/min 
Heating rates: 5, 
10 and 20°C/min 

60% conversion 
80% conversion 

99 
464 

 

7.66x103 

1.01x105 
 

[40] 

Static N2 
Heating rate: 
5°C/min 

moisture removal: 30-120°C 
zone I: 200-310°C 
zone II: 310-440°C 
zone III: 440-600°C 

36.54 
87.19 
52.46 
58.76 

1740 
9.82x105 
20.22 
29.35 

[11] 
 

Static air 
Heating rate: 
5°C/min 

moisture removal: 30-120°C 
zone I: 200-310°C 
zone II: 310-440°C 
zone III: 440-600°C 

32 
88.62 
63.8 

62.12 

245.32 
1.34x106 
193.67 
55.09 

[11] 

Pyrolysis  
N2 at 50 ml/min 
Heating rate: 
20°C/min 

moisture removal: 20-160°C 
zone II. 160-290°C 
zone III. 290-390°C 
zone IV. 390-500°C 

100.6 
52.11 
193.9 
242.3 

2.77x1013 

808.81 
4.18x1015 

4.81x1017 

[41] 

Combustion 
Air at 50 ml/min 
Heating rate: 
20°C/min 

I. moisture removal: 20-150°C 
II. Devolatilisation (150-350°C) 

III. Char precombustion (350-500°C)  
IV. Char combustion (500-650°C) 

61.72 
71.43 
148.5 
157.6 

4.41x106 
2.64x104 

4.49x108 

1.69x109 

[14] 
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A kinetic model based on parallel first-order reactions with a Gaussian distribution 
of activation energies was proposed for the devolatilisation of poultry litter [32]. In order 
to fit the experimental data, the pre-exponential factor was fixed to 2.2x1013s-1. Since each 
volatile species evolved as one or more peaks, single or multiple precursors were assumed, 
respectively. Kinetic parameters were given for CO, CO2, H2O, CH4, C2H4, CH3COCH3, 
CH3OH, HCN, NH3, CH2O, HCOOH, CH3COOH, C2H4O, HNCO and tar, with activation 
energies ranging from 124.7 to 323.3 kJ/mol. 

 
5.2 Challenges for the modelling of gasification of poultry litter 
For wood pyrolysis, two types of models have been proposed for representing fast 

heating rates, the one-component mechanism and the multi-component reaction 
mechanism [26]. In the former mechanism, three parallel reactions produce char, tars and 
gas. Whilst in the latter mechanism, intermediates are produced, an example is a three-step 
mechanism suggested for wood pyrolysis, which included secondary reactions for tar 
decomposition into gas and char [44]. 

The understanding of the initial devolatilisation is necessary for the modelling of 
biomass thermal conversion processes. From TGA experiments, it is known that wood 
chips showed two weight loss regimes, whilst chicken litter showed three different weight 
loss regimes [40].  

Kinetics parameters are normally calculated to slow heating rates as shown in table 
8. Therefore, there is a need for kinetic parameters for faster heating rates since 
devolatilisation occurs nearly instantaneously.  

Among the greatest challenges of the gasification technology is the elimination of 
tars. Tar is a complex mixture of condensable hydrocarbons comprising single ring to 5-
ring aromatic compounds plus other oxygen-containing hydrocarbons and complex 
polycyclic aromatic hydrocarbons (PAH) [45]. Tar is undesirable because of its propensity 
to condensate at temperatures lower than its dew point which causes blockage and fouling 
of lines, filters and gas turbines. Furthermore, sampling and measuring tars are difficult 
tasks that affect the accurate modelling of tars. Tars are produced in series of reactions 
highly dependent on the operating conditions. For simplification, tar model compounds 
have been studied to understand tar cracking mechanisms [46]. Another approach is the 
consideration of all tar compounds as a single lump to obtain apparent kinetic parameters 
[47]. 

The presence of ash in fluidised bed gasifiers represents a potential risk since bed 
agglomerates can lead to loss of fluidisation (defluidisation) and alkali vapours in the 
product gases can increase rates of hot corrosion on turbine surfaces in integrated systems 
[48]. Gas-phase concentration of alkali constitutes and low melting temperature of alkali 
ash components can cause ash deposit formation. TGA/DSC tests combined with the Ash 
fusion test (AFT) and Thermo-mechanical analysis (TMA) were used to characterise the 
fusion behaviour of poultry residues [49]. In the TMA, the change of height of a load of 
ash was measured to evaluate the sintering temperature while heating at a constant rate. 
The ashes were leached with water and ammonium acetate. For the chicken litter sample, a 
mass loss at 600-800°C was attributed to the decomposition of calcium carbonate and no 
clear melting point was observed. In contrast, for the leached chicken litter ashes, two 
endothermic peaks were noticed, one at 728°C (evaporation peak) with a mass loss of 30% 
and the other at 958°C (melting point). The difference between the two samples was that 
the leached ashes were enriched with reactive inorganic and high melting point species. As 
a final point, ash agglomeration, inorganics partition, and ash melting studies have shown 
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that ash chemistry should be included in both experimental and modelling work. However, 
ash constituents are often considered as inert in gasification models. 

 

6. Conclusions 

To avoid the direct disposal of poultry litter into land, it can be employed as a fuel 
source for thermal conversion processes. As a result, commercial combustion facilities 
already exist that convert this waste into energy. However, gasification of poultry litter 
offers an alternative option for the disposal of litter which benefits from producing 
combustible mixture of gases to be used in power engines. On the other hand, more 
research is needed to understand the gasification process. One of the areas that require 
further work is the generation of more experimental data that could be then fed into 
modelling work.  

Among the challenges that need to be addressed is the understanding of tar 
formation and evolution. The presence of tar can cause operational problems; in particular 
heavy tars may condense on cooler surfaces downstream which can lead to blockage of 
particulate filters and of fuel lines. Another issue is the influence of the ash chemistry since 
poultry litter contains approximately 20%wt of ash content and high amounts of potassium. 
Despite the problems caused by the presence of ash, the resulting ash offers the advantage 
of being suitable for usage as fertiliser. 
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ABSTRACT: The poultry industry is large in the EU which generates litter as waste. Improper application and/or 
overuse of poultry litter as fertiliser can cause the spread of pathogens and ground water pollution. Therefore, 
gasification is proposed as a potential solution for disposal and energy generation. Conventional gasification systems 
are large scale with an atmospheric gasifier that requires cooling of the product gas. This work, however, employs a 
small on-site pressurised gasifier to maintain all stages hot. A model for the optimisation of air gasification integrated 
with a gas turbine (GT) engine was developed on ASPEN Plus to achieve 200 kW of net power output. Steady-state 
and chemical equilibrium were assumed in a Gibbs free energy minimisation gasifier. The effects of varying the 
pressure ratio and inlet temperature of the GT on carbon conversion, gasification temperature, product gas 
composition, higher heating value and process efficiency were evaluated. At lower pressure ratios more energy was 
recuperated by preheating the product gas and air before entering the GT combustion chamber. Increasing the 
pressure ratio improved the process efficiency up to a maximum with air preheat constrained to 724 K. The increase 
of the GT inlet temperature also improved the process efficiency. 
Keywords: gasification, integration, gas turbine, small scale application, modelling, agricultural residues 
 

 

1 INTRODUCTION 
 

The European Union has an enormous poultry 
industry which produces 5,500 million birds every year 
[1]. Bedding material is spread over the floors within the 
poultry houses. The purpose of the bedding material is to 
absorb moisture and promote drying. Litter is removed 
with every new flock of birds and substituted with fresh 
bedding material. Thus, poultry litter consists of manure, 
waste bedding, waste food and feathers. An estimated 
production of 1.4 million tons of litter results from broiler 
operations in the United Kingdom [2]. Traditional 
disposal of poultry litter includes its utilisation as 
fertiliser but the improper application or overuse 
represents a potential problem due to: the spread of 
pathogens [3]; emission of ammonia, greenhouse gases 
and odorous compounds; and ground water pollution 
through infiltration of nutrients leading to eutrophication 
[4]. Due to growing concern and new regulatory 
constraints, manure disposal on agricultural land is 
becoming more restricted. Gasification is proposed as an 
alternative method that solves the problem of waste 
disposal and represents an environmentally sound option 
for the on-site energy production. 

Conventional integrated gasification combined cycle 
(IGCC) systems employ gasification at atmospheric 
pressure, where the produced gases are cooled to 
facilitate the compression to the required pressure for the 
gas turbine (GT) engine [5-7]. Pressurised gasification is, 
therefore, more advantageous to avoid the cooling of 
gases when compression is required and maintain all 
process stages hot. 

However, systems employing a pressurised gasifier 
are usually of medium to large scale. At Värnamo, 
Sweden, a 6 MW BIGCC (Biomass integrated 
gasification combined cycle) system consists of a 
circulating fluidised bed gasifier that operates at 20 bar 
and 950 – 1000°C [8]. The hot gases are cooled to a 
temperature of 350 – 400°C before entering a ceramic 
filter for particle removal. GT exhaust gases are used in a 
heat recovery steam generator (HRSG) to produce steam, 
which then is introduced into a steam turbine. An IGCC 
system using air-blown pressurised biomass gasification 

was suggested within the power range of 10 – 40 MWe 
capable of achieving up to 40% of net efficiency [9].  

Limited work has focused on the effects of pressure 
and even less in combination with a power generation 
system. The effects of pressure on gas yields [10] and 
gasifier temperature, lower heating value (LHV) of gas, 
and exergy efficiency [11] have been studied for biomass 
gasification. In addition, an optimum pressure between 
12-13 bar was found based simply on the maximum cold 
gasification efficiency achievable; it was assumed that 
25% of the amount of air for stoichiometric combustion 
was employed and air was at ambient temperature during 
the simulation of wood gasification [12]. However, these 
studies were only concerned with gasification and did not 
take into account the effects of pressure when a turbine 
engine is integrated into the gasification process. This 
work considers a small scale on-site pressurised 
gasification unit to avoid the transportation of litter to 
centralised plants and maintain all process stages hot. The 
objective of this work is the assessment of the effects of 
pressure on the gasifer and gas turbine performance as 
well as on the overall process efficiency; additionally, the 
effects of increasing the turbine inlet temperature were 
evaluated. 

 
 

2 METHODOLOGY 

 
2.1 Process description 

The system consists of a pressurised gasifier where 
air was used as gasifying agent as illustrated in figure 1. 
Since the produced gases can carry over particles (ash 
and unconverted carbon), a filter was included to remove 
dust from the gas stream. In the energy integration 
system (EIS), the hot gas turbine exhaust gases were 
employed to preheat air and the gases produced after 
gasification. Following pre-heating, air was divided into 
two parts. The first part was directed to the gasifier as 
gasifying air, whilst the second part was introduced to the 
burner of the GT as combustion air. The preheated gases 
were injected into the GT combustion chamber and burnt 
with the previously preheated air. After combustion, the 
gases entered the expander where their sensible heat is 
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converted to rotational energy and then the De-NOx unit 
to destroy NOx compounds. 
 

 
 
Figure 1: Schematic diagram of pressurised system with 
energy recuperation 
 
2.2 Process simulation 

A model based on chemical equilibrium was 
developed to analyse the process. The equilibrium 
calculation offers the temperature and final composition 
of the product gases considered. This model assumes that 
the gasifier operates under perfect mixing conditions and 
uniform temperature, fast reaction rates and sufficiently 
long residence time to reach equilibrium, and heat losses 
are ignored since the gasifier is considered as completely 
insulated. 

The software ASPEN Plus was employed for the 
simultaneous solution of mass and energy balances [13]. 
ASPEN Plus allows the use of processes involving solids 
and is equipped with physical, chemical and 
thermodynamic databases. As input data for the 
simulations, the ultimate (elemental) analysis, proximate 
analysis, moisture content, mass flow and higher heating 
value (HHV) of the poultry litter were specified. The 
ultimate and proximate compositions employed are given 
in table I. The HHV for poultry litter was estimated as 
13.23 MJ/kg (dry basis) by ASPEN Plus using the IGT 
correlation.  
 
Table I: Ultimate and proximate analysis of poultry litter 
 
Ultimate 
analysis 

Wt % 
(dry basis) 

Proximate 
analysis 

Wt % 
(dry basis) 

Carbon 37.50 Fixed carbon 24.00 
Oxygen 30.62 Volatile matter 54.37 
Nitrogen 3.71 Ash 21.63 
Hydrogen 5.12 Moisture  25.00 
Sulphur 0.45   
Chlorine 0.97   
Ash 21.60   
    

To model the gasifier, the gasification process was 
split into three component sub-processes:  

• flash pyrolysis consists of the breaking of 
poultry litter into its constituent elements, ash 
and energy according to its ultimate and 
proximate analyses, and is modelled using a 
RYIELD block, 

• gasification is considered as chemical 
equilibrium and is modelled through the 
minimisation of the Gibbs free energy using a 
RGIBBS block. The specified products were 
CO, CO2, H2O, H2, O2, N2, C, NH3, H2S, COS, 
HCl and CH4, 

• ash separation consists of the disengagement of 
gas from the fluidised bed that allows the 
separation of ash and unconverted carbon from 
the fuel gas, and is modelled using a SSPLIP 
block using a fractional carry over of the solid 
components (ash and carbon).  

In order to model the gas turbine unit, the GT was 
divided into three component sub-processes: 

• compression of air is modelled using a COMPR 
block, 

• combustion is modelled using an adiabatic 
stoichiometric reactor with a RSTOIC block. 
The combustion reactions were specified and 
established as progressing to completion, 

• expansion consists of the conversion of the 
sensible heat of hot gases into rotational 
energy, and is modelled using a COMPR block. 
The power generated was used for driving the 
compressor and the excess work for energy 
production. 

With the aim of obtaining the best achievable 
efficiency, the exhaust gases from the GT were used to 
preheat the air for gasification and the air for the GT 
combustion section. In addition, when the expander 
exhaust temperature (EET) was higher than the gasifier 
outlet product temperature, product gases were preheated 
before entering the combustor. The EIS was modelled as 
a series of counter current heat exchangers using HEATX 
blocks. Two conditions were assumed in the EIS, that the 
temperature of air was constrained to 724 K in order to 
evaluate the effects of pressure at the same temperature, 
and that the temperature approach of the EIS was 20 K, 
for all the pressure ratios evaluated. Table II shows 
further model assumptions. 
 
Table II: Model input data 
 

Unit Description Assumption 
Gasifier Pressure 2-10 bar 
 ER 0.29 
Gas turbine Compressor isentropic 

efficiency 
0.85 

 Expander isentropic 
efficiency 

0.85 

 Expander inlet 
temperature 

1173 K 
1273 K 

 Pressure ratio 2-10 
 Net power 200 kW 
Energy 
integration 
system 

Temperature of air 
Temperature approach 

724 K 
20 K 

 
 
3  RESULTS AND DISCUSSION 
 

The effects of varying the pressure ratio of the gas 
turbine and the expander inlet temperature (EIT) on 
carbon conversion, product gas temperature, product gas 
composition, higher heating value of gas, and process 
efficiency were evaluated.  
 
3.1 Effects of pressure on gasification  

To evaluate the effects of pressure on the gasification 
of poultry litter, the pressure ratio of the gas turbine was 
varied, with the two conditions established for the EIS. 
The effects were studied on temperature of gases, product 
gas composition, HHV of gases and carbon conversion. 
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Figure 2 shows the gasification temperature versus 
pressure when air was preheated to 724 K. It is observed 
that the temperature increases as expected with increasing 
pressure. This agrees with the trend previously shown 
using a gasifier pressure of 10-20 bar for manure 
gasification [11]. The temperature at 10 bar in this work 
was 952 K and the previously reported of 1140 K; 
however, the conditions used in this work were an ER of 
0.29 and moisture content of 25%, and in the other work 
an ER of 0.1, steam fuel ratio of 1 and the moisture 
content of manure was not mentioned, perhaps it was 
assumed as dry fuel. 

 

 

 

Figure 2: Gasification temperature versus pressure when 
temperature of air is at 724 K, and when temperature 
approach of energy integration system is 20 K 

 
Figure 3 depicts the product gas composition versus 

gasifier pressure. Methane and water vapour increase 
with higher pressure, whilst hydrogen decreases. No 
significant difference is observed for CO and CO2 
concentration.  

 

 
 

Figure 3: Composition of gases versus pressure when 
temperature of air is at 724 K 
 

For wood gasification, it was earlier found from 
simulation work that pressure increases favoured CH4 
formation and simultaneously reduced CO and H2 

formation up to a pressure of 12-13 bar [12]. In contrast, 
other work reported that no significant influence of 
pressure was revealed on gas composition during the 
gasification of four types of biomasses [11]. However, in 
Srinivas et al. work, the temperature of air was not kept 
constant with pressure changes since the increase in 
pressure ratio increases the compressed air temperature, 
which could have neutralised the effects of pressure. 

Figure 4 shows the effects of gasifier pressure on 
HHV of gas. Since the content of methane, hydrogen and 
carbon monoxide impact on the HHV, its value is 
expected to change with pressure. However, the graph 
shows only a slight increase in the HHV when preheated 
air is constrained to 724 K. The increase in CH4 
concentration (figure 3) and gasifier temperature (figure 
2) compensate the decrease in CO and H2 concentration. 

 

 
 

Figure 4: HHV of gases versus pressure when 
temperature of air is at 724 K and with a temperature 
approach of 20 K 

 
Figure 5 illustrates the effects of pressure on carbon 

conversion. Because the gasifier temperature increases 
with pressure, carbon conversion improves with 
increasing pressure when the temperature of preheated air 
is kept constant (724 K). 

 

 
 
Figure 5: Carbon conversion versus pressure when 
temperature of air is at 724 K and with a temperature 
approach of 20 K 
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3.2 Effects of pressure on gas turbine and energy 
integration system 

Figure 6 depicts the exhaust temperatures of the 
turbine and compressor versus pressure ratio. It can be seen 
that the turbine exhaust temperature decreases with 
pressure ratio while the compressor exhaust temperature 
increases as expected. More energy is available for 
integration at lower pressure ratios due to higher turbine 
exhaust temperatures which can preheat the cooler 
compressed air. 

 

 
 
Figure 6: Expander exhaust temperature (EET), 
compressor exhaust temperature (CET) and temperature 
of preheated air (Tair) versus pressure ratio with a 
temperature approach of 20 K in the EIS 
 

In the energy integration system when the 
temperature approach is set as 20 K, the gasification 
temperature increases especially at lower pressure ratios 
as shown in figure 2. Figure 4 illustrates that the HHV 
increases slightly up to a pressure ratio of around 4.5, 
afterwards the HHV decreases due to the decrease in the 
temperature of the gasifying air. Similarly, figure 5 
shows that carbon conversion is complete up to a 
pressure ratio of 4.5, whilst carbon conversion decreases 
steadily at higher pressure ratios. 

 
3.3 Effects of pressure on overall process efficiency 

Figure 7 shows that increasing the pressure ratio 
improves the process efficiency up to a maximum, at a 
pressure ratio of 7, with the preheated air temperature 
constrained to 724 K. However, when the heat integration 
was improved using a temperature approach of 20 K in 
the energy integration system, low pressure ratios 
provided higher efficiencies. 

Figure 7 also illustrates the process efficiency when the 
EIT was raised to 1273 K. The process efficiency was 
improved by increasing the EIT, since the expander 
exhaust temperature increased allowing more energy to be 
integrated into the system. This increment in efficiency 
was more pronounced at higher pressure ratios especially 
when the temperature of air was constrained. Therefore, at 
lower pressure ratios more energy could be recuperated by 
preheating the produced gases and air before entering the 
GT combustion chamber when the temperature approach 
in the EIS was of 20 K. 

Nonetheless, at pressure ratios lower than 3.5, the heat 
exchanger becomes the critical element which would 

require the use of high temperature heat exchangers, 
defined as temperatures above 923 K [14]. As a result, 
intermediate pressure ratios (4 – 6) seem more convenient, 
because they do not require expensive heat exchangers that 
could stand high temperatures or provide low temperature 
approaches.  

 

 
 

Figure 7: Process efficiency versus pressure ratio when 
temperature of air is at 724 K, and when temperature 
approach of EIS is 20 K at EIT of 1173 K, and when 
temperature of air is at 793 K at EIT of 1273 K 
 
 
4 CONCLUSIONS 
 

This work shows a solution for a small scale plant 
that operates with a good efficiency. Two cases in the 
energy integration system were evaluated to analyse the 
effects of pressure on the gasifer and gas turbine 
performances, as well as on the overall process 
efficiency.  

Plant efficiency analyses highlighted the best 
pressure ratio to achieve maximum integration. 
Additionally, increasing the turbine inlet temperature 
improved the process efficiency.  

The variation of constraints in the energy integration 
system showed to be much more significant than the 
effect of pressure. This is due to the energy recuperation 
to the gasification process and preheated air. 

  
 

5 NOMENCLATURE  
 

BIGCC Biomass integrated gasification combined cycle 
CET Compressor exhaust temperature 
EET Expander exhaust temperature 
EIS  Energy integration system 
EIT  Expander inlet temperature 
ER  Equivalence ratio 
GT  Gas turbine 
HRST Heat recovery steam generator 
HHV Higher heating value 
IGCC Integrated gasification combined cycle 
LHV Lower heating value 
Tair Temperature of air 
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