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ABSTRACT 

 

World’s energy demand is increasing year by year. The depletion of fossil fuels leads the world to 

take a glance at renewable sources as the alternative for energy production, which biomass is 

considered as the most potential one. Thermochemical conversion is viewed as the best way to 

convert biomass into various convenient energy. However, unlike the fossil fuels, biomass growing 

and collection limits its large-scale application with low cost. As such, conversion of biomass into 

energy in a small-scale with the local biomass resource system is more preferable and attractive 

for its complete and efficient utilization. Meanwhile, during the thermochemical conversion 

process, various byproduct and impurities such as tar will be generated. It is important to avoid the 

unwanted byproducts generation and improve the utilization efficiency during the biomass energy 

system designed and operation. This dissertation, on the one hand, considers the compatibility and 

synergistic effect existence in various biomass mixture during the thermal conversion process, the 

co-pyrolysis of various biomass with different properties and co-gasification of their char were 

experimentally investigated to give a guidance of biomass selection in the two-stage gasification 

system. On the other hand, advanced small-scale biomass energy systems especially for the power 

generation and hydrogen production were designed and analyzed. This dissertation includes 7 

chapters. 

Firstly, compatibility and synergistic effect existence on co-pyrolysis of biomass was investigated 

to support biomass selection requirement in two-stage gasification system, in which biomass 

pyrolysis and biochar gasification were conducted separately to reduce tar formation. It was found 

that less reactive co-pyrolysis biochar could be generated from the biomass with high content of 

silica species such as rice straw and rice husk since the silica species can react with the AAEM 

species in woody biomass to form alkali silicate compounds, which always greatly inhibit the 

gasification rate. In contrast, the gasification of the co-char involving combinations of different 

woody biomass showed synergistic effect to improve the gasification efficiency since the AAEM 

contents in woody biomass was stably maintained in the co-char after the co-pyrolysis process. 

This study provided a guidance for the biomass selection in the application of two-stage 

gasification system. 
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Secondly, the performance of a novel separated-type biomass gasification system as further 

development of conventional two-stage gasification system composed of an auger-type pyrolyzer, 

a steam tar reformer, an air-steam char fluidized bed gasifier, and a spent char riser-type combustor 

with circulating heat carrier particles for small-scale power generation was investigated. Herein, 

the system performances based on two typical biomass pyrolysis processes, i.e., slow and fast 

pyrolysis process, were analyzed in details. It is found that the cold gas efficiency of the system 

had a range of 71.7-73.8% from slow to fast pyrolysis. This study offered a new viewpoint on 

addition of steam tar reforming process in the conventional two-stage gasification system could 

not only solve the tar formation problem in gasifier, but also increase the overall system 

performance. 

Thirdly, a new concept of chemical looping process combined with a steam tar reforming process 

for the hydrogen production from biomass feedstock was proposed and simulated. The system 

consisted of a biomass pyrolysis unit, a steam tar reforming unit, and a biochar chemical looping 

unit for hydrogen production (CLH) with a heat circulation design to achieve an auto-thermal 

operation condition. As such, the overall system can generate a total of 6.9 kg/h of H2 and net 

power of 58.3 kW simultaneously from 100 kg/h feeding rate of woody biomass. The hydrogen 

production efficiency of this novel system was obviously higher than other reported biomass 

hydrogen production systems. Herein, the combination of two types of hydrogen production units 

boosted the system efficiency. It is expected to provide a new way for the effective hydrogen 

production from biomass. 

Finally, a small-scale combined heat and power (CHP) system combining a biomass direct 

chemical looping combustion (BDCLC) and organic Rankine cycle waste heat recovery (ORC-

WHR) was proposed and simulated. The BDCLC unit produced 170.2 kWe power whereas the 

ORC-WHR unit generated additional 21.0 kWe. As such, the system produced 191.2 kWe total 

power from 1000 kWth biomass input. Moreover, this system applied two evaporators in the ORC-

WHR unit to recover the heat from two reactors in the chemical looping combustion process for 

the additional power generation. Therefore, it has the potential for the small-scale power 

generation using the biomass resource. 
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CHAPTER 1 : INTRODUCTION 

 

1.1 Biomass for power generation and hydrogen production 

Energy sector is indispensable in our daily life and the energy consumption rises year by year. 

Among various energy forms, electricity is the largest energy sector consumed in the world. 

As shown in Figure 1.1, about 37.23 QBtu of energy in the US was consumed for electricity 

utilization in 2017, while most of countries especially those developed and those rapid 

developing countries are in the similar situation [1, 2]. Consistently, power generation 

demand is predicted to grow about three times more quickly when compared to other forms 

of energy [3]. 

 

Figure 1.1 U.S. energy consumption per sector in 2017 [1] 

Currently, power generation still depends on two main sources: fossil fuels such as coal, 

natural gas, and oil; and nuclear energy. However, the declining of fossil fuel production, the 

increasing of environmental awareness, and the risk on nuclear energy utilization make the 

world trying to find new alternative energy with more sustainable, environmentally friendly, 
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and less risks. As such, renewable energy sources such as biomass, solar, wind and 

geothermal energy are now pulling attention to replace fossil fuels and nuclear as the 

alternative energy sources for power generation in the future. 

In the energy sector, hydrogen (H2) is considered as a promising clean energy source and 

efficient energy storage medium with growing global demand [4]. Besides, H2 is a basic 

feedstock that has about 60 million ton per year total consumption in industries, in which 

44% contributes to oil refining industry, 38% is used in ammonia production, and the 

remaining is for other chemical processes [5]. To date, commercial H2 is mainly produced 

by steam reforming of natural gas, which contributes to 48% of the global demand [6]. 

However, with the same consideration to fossil fuel utilization for energy generation, there 

is growing interest in finding alternative renewable sources for H2 production [7] and as such, 

biomass emerges as an attractive and promising one for H2 production. 

Biomass is biodegradable non-fossilized organic materials derived from plants, algae and 

animals that composed of lignin, cellulose and hemicellulose, and small amounts of proteins, 

lipids, simple sugars and starches [8, 9]. However, with lower heating value than coal, 

biomass collecting and transporting are the main obstacles when handling biomass as energy 

source. Even so, biomass is sustainable energy source that is considered as the largest 

potential one to replace fossil fuels to supply fuel in the future and to reduce global warming 

issue. It is ranked as the 4th largest energy source after coal, natural gas and crude oil [10]. 

As the most available one, biomass contributes about 50% of energy production among the 

renewable energy sources [11] and shares about 14% of world’s final energy consumption in 

2014 [12, 13].  

In particular, biomass resources can be classified into many different types, including wood 

from forestry, agricultural crops and residues, dedicated energy crops, industrial wastes and 

residues, animal residues, municipal solid waste (MSW), and sewage [10, 14-16]. Among 

these resources, agricultural crops and residues and industrial and domestic wastes occupy 

27% and 30% of the total respectively [10]. Although the woody biomass from the forestry 

only occupies around 23% of the total biomass resource, due to its relatively high heat value, 
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it is the most promising resource and its importance and demand will increase significantly 

in the future [15]. As such, overall woody biomass could provide about 90% of the primary 

energy sources from all biomass sources annually and the worldwide primary energy supply 

from the forest biomass is estimated at about 56 EJ [17]. 

Different biomasses always have different compositions, and even the different parts of a 

biomass could have different compositions and characteristics. Actually, heterogeneity of 

biomass is one of disadvantages during biomass application since the optimum operating 

conditions and final product properties are always difficult to be determined [18]. The basic 

analyses of biomass properties mainly include proximate and ultimate analysis, and heating 

value measurement. By the proximate analysis, moisture, volatile matter, fixed carbon, and 

ash contents in the biomass can be determined. The volatile matter consists of gases and 

organic vapors including paraffinic and aromatic hydrocarbons and sulfuric and nitride 

compounds, which are generated from the thermal decomposition of biomass. The fixed 

carbon is the nonvolatile hydrocarbon fraction in the biomass. Meanwhile, by the ultimate 

analysis, the compositions of carbon, oxygen, hydrogen, nitrogen, and sulfur in the biomass 

can be known. The carbon content includes fixed carbon in char and volatile carbon in 

volatile matters. Chemical components in biomass can be also classified as lignin, 

hemicellulose, cellulose and other inorganic matters [19, 20]. After biomass is burnt out, the 

remained ash always contains alkali and alkali earth metal (AAEM) species such as Na, K, 

Mg, Ca, which are reported to have catalytic activity during biomass thermal decomposition 

process. The catalytic activity of these AAEM components attracts blending of coal and 

biomass to increase coal reactivity [21]. 

Generally, there are two ways to convert biomass into conveniently applicable energy, i.e., 

the thermochemical process and the bio-chemical/biological process. The thermochemical 

process includes direct combustion, torrefaction, pyrolysis, gasification, and hydrothermal 

liquefaction to convert mostly solid and dry biomass into gas and/or liquid fuels by involving 

heat. While, the biological process includes three main routes, i.e., fermentation, aerobic and 

anaerobic digestion, and enzymatic hydrolysis to convert wet biomass into gas and/or liquid 



4 

 

fuels and chemicals by involving microorganism [16, 22]. Especially, the thermochemical 

process is considered as the most effective way for the converting of wood biomass into gas 

and/or liquid fuels. 

 

1.2 Thermochemical conversion 

1.2.1 Pyrolysis 

Pyrolysis is a thermochemical process occurred at a temperature range of 300-600 °C in the 

absence of oxygen, by which the condensable volatile matters of tar and water, and non-

condensable gas including CO, CO2, CH4, H2, and other gases, and carbon-rich material 

called char are generated from biomass. In general, the pyrolysis can be classified into three 

types according to the heating rate and residence time of the process, i.e., slow, intermediate, 

and fast pyrolysis [23]. While the slow pyrolysis is conducted at a relatively low heating rate 

(10-100 °C/min) with a long residence time (about 5-30 min or even 25-35 h) to produce 

higher amount of char, the fast pyrolysis is always performed at a very high heating rate 

(about 500-1000 °C/s) with a very short residence time (0.5-2 s) to generate higher quantity 

of tar [24, 25]. 

The biomass pyrolysis process can be used for power generation by combustion of the tar (or 

pyrolytic oil) in diesel engine, gas turbine, or co-firing process. However, it is only applied 

in the lab-scale research and some pilot plants since there are some obstacles in using 100% 

pyrolytic oil as the fuel. Cetane number of biomass tar is only about 13-14 compared to 

common diesel oil with 48-50 so that a longer ignition time is needed in diesel engine. 

Moreover, solid impurities have also negative effect on the tar utilization for diesel engine. 

Nevertheless, mixture 96% of pyrolytic oil with 4% diesel oil for 12-hours operation on a 

300 kW power generation diesel engine has been successfully achieved by PYTEC. 

Compared with the application of it in diesel engine, biomass tar is more suitable as a fuel 

for gas turbine with less problems occurred during the testing. Co-firing of biomass tar with 

coal or natural gas has also been investigated and demonstrated on the commercial scale [26]. 

Future improvement in producing homogenous liquid with water content less than 30% and 
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no solid impurities from the biomass pyrolysis process should be done for the wide 

application of it in the diesel engines. In addition, long-term performance and reliability test 

is also required for the gas turbine application. 

Although pyrolysis is commonly designed for producing biofuels, it is also a well-known 

route for hydrogen production through fast or flash pyrolysis via the eq. (1) if high 

temperature and sufficient volatile phase residence time are allowed [27]: 

Biomass + heat → H2 + CO + CH4 + other products (1) 

Generally, hydrogen production by pyrolysis is controlled by temperature, heating rate, 

residence time and type of catalyst used. High pyrolysis temperature can increase hydrogen 

yield percentage in the total gas produced. It is reported that pyrolysis of biomass at 1023 K 

can increase gas production to around 45-50% and high heating rate and long volatile phase 

residence time are also favored for the high hydrogen production. In addition, the liquid 

products of pyrolysis can be further processed for the hydrogen production through steam 

reforming reaction [27, 28]. 

 

1.2.2 Gasification 

Gasification is a thermochemical process that converts organic or carbonaceous materials 

into valuable gases, usually called as synthesis gas (syngas), which mainly contains CO, H2, 

CO2, and CH4, in the presence of gasifying agent (e.g., controlled amount of air or oxygen, 

steam, CO2, or a mixture of these) at a temperature higher than 700 oC [23]. In general, a 

gasification process involves many reactions occurred simultaneously. Table 1.1 lists the 

main reactions in the gasification process [18, 29]. Since gasification itself is a complex 

process, its efficiency is influenced by many factors, which include biomass composition, 

gasifying agents, biomass particle size, operating condition of gasification (temperature and 

pressure), and type of gasifier. 
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Table 1.1 Main reactions in biomass gasification 

No. Reaction Name of reaction 

1 C + CO2             2CO Carbon reaction (Boudouard) 

2 C + H2O             CO + H2 Carbon reaction (Primary steam 

reforming) 

3 C + H2O             CO2 + H2 Carbon reaction (Secondary steam 

reforming) 

4 C + 2H2              CH4 Hydrogasification 

5 C + 0.5O2             CO 

Oxidation reactions 

6 C + O2             CO2 

7 CO + 0.5O2             CO2 

8 CH4 + 2O2             CO2 + H2O 

9 H2 + 0.5O2             H2O 

10 CO + H2O             CO2 + H2 Shift reaction 

11 2CO + 2H2             CH4 + CO2 

Methanization reactions 12 CO + 3H2             CH4 + H2O 

15 CO2 + 4H2            CH4 + 2H2O 

13 CH4 + H2O             CO + 3H2 

Steam reactions 

14 CH4 + 0.5O2             CO + 2H2 

 

To date, air or oxygen, steam, carbon dioxide, or their mixtures are generally applied for the 

gasification. Which gasifying agent used for gasification process depends on the desired gas 
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composition and energy consumption [29]. Air is the most common used gasifying agent as 

it is cheap and readily available. However, since its high nitrogen content always lowers the 

heating value of syngas produced, pure oxygen or oxygen-rich air is proposed as the gasifying 

agent to produce the syngas with higher heating value, but it will increase the operating cost 

due to high energy required to separate oxygen and nitrogen in air. By using air as the 

gasifying agent, partial oxidation occurs in the gasifier depends on air to fuel ratio or 

equivalence ratio (ER) between air and biomass used. Normally, ER ratio is set to be lower 

than 1 to avoid the complete combustion. Also, ER ratio is considered as the most important 

factor to determine final heating value of syngas obtained. To control the production of tar 

and char, reasonable range of ER in the gasification process is about 0.2-0.4. 

Steam is considered as the most promising gasifying agent to produce hydrogen from 

biomass via the gasification technology. Steam biomass gasification can produce 53-55 

vol.% of H2 in the final gas product whereas air gasification can only produce 8-10 vol.% of 

H2. Lower tar production as well as lower cost than the partial oxidation by using pure oxygen 

generated from air are the main advantages of steam gasification. However, more energy is 

required due to the endothermic reactions for primary and secondary steam reactions and 

water gas shift reaction. To overcome energy shortage in steam gasification, the air and steam 

mixture as the gasifying agent for the gasification of biomass is mostly applied to achieve 

better thermodynamic efficiency even though it can only produce 25-30 vol.% of H2. For 

biomass with high moisture content, supercritical water gasification can be considered for 

high hydrogen production. The process is conducted at above critical temperature (647 K) 

and critical pressure (22 MPa) of water, in which biomass is rapidly decomposed into small 

molecules or gases in a few minutes at a high efficiency. However, this technology requires 

high cost and makes the hydrogen price is higher than the current hydrogen price from steam 

methane reforming [30-32]. 

Temperature is the most important key factor in the gasification process since it directly 

controls the overall process and the final gasification result. In general, gas composition and 

yield, gas heating value, tar and char produced, carbon conversion, and cold gas efficiency 
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are all affected by temperature. Higher gasification temperature results in higher CO and H2 

contents and less tar content in the gas product with higher heating value. Also, the cold gas 

efficiency and carbon conversion increase with the increase in temperature [33]. Normally, 

gasification is held at a temperature over than 700 °C, and for the steam gasification, the 

temperature should be over 750 °C since the spontaneous steam reforming reaction can only 

occur at such conditions. 

Gasification normally runs at a constant pressure. Nowadays, atmospheric gasification and 

pressurized gasification are generally investigated and applied. The atmospheric gasification 

is more common for the small-scale gasifier since its investment cost is low. In contrast, the 

pressurized gasification is more efficient and gives a higher gasification efficiency with lower 

amount of tar. Moreover, the syngas from the pressurized gasification is already at the 

pressurized condition, which is better for the subsequent utilization [34]. However, the 

investment cost is higher. In addition, from the view of point of chemical equilibrium, it 

should be noted that the gasification prefers to be done at low pressure and high temperature 

[35]. 

Gasifier is the reactor vessel where gasification reactions take place. To date, two types of 

biomass gasifiers, i.e., fixed bed gasifier and fluidized bed gasifier are widely applied. Figure 

1.2 shows schematic diagrams of those gasifiers. Fixed bed or moving bed gasifier is the 

oldest yet simplest gasification system. It is also the most economic one and suitable for the 

small-scale gasification process. Two types of fixed bed gasifiers, i.e., updraft and downdraft 

gasifiers, are generally used. In the updraft gasifier, biomass is introduced from the top side 

of vertical vessel reactor with the gasifying agent from the bottom side. As such, it is also 

known as a counter-current gasifier because biomass and gasifying agents contact with each 

other in the counter-current direction. This type is an effective way for gasification with a 

highly thermal efficiency since the sensible heat of hot gas is used for the heating/drying step 

within the system before leaving from the top side of gasifier at a low temperature (between 

200-400 °C). Therefore, this type of gasifier has high tolerance of moisture content and can 

handle biomass with moisture content up to 60% on wet basis [36, 37]. However, even though 
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it has highly thermal efficiency and low pressure drop, the updraft gasifier is less likely to be 

used since more tar is generally generated in it because the tar from the pyrolysis zone flows 

upward to the cooler region and cannot reach the high temperature zone so that it has no 

chance to be converted into gases [38, 39]. 

The downdraft gasifier is the opposite of updraft process in the way of the gasifying agents 

introduced into the reactor. The gasifying agent is fed in at the top or at sides of gasifier, and 

at the same time, the biomass is also introduced from the same top side of reactor. As such, 

the direction of contact becomes co-current. That is to say, the contact of biomass and 

gasifying agent takes place along with the gasification steps, resulting better quality of the 

produced gas which leaves the reactor from bottom side. In this case, the tar production is 

low since the devolatilization products can reach the high temperature oxidation zone despite 

the residence time in that zone is not long enough to convert all the tar completely [37]. 

However, the heat transfer between hot and cold zones inside the reactor is very poor, causing 

the tolerance of moisture content is lower. Thusly, only biomass with a moisture content 

lower than 30% is acceptable to be processed. Moreover, the biomass residence time in the 

reactor is shorter because the biomass moves downward faster due to the drag force is aligned 

in the same direction as the gravity. As such, the efficiency of carbon conversion is lower 

than that in the updraft gasifier. This type gasifier is suitable for the small-scale power plant 

application with the typical capacity in the range of 10 kW-1 MW [31, 40].  

The fluidized bed gasifier has enhanced mixing capability and heat transfer rate than the fixed 

bed gasifier by adopting fluidization mechanism. In the fluidized bed gasifier, the reaction 

temperature has more homogeneous distribution. The decomposition of biomass in the 

fluidized bed gasifier occurs rapidly with great mixing condition between biomass and 

gasifying agent, which results in higher reaction rate as well as high efficiency and 

conversion. This temperature uniformity can be easily achieved by utilization of bed 

materials to assist the fluidization of biomass [41], which allows biomass gasification in the 

fluidized bed under nearly isothermal condition. In general, the biomass fluidized bed 

gasification process generally operates at the temperature in the range of 800-1000 °C [34]. 
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Bubbling fluidized bed gasifier (BFBG) and circulating fluidized bed gasifier (CFBG) are 

two main types of fluidized bed gasifiers. BFBG operates at a fluidization velocity normally 

below than 5 m/s or in range of 1-3 m/s to create particle and bubble emulsions in the bed. 

In contrast, CFBG operates at three to five times higher fluidization velocity than BFBG, and 

the fluidization phase performs in a turbulent state. It drives better mixing of biomass with 

the bed materials and gasifying agent in a short residence time, which can improve the heat 

transfer and enhance the reaction rate. As a result, CFBG has better gasification efficiency 

and higher carbon conversion with very low tar yield. However, CFBG design is much more 

complex and higher investment and operating cost are necessary [42]. 

Synthesis gas or syngas is the main product from a gasification process. Synthesis gas term 

is used because the product gases mainly contain CO and H2, which are the basic chemicals 

to produce many complex chemicals for various applications such as hydrogen production, 

synthetic liquid fuels through Fischer-Tropsch process, synthetic natural gas (S-NG), 

synthetic chemicals like ammonia, methanol and its derivatives, and dimethyl ether. Syngas 

is also a popular alternative energy source for power generation [34]. Conventional syngas 

direct combustion via steam turbine and combination of gas and steam turbine are the most 

popular ways for large-scale power generation by gasification [43]. Combustion of syngas 

using internal combustion engine (ICE) is an alternative method for power generation, which 

is the most vital technology for power generation with variable power outputs. ICE 

technology is not so sensitive to gas impurities compared to gas turbine so that it has cost 

competitiveness with low cost, high reliability, and high operating efficiency [44, 45]. 

Syngas can be converted further to hydrogen by water gas shift (WGS) reaction shown as 

follow: 

CO + H2O → CO2 + H2  (2) 

Such kind of process is well known in industry, especially in ammonia production where 

syngas from natural gas steam reforming is converted into hydrogen through WGS reaction. 

Application on WGS process to produce hydrogen from syngas is now also emerging. The 

WGS reaction is moderately exothermic and equilibrium limited. Therefore, to obtain higher 
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hydrogen yield, the reaction is better to be conducted at low temperature. However, 

kinetically, low temperature operation is not favorable. In general, two-step reactions at 

different temperatures are carried out. The high temperature shift (HTS) conducted at 350-

500 oC to firstly converted syngas at better kinetic with low equilibrium conversion and low 

temperature shift (LTS) is later conducted at 150-250 oC to improve conversion [46-48]. 
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Figure 1.2 Schematic diagrams of (a) updraft, (b) downdraft, (c) bubbling fluidized bed, 

and (d) circulating fluidized bed gasifiers [36] 
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1.2.3 Direct combustion 

Combustion is the simplest and the most conventional thermochemical process in which 

excess oxygen is used to burn biomass for the generation of heat. Direct combustion is the 

most widely utilized process for biomass conversion which contributes to over 97% of 

biomass utilization as energy production around the world [8]. Power generation capacity 

based on direct combustion process that has already installed globally is estimated at 40 GWe 

[12]. Recently, co-firing 5-10% of biomass with coal in the combined heat and power (CHP) 

process or co-generation of electricity is commonly known in the world. However, thermal 

efficiency of direct combustion is always low when compared with the gasification process. 

Moreover, the direct combustion is not an ideal process for hydrogen production from 

biomass. 

1.2.4 Chemical looping process 

Chemical looping process is a recently proposed thermochemical conversion concept to 

convert biomass into energy with the minimal energy penalty and cleaner waste products. 

The main principle of chemical looping process is the application of redox cycle of metal 

oxide as the oxygen carrier to convert biomass into energy with the minimal energy penalty 

and cleaner waste products. Based on the final products, various terminologies about the 

chemical looping were created, e.g., chemical looping combustion (CLC), chemical looping 

reforming (CLR), chemical looping gasification (CLG), and chemical looping hydrogen 

generation (CLH). While the CLC is usually used as a power generation through the 

combined heat and power (CHP) process, the CLH is more focusing on hydrogen production. 

Both CLR and CLG use the metal oxide as the catalyst as well as the heat carrier to produce 

syngas (CO and H2) [49, 50]. 

The CLC process used two separated reactors. In the first reactor, the metal oxide is reduced 

by the fuel to produce CO2 and H2O, and in the second reactor, the reduced metal oxide is 

oxidized back to its initial state by oxygen in the air. This process has a great advantage over 

the conventional direct combustion process, that is, the flue gas of CO2 and H2O released 

separately from N2 in air. Thus, the CLC process can be easily combined with CO2 capture 
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process to recover almost 100% of CO2 from the flue gas without consuming any extra energy 

for separation from H2O. The CLH process adopts the similar concept with the CLC with 

one additional reactor between first and second reactors to convert steam to hydrogen by 

partially oxidized the metal oxide used in the cycle as shown in Figure 1.3. The main 

advantage of the CLH is that it can generate pure H2 with only a simple separation process 

[50, 51]. 

 

Figure 1.3 Schematic diagram of (a) CLC and (b) CLH processes 

The primary fuels used as fuels for the chemical looping process can be gaseous materials, 

i.e. natural gas or methane, and syngas from the gasification process or solid materials, i.e. 

coal, biomass, and also biochar. While the gaseous fuels is more preferable for the chemical 

looping process because solid materials is less reactive and solid-solid reaction with the metal 

oxide hardly occurs in any appreciable rate than gas-solid reaction, there are increasing 

interests in using coal, biomass, and biochar directly for the chemical looping process since 

those are more abundant than natural gas. The direct solid chemical looping process 
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simplifies the process and increases the efficiency compared to generate syngas through 

gasification process at first [52]. 

1.3 Hybrid process of thermochemical conversion 

1.3.1 Development of two-stage gasification system 

In general, gasification process includes 4 primary steps: heating and drying, decomposition 

or pyrolysis, oxidation or partial combustion and/or reduction or gasification. Direct 

gasification of biomass always faces tar problems which produced during gasification in 

pyrolysis step at mild temperature (300-500 oC). Tar is undesirable side product that can 

comes out along with syngas and if it condenses at low temperature, it can cause pipe 

clogging and other problems within the systems. Two ways are commonly used to overcome 

the tar problem, i.e., in-situ treatment inside the gasifier and hot gas cleaning after the 

gasification process [29, 53]. Besides, tar formation during the gasification tends to hinder 

gasification of char in the next step of char gasification process. Thus, to improve the whole 

gasification efficiency, it is better to separate the pyrolysis and gasification process in early 

stage to remove tar firstly and simultaneously enhance the char gasification [54]. This 

concept is usually called as two-stage gasification system. Figure 1.4 illustrates this two-

stage gasification system. 

 

Figure 1.4 Schematic diagram of the two-stage gasification concept 
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An early successful two-stage gasification processes was Viking Gasifier developed by 

Biomass Gasification Group at Technical University of Denmark (DTU) in 2002 [55]. The 

system consists of a screw type pyrolyzer and a downdraft fixed bed gasifier while hot 

exhaust gas from the connected gas engine is used to provide heat for the pyrolyzer. The tar 

is reduced by partial oxidation at a very high temperature (over 1000 oC) between the 

pyrolysis and char gasification processes. It is reported that the tar content decreased to less 

than 15 mg/Nm3 in the syngas [56]. Earlier than Viking Gasifier, Asian Institute of 

Technology (AIT) in Thailand proposed a two-stage throatless reactor which tried to separate 

the pyrolysis zone and gasification/reduction zone inside one downdraft gasifier so that the 

tar content was decreased to 92 mg/Nm3 [57]. The concept of Viking Gasifier was later 

adapted for a coal processing unit at Institute of Process Engineering (IPE), Chinese 

Academy of Science (CAS). The system consists of an autothermal fluidized bed pyrolyzer 

and a downdraft fixed bed gasifier where the tar is further reformed by using hot char as the 

catalyst, by which the tar content was lowered to 84 mg/Nm3 [58]. Recently, a comprehensive 

system consists of a downer pyrolyzer, a bubbling fluidized bed char gasifier and a riser 

combustor for combustion of unreacted char was proposed. The heat carrier of inert solids 

medium such as silica sand circulated in the system [54]. 

1.3.2 Combination with steam tar reforming 

The tar from biomass pyrolysis can be converted into syngas by steam reforming reaction as 

follows: 

CxHyOz + (x-z)H2O → xCO + [y/2+x-z]H2 (3) 

and with excess steam, the CO produced can be further converted into hydrogen by water gas 

shift (WGS) reaction as shown by Eq. 2 [29]. Thus, steam tar reforming is considered as the 

most effective and promising route to convert tar to H2 or syngas [59]. Theoretically, about 

6 kg of H2 can be obtained by steam reforming of bio-oil produced from pyrolysis of 100 kg 

woody biomass. It is reported that the commercial Ni-based catalysts has good activity for 

the steam tar reforming and the deactivated catalysts can be also easily regenerated for 

reusing [60]. Besides Ni, other transition metals such as Co, Fe, Cu, and Zn also can be used 
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as the catalysts for the steam tar reforming. However, Ni has the higher activity compared 

with others, with the ranks of activity described as Ni > Co > Fe > Cu. Alkali and alkali earth 

metals, natural minerals such as dolomite, olivine, and shells, zeolite, and activated carbon 

are also reported to have high catalytic activity for steam reforming reaction [29, 61]. 

Wang et al. [62] used a two-stage gasification system by applying direct biomass gasification 

in the 1st stage and non-catalytic tar reformer in the 2nd stage, which  was successfully reduced 

tar the tar content to be lower than 100 mg/Nm3. Kaewpanha et al. [63] implemented steam 

biomass gasification and steam tar reforming simultaneously in one fixed bed reactor using 

Cu supported calcined scallop shell as the catalysts while Widayatno et al. [64] used the same 

procedure with biomass char as the catalyst. Considering the traditional two-stage 

gasification system, in which pyrolysis and gasification processes are separated, the tar 

generated from the pyrolysis process can be further converted into syngas with the increase 

in the total efficiency for the system. As such, a three-stage system consisting of biomass 

pyrolysis, biochar gasification, and steam tar reforming was also proposed as a potential 

process for the effective gasification of biomass.  

1.3.3 Combined heat and power (CHP) 

The combined heat and power (CHP) or cogeneration system is a common term to describe 

a process of power generation with the recovery of waste heat in the system to generate extra 

power and heat simultaneously. Nowadays, about 9% of world’s power generation systems 

containing the CHP system [65]. In general, direct combustion is the most applied technology 

for biomass CHP. Biomass CHP plant in St Paul, Minnesota, USA can produce 33 MWe and 

65 MWth simultaneously by using 250,000 tonnes of wood chips annually. Gasification with 

CHP can effectively produce syngas as the fuel for gas engine to generate power and 

recovered heat from both the gasifier and the gas engine for steam generation [66]. Integrated 

Gasification Combine Cycle (IGCC) is now a popular system for power generation 

combining gasification with gas turbine for syngas combustion and steam turbine for waste 

heat recovery to increase plant efficiency [67].  
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Recently, chemical looping combustion (CLC) is an emerging technology for CHP. The CLC 

is as an oxy-fuel combustion method with no contact between air and fuel that easily 

combined with CO2 capture process since it is easy to recover almost 100% of CO2 from the 

flue gas by a simple separation method [51, 68]. Utilization of syngas from gasification is 

considered as the most popular way to convert biomass into energy using chemical looping 

process since the gas feedstock is more favorable. Zhu et al. [69] suggested a hybrid power 

generation process consisting of biomass steam/O2 gasification, chemical looping air 

separation (CLAS), syngas CLC with gas and steam turbines, by which the total energy and 

net power efficiencies of 66.2% and 16.3% were achieved, respectively. A pilot plant 

combining a fluidized bed biomass steam gasification and a dual circulating fluidized bed 

CLC process has been successfully run for 10 h operation by Penthor et al. [70]. The power 

generation using such a chemical looping process is also easily combined with the hydrogen 

production. For example, Calin-Cristian Cormos [71] proposed and assessed a co-production 

system of hydrogen and power generations using the biomass direct chemical looping 

(BDCL) concept, which exhibited a power net efficiency of 42%. A pilot plant of BDCL-

CLC system with 0.5 kWth has been successfully tested for 40 h using three different kinds 

of biomass (pine sawdust, olive stone and almond shell) by Mendiara et al. [72]. Table 1.2 

shows possible technologies applied in the biomass CHP system [68, 73].  

Table 1.2 Major technologies for biomass-based CHP systems 

Primary technology Secondary technology 

Direct combustion Steam turbine, ORC, Stirling engine 

Chemical looping combustion (CLC) Steam turbine, ORC, Stirling engine 

Gasification Internal gas engine, gas turbine, steam 

turbine, ORC 

Chemical looping reforming (CLR), 

Chemical looping gasification (CLG) 

Water gas shift (WGS), Internal gas engine, 

gas turbine, steam turbine, ORC 
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Chemical looping hydrogen (CLH) Internal gas engine, gas turbine, SOFC, 

PEMFC 

Bio-oils (from pyrolysis) Internal gas engine 

Biogas (from anaerobic biological process) Internal gas engine, WGS, CLR, SOFC 

Biodiesel Internal gas engine 

 

A conventional configuration of CHP consists of a combustor combining with a power 

generator and a heat exchanger to recover the heat brought by the exhaust from the combustor 

[74, 75]. While, the recovered heat can be further converted into additional power, in general, 

water/steam is usually used as a media for waste heat recovery by thermodynamic Carnot or 

Rankine cycle and convert it into power by steam turbine. The combination of direct 

combustion and steam turbine is the most widely applied technology for the large-scale and 

medium-scale biomass CHPs. However, the steam needs to be in a superheated form in order 

to prevent the condensation inside the turbine, which needs the temperature of turbine inlet 

higher than 450 oC at a high pressure over than 60 bar. However, since biomass has low 

heating value, the gas produced from the combustion of biomass only can obtain the heat 

with a temperature around 300 oC The steam also requires larger equipment and several 

expansion stages to achieve higher efficiency, making the cost for classic steam boiler is not 

competitive and the traditional steam cycles not effective for the small-scale biomass CHP 

[76].  

In order to solve this issue, organic fluid is proposed to replace water as the heat absorber 

media in the Rankine cycle. Thus, the organic Rankine cycle (ORC) process has more 

advantages and higher efficiency for the waste heat recovery at low temperature. Moreover, 

organic fluid has a lower boiling point and does not need to be in the superheated state as the 

steam in order to prevent the condensation in the turbine. As such, it needs only a single 

expansion stage to achieve high efficiency. Thus, it has simpler design and is more suitable 

for a small-scale power generation system. Biomass-fired CHP with the ORC waste heat 
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recovery system is now commercially available with a typical electrical efficiency of ca. 20% 

[73, 77]. 

 

1.4 Motivation and objectives 

One of major problems in biomass utilization for energy production is biomass feedstock 

collection since it can increase the operating cost or disturb the process of energy generation 

and impact the energy price. Many large-scale systems tend to experience this problem. Thus, 

the small-scale biomass to energy system is more preferable since it can utilize locally-

produced biomass effectively and simultaneously resolve the biomass collection problem. 

The emergence of novel hybrid system such as the two-stage gasification system drives the 

focus of biomass gasification research to find the suitability of such a system in the small-

scale operation. Especially, the novel small-scale biomass conversion system should be 

suitable for various types of biomass since the present ones are more suitable for the high-

quality biomass resources like woody biomass. Furthermore, there is an open opportunity for 

development of novel hybrid systems combining various conventional biomass conversion 

processes for effective conversion of various biomass resources. Therefore, the main 

objectives of this study are focusing on the following points: 

a. To investigate suitability of different biomass feedstocks for two-stage gasification 

system; 

b. To develop novel hybrid system for the small-scale biomass to energy applications, 

especially in power generation and hydrogen production; 

c. To evaluate the process efficiencies of the proposed novel small-scale biomass 

conversion systems for power generation and hydrogen production. 

 

1.5 Organization and outline of this dissertation 

This dissertation, firstly considers about the compatibility and synergistic effect existencein 

various biomass mixture during the thermal conversion process by experimentally 
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investigating the co-pyrolysis of various biomass with different properties and co-

gasification of their char to give a guidance of biomass selection in the two-stage gasification 

system.Later, advanced small-scale biomass energy systems especially for the power 

generation and hydrogen production were designed and analyzed. The following 7 chapters 

includes: 

Chapter 1 briefly introduces the current state of biomass into energy technologies and their 

current applications. The recent research and development progress and the issues are 

summarized and discussed. Finally, the motivation, objectives and outline of this research 

are given. 

Chapter 2 describes the general research materials, experimental apparatus, and 

characterization methods used in this study. Meanwhile, a brief introduction of Aspen Plus 

as the general software used for process simulation in this study is given. 

Chapter 3 reports the results of utilization of biomass co-pyrolysis and gasification of co-

chars in a two-stage gasification system. Synergistic effect existence between different 

biomass during the co-pyrolysis process to increase the total gasification efficiency was 

investigated. 

Chapter 4 provides an empirical analysis of a novel small-scale separated-type biomass 

gasification system including biomass pyrolysis, steam tar reforming, biochar gasification 

and combustion for power generation. The overall system efficiency was investigated by 

comparing fast and slow pyrolysis processes. 

Chapter 5 assesses the possibility of a novel small-scale biomass hydrogen production 

system consists of biomass pyrolysis, steam tar reforming, and biochar direct chemical 

looping hydrogen (CLH) processes with heat recuperation. The hydrogen production 

efficiency of the system was compared with other hydrogen production methods. 

Chapter 6 presents a process design and simulation of a small-scale power generation system 

using biomass direct chemical looping (BDCL) combustion process with organic Rankine 
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cycle (ORC) as waste heat recovery unit. Various working fluids were investigated for the 

ORC process. 

Chapter 7 summarizes the highlights of all results in this dissertation and provides the 

perspectives of the possible future works related with this dissertation study. 
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CHAPTER 2 : MATERIALS AND EXPERIMENTAL METHODS 

 

2.1 Biomass feedstocks 

The biomass feedstocks used in this study are Apple tree branch (ATB), knotweed stem 

(KWS), seaweed (SW), and rice straw (RSt) collected from Aomori Prefecture, Japan. Prior 

to experiment, all of them were washed and air dried under sunlight for several days, and 

then were cut and sieved to a size range of 0.5-2.8 mm. The elemental compositions of 

biomass were analyzed using a Vario EL cube elemental analyzer (Elementar, Germany). 

The biomass ash was obtained by calcination of each biomass at 800 oC for 2 h, and the 

compositions were determined using an energy dispersive X-ray fluorescence spectrometer 

(EDX-800HS, Shimadzu, Japan). The moisture content in biomass was analyzed using a 

moisture analyzer (MX-50, AND, Japan). Table 2.1 summarized the properties of all 

biomass samples. 

Table 2.1 Elemental composition, moisture and ash contents, and ash composition of 

biomass samples 

Elemental Composition 

(wt%-d-af) 
ATB KWS SW RSt 

C 43.7 44.79 39.2 35.1 

H 6.2 5.88 5 5.3 

N 0.5 0.28 1.8 0.4 

S 0 0.02 0 0 

O* 49.6 49.03 53.9 59.3 

Moisture and ash (wt%) 

Moisture 7.8 8.81 13.3 9.3 

Ash 1.8 2.87 11.6 14.9 

Ash composition (wt%) 

Ca 65.85 44.03 70.76 2.59 
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K 8.33 50.24 2.38 26.85 

Na n.d. n.d. 3.72 n.d. 

S 4.34 2.69 4.42 3.19 

P 8.18 1.68 1.11 2.42 

Si 1.75 0.7 5.96 53.21 

Fe 0.22 0.62 3.08 2.36 

Mg n.d. n.d. 6.17 n.d. 

Mn n.d. n.d. 0.29 0.51 

Zn n.d. n.d. n.d. 0.04 

Cu n.d. n.d. n.d. 0.04 

* by difference 

n.d. = not detected 

 

2.2 Experimental setup 

Experiments of pyrolysis and steam gasification in this study were conducted in a vertical 

steel tube-type fixed bed reactor with an inner diameter and a length of 18 mm and 350 mm, 

respectively. For each experiment, sample of biomass or biochar was place in the middle part 

of reactor with the position was adjusted by a steel mash. To keep the sample steady inside 

the reactor, thin pack of quartz wool was placed in the top and bottom side of the sample. 

The reactor was then placed inside an electrical furnace that provide heat for reactions with 

heating rate of 10 oC/min. Argon (Ar) was used as the carrier gas with flow rate of 50 ml/min. 

The pyrolysis was performed at 500 oC for 2 h, while gasification is conducted at 750 oC for 

90 min. For steam gasification experiment, the steam was flowed into the fixed-bed reactor 

from the top with a flow rate of 0.2 g/min. Water was pumped to a vaporization furnace 

operated at 250 oC by a peristaltic pump to generate the steam. The produced gas was passed 

through two cooling baths and a drier cylinder filled with CaCl2 particles for water absorbent 

before collecting in a gas bag. The tars and water from reacted sample and condensed steam 

were expected to be trapped in both of cooling baths. The solid residue was collected from 

the inside of the reactor after experiment, which for pyrolysis was collected as biochar and 
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for gasification was collected as waste assumed to be only consisted of ash and carbon. Later, 

the collected gas in the gas bag was analyzed using a gas chromatograph (GC-TCD, Agilent 

7890-USA) to determine the gas compositions of CO, CO2, CH4, and H2. Figure. 2.1 

illustrates the schematic diagram of experimental setup described above. 

 

Figure 2.1 Schematic diagram of experimental setup for pyrolysis and gasification 

 

2.3 Characterization 

2.3.1 GC-TCD 

The gas product collected in the gas bag was analyzed using a gas chromatograph with two 

thermal conductivity detectors (GC-TCD, Agilent 7890-USA) to determine the gas 

compositions main product gases from gasification of CO, CO2, CH4, and H2, in which one 

thermal conductivity detector (TCD) is connected to three columns contained with 1 

HayeSep Q column and 2 molecular sieve 5A columns to detect CO2, CH4, and CO using He 

as carrier gas, and the other TCD is connected to a combination of a single molecular sieve 

5A and HayeSep Q columns to detect H2 using Ar as carrier gas. The front inlet operated at 

temperature of 150 oC that injected gas with total flow rate of 23 ml/min, while the back inlet 
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operated at temperature of 150 oC and pressure of 18 psi (1.22 atm). The oven operated firstly 

at temperature of 60 oC with holding time of 1 min then it was increased to 70 oC with heating 

rate of 2.5 oC/min and no holding time, lastly it was increased to 100 oC with heating rate of 

20 oC/min and holding time of 1.5 min, so that the total analysis time was 8 min. The both 

front and back of thermal conductivity detectors (TCD) were operated at temperature of 200 

oC with both of carrier gases flow rate of 30 ml/min. Each columns of molecular sieve 5A 

and HayeSep Q had length of 6 ft (1.83 m) with outside diameter (OD) of 3.175 mm and 

inside diameter (ID) of 2 mm. 

2.4 Process simulation 

Aspen PlusTM software (9.0 version; Aspen Technology Inc.) is used for process simulation 

in this study. Aspen is stand for Advanced System for Process Engineering. Aspen Plus is 

one of a flowsheet simulation software used to quantitatively model a chemical processing 

plant produced by AspenTech Inc. that has advantages to simulate and process solid materials. 

Flowsheet simulator in Aspen Plus allows to predict the behavior of a process using basic 

engineering relationships and can be used to calculate and determine balance equations of 

mass, mole, and energy; thermodynamic relationships for reacting and non-reacting 

components; rate correlations for momentum, heat, and mass transfer; and reaction 

stoichiometry and kinetic data. Aspen Plus can be used as preliminary study for “what-if” 

cases, preliminary design process, optimization investigations, and sensitivity analyses [1]. 

Aspen Plus is also supported with features for performing energy analyses and economic 

evaluation. In terms of flowsheet notation, there are a stream icon and block icon in Aspen 

Plus. The stream icon is separated into material, heat, and work streams, while the block 

icons are categorized to mixers/splitters, separators, exchangers, columns, reactors, pressure 

changes, manipulators, solids, solids separators, and user models. The block icons used in 

this study are listed in Table 2.2. 

Table 2.2 Block icons of Aspen Plus used in this study 

Name Icon Function 
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Mixers/Splitters 

MIX 

 

Mix streams of material, heat, or work 

SSplit 

 

Divide streams based on substreams, can be used as cyclone 

Separators 

Flash2 

 

Flash drum, separate liquid and gas based on vapor-liquid 

equilibrium 

Sep 

 

Component separator, separate components based on specified 

flows or split fractions 

Exchangers 

Heater 

 

Simple heat exchanger for heater or cooler. Only one input-output 

stream is required. 

HeatX 

 

Co-current or counter current heat exchanger. Two input-output 

streams are required. 

MHeatX 

 

Multistreams heat exchanger. 

Reactors 

RYield 

 

Reactor based on yield distribution. This reactor is used when 

reaction stoichiometry and kinetics are unknown [2]. This model is 

used for decomposing biomass into simple components (C, H2, N2, 

O2, S) based on its elemental composition. 
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REquil 

 

Reactor based on equilibrium reactions at certain specified 

operating condition. 

RGibbs 

 

Reactor for multiphase equilibrium based on Gibbs free energy 

minimalization at certain specified operating condition. 

Pressure changers 

Pump 

 

Pump liquid streams. 

Compr 

 

Compressor, turbine, expander for gas streams. 

User Models 

Hierarchy 

 

Hierarchy block. Classified 2 different processes which different 

base method can be used. 
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CHAPTER 3 : STEAM GASIFICATION OF CO-PYROLYSIS CHARS FROM 

VARIOUS TYPES OF BIOMASS 

 

3.1 Introduction 

As described in Chapter 1, a two-stage gasification system is recently introduced for solving 

the tar issue in direct biomass gasification, in which the biomass pyrolysis step was separately 

performed at first before the char gasification step [1-4]. As such, the generated tar can be 

treated after the pyrolysis stage and only the biochar is gasified at the following gasification 

stage. The main advantage of this concept is to minimalize the tar problem in the direct 

biomass gasification system so that much cleaner syngas can be obtained. Furthermore, 

combining pyrolysis with steam gasification definitely improve hydrogen production from 

biomass compared with the existing contemporary thermochemical methods [5]. Therefore, 

it is important to investigate the biochar gasification characterization for the design of the 

whole gasification system. Since the biochar has high carbon content with less amount of 

volatiles, the generated volatiles should have less influence on the biochar gasification rate, 

leading to high gasification efficiency compared with the gasification of raw biomass [6]. 

As an abundant and easily available and sustainable energy resources, a wide variety of 

biomass types exist [7]. It is impossible to use only one type of biomass in a practical energy 

system since collecting and transporting biomass take high cost and its supply continuity is 

hard to accomplish. Various kinds of biomass are always used together in the gasification 

process in order to maintain the supply for biomass resources. Thus, it is important to 

investigate the co-gasification properties of various biomass and/or biochars, or even with 

coal. It is found that co-gasification of biomass with coal could reduce sulfur and ash from 

coal and tar from biomass simultaneously [8-10]. In our previous study [11], co-gasification 

of land-based biomass with brown seaweed resulted in high syngas production yield since 

the alkali and alkaline earth metal (AAEM) species in brown seaweed served as catalysts to 

enhance the gasification of land-based biomass. 
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Co pyrolysis is other form of combining two or more fuels to take advantage of synergistic 

effect to improve products quality. For co-pyrolysis, biomass is normally combined with 

plastics or coal to produce higher quality tar/bio-oils [12, 13] with a very few research cases 

about co-pyrolysis involving only biomass as a feedstock. Gulab et al. [14] investigated about 

co-pyrolysis of wild aquatic plant of Eichhornia Crassipes with polyethylene using waste Fe 

and CaCO3 as catalysts to improve bio-oil production and product selectivity to aliphatic and 

aromatic hydrocarbon. Jun et al. [15] used high temperature co-pyrolysis process for 

producing hydrogen rich syngas from municipal solid waste and wheat straw. While many 

other investigations regarding co-pyrolysis involving biomass to produce high quality liquid 

product, there are only a few researches focus on biochar production, yield, composition, 

even characterization. Whereas co-pyrolysis process to generate co-pyrolysis biochar for the 

gasification is applicable in the application of two-stage gasification system. Zhang et al. 

[16] conducted co-pyrolysis of biomass and plastic to increase H2/CO ratio in catalytic 

gasification and found that a H2/CO molar ratio of 5.6 can be obtained at a biomass/plastic 

weight ratio of 1:2. Park et al. [17] mixed plastics with wood pellets in a two-stage 

gasification process, in which cold gas efficiency of 91% was achieved with a 

plastics/biomass weight ratio of 7:3. In addition, it is found that the synergistic effect in the 

co-pyrolysis process could not only affect the quality of tar, but also change the morphology 

or even the properties of biochar [18]. However, the synergistic effect is not always obtained 

for every co-pyrolysis case. Zhu et al. [19] found the absence of synergistic effect when 

combining coal with wheat straw. Therefore, biomass selection should be important for the 

obtaining of highly active biochar from the co-pyrolysis of biomass to increase the gas 

production as well as the lower heating value (LHV) of the syngas produced from the co-

pyrolysis biochar gasification. It is well known that various types of biomass such as woody 

plants, herbaceous plants/grasses, aquatic plants, and manure have different and special 

characteristics in terms of carbon, moisture, ash contents, fixed carbon and volatiles matters, 

and inorganic components in their ashes that can affect gasification efficiency [20]. Moreover, 

it is found that pyrolysis characteristic of biomass is relied on the contents of cellulose and 

hemicellulose in raw biomass and the type of biomass could dictate the interactive effect 
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during the co-pyrolysis process [21]. Some kinds of biomass also have auto-catalytic 

capability in the gasification due to the presence of more AAEM species such as potassium, 

sodium, calcium, and magnesium in them [22, 23] that is proven to not only promote gas 

production in the co-gasification of biomass with coal [10] and co-gasification of blended 

biomass char and coal char [9], but also enhance the activity of the biochar produced from 

the co-pyrolysis of biomass and coal [24]. Potassium presence in pyrolysis can inhibit the 

trend of carbonization and promote char gasification reactions efficiently to hydrogen-rich 

gas at high rates [25]. However, a large amount of such minerals, especially some without 

the catalytic activity, are also undesirable since they may cause several technological and 

environmental issues during the biomass processing [26].  

Therefore, in this study, four types of biomass with different AAEM contents in their ashes, 

i.e., apple tree branch (hardwood), knotweed stem (softwood), seaweed (aquatic plant) and 

rice straw (grass), were selected to prepare co-pyrolysis biochar, and the steam gasification 

of the obtained co-pyrolysis biochar were investigated. Herein, co-pyrolysis of biomass 

mixture was conducted firstly to obtain char with high reactivity and steam gasification of 

the co-pyrolysis char was conducted to obtain hydrogen-rich syngas. Furthermore, proper 

understanding of synergistic effect induces by combining different types of biomass for the 

preparation of the highly active co-pyrolysis biochar is expected to improve feedstock 

sustainability in the two-stage gasification system. 

  

3.2 Experimental 

3.2.1. Materials 

The biomass used and their characterization are the listed and described in Section 2.1. 

3.2.2. Pyrolysis and co-pyrolysis for biochar preparation 

The pyrolysis and co-pyrolysis experiments were conducted in a vertical steel tube-type 

fixed bed reactor with experimental setup described in Section 2.2 and was performed at 500 

oC for 2 h in atmospheric condition with a heating rate of 10 oC/min. For each experimental 

run of pyrolysis or co-pyrolysis, about 3 g of biomass or biomass mixture was loaded to the 
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middle section of the reactor at first and for the co-pyrolysis process, the ratio of two types 

of biomass was 1:1. The co-pyrolysis biochar collected after the process was later called as 

co-char in this study. The collected gas in the gas bag was analyzed using a gas 

chromatograph (GC-TCD, Agilent 7890-USA) to determine the gas compositions of CO, 

CO2, CH4, and H2 and shown as mmol per gram sample (mmol/g-sample) and mmol/g-

biomass in dry and ash free basis (mmol/g-biomass daf). All the gas was assumed to be 

originated from the biomass, so then the mass of gas can be calculated from their composition. 

Whereas the biochar collected at the end of the pyrolysis process was weighted, the product 

yield of pyrolysis is calculated as follows: 

Mass of bio-oil = mass of biomass sample – mass of gas – mass of biochar (1) 

Product yield = 
mass of each product (g)

mass of biomass sample (g)
 

(2) 

 

3.2.3. Steam gasification 

Steam gasification was performed on the same experimental setup described in 

Section 2.2, in which the steam was flowed into the fixed-bed reactor from the top with a 

flow rate of 0.2 g/min. For each experimental run, about 0.5 g of biomass, biochar, or co-

char was loaded to the tube-type fixed-bed reactor to be gasified at 750 oC for 90 min. Gas 

production from the steam gasification of co-char was compared with that of co-gasification 

of the mixed biochars from the pyrolysis of the individual biomass. In addition, to evaluate 

the synergetic effect of co-char, the biochars in the co-char from different types of biomass 

was assumed to be separately gasified, and the sum of product yields was compared with that 

from the gasification of co-char. Hereafter, the sample of each raw biomass, the biochar from 

pyrolysis of individual biomass, biochar obtained from co-pyrolysis of biomass mixture, and 

physical mixture of biochars were called RBX, BCX, CCXX, MCXX respectively in this study, 

where subscript X is the initial letter of the biomass name involved.  
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Herein, the percentage of each bio-char from the corresponding biomass in the co-

char was calculated as follow: 

ECX1 = PYC-X1 × MX1 (3) 

ECX2 = PYC-X2 × MX2 (4) 

ECX1X2 = ECX1 + ECX2 (5) 

%BCX1 = 
ECX1 (g)

ECX1X2 (g)
 

(6) 

%BCX2 = 100 - %BCx1 (7) 

Amount of MCX1X2 for co-gasification (g) = %BCX1× 0.5 g + %BCX2 × 0.5 g (8) 

where, ECX1, PYC-X1, and MX1 are the expected masses of biochars from Biomass X1, biochar 

yield from pyrolysis of Biomass X1 calculated by Eq. 2, and mass of Biomass X1 in co-

pyrolysis process, respectively. As such, the difference of gasification of CCXX and co-

gasification of MCXX can be found, and the existence of synergistic effect in the co-char 

could be indicated by the difference of the two kinds of gasification results. Fig. 3 further 

describes the different concepts of co-pyrolysis with gasification of CCXX and co-gasification 

of MCXX. 

3.2.4. Analysis  

The gas product collected in the gas bag was analyzed using a gas chromatograph with two 

thermal conductivity detectors (GC-TCD, Agilent 7890-USA) to determine the gas 

compositions main product gases from gasification of CO, CO2, CH4, and H2 with the detail 

described in Section 2.3. Herein, the total gas yield was presented as mmol per gram sample 

(mmol/g-sample) where the same amount (0.5 g) of samples of RBx, BCx, CCxx, and MCxx 

was used in each set of experiment. Ash compositions from the single biochar and co-char 

were determined using an energy dispersive X-ray fluorescence spectrometer (EDX-800HS, 

Shimadzu, Japan). 
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Figure 3.1 Schematic diagram of two-stage gasification concepts of (a) co-pyrolysis with 

gasification of CCXX and (b) separated pyrolysis with co-gasification of MCXX. 

 

3.3 Results and discussion 

3.3.1. Steam gasification of RBx and BCx 

Fig. 3.2(a) shows gas yields from the gasification of RBX and BCX respectively with a steam 

flow rate of 0.2 g/min at 750 oC for 90 min with the units of mmol/g-sample while Fig 3.2(b) 

shows it in the units of mmol/g-biomass daf. Table 3.1 summarizes the biochar yield from 

the pyrolysis of RBX at 500 oC, characteristics of elemental compounds, and ash composition 

in each BCX sample. One can see that the gasification of BCX resulted on a higher gas yield 

than the gasification of the corresponding RBX per gram of sample, indicating that biochar 

was more easily gasified since it had lower volatile compounds compared with the raw 
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biomass. During the pyrolysis process, volatile matters in raw biomass including water, 

permanent gases such as CO and CO2, and tars were released. It is reported that the generation 

of the volatile compounds in raw biomass during the gasification process could hinder 

gasification reaction [1, 23, 27]. Thus, separately gasification of biochar could improve the 

gasification rate of the whole system. 

Table 3.1 Biochar yields from the pyrolysis of the RBx, their elemental analysis results, and 

ash compositions 

 
RBA RBK RBS RBR 

Biochar yield 

(g/g-biomass) 
0.27 0.32 0.4 0.38 

Elemental composition of biochar (wt% daf) 

 BCA BCK BCS BCR 

C 71.20 73.94 50.01 50.31 

H 2.86 2.51 2.12 1.96 

N 1.08 0.52 1.84 0.42 

S 0.00 0.00 0.29 0.07 

O 24.86 23.03 45.75 47.24 

Ash composition (wt%) 

Ca 67.04 26.01 59.62 6.88 

K 20.50 62.36 4.79 39.18 

Na n.d. n.d. 6.63 n.d. 

S 0.52 0.32 2.38 0.93 

P 4.35 1.46 1.47 1.10 

Si 3.39 n.d. 3.64 39.90 

Fe 0.75 0.13 2.88 0.78 

Mg n.d. n.d. 7.93 n.d. 

Mn n.d. n.d. 0.50 0.60 

Zn n.d. n.d. n.d. 0.03 
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n.d. = not detected 

 

Figure 3.2 Gas yields from the steam gasification of each individual biomass and the 

corresponding biochar at 750 oC with steam flow rate of 0.2 g/min for 90 min (a) units of 

mmol/g-sample and (b) units of mmol/g-biomass daf 

Specifically, the gasification of RBR and BCR resulted in the lowest gas yields among the 

four types of biomass. Even though RSt is the popular and the most abundant agricultural 

biomass residue in the world, it has low energy density, low high heating value (HHV), and 

high ash content [28, 29]. It is well known that high amount of silica in RSt can hinder the 

carbon gasification at high temperature. Even after the pyrolysis process, high silica content 

was still remained, resulting in low gasification efficiencies of RBR and BCR [30]. The gas 

yield of BCR gasification has similar result with RBR in the unit of mmol/g-biomass daf even 

though the biochar yield from pyrolysis and biochar elemental properties are similar to BCS. 

In comparison, the gasification of RBK and BCK exhibited the highest gas yields. Although 

biochar yield from pyrolysis of KWS is quite low, the BCK elemental properties has the 

highest carbon content among other biochars that resulting in high gas yield of BCK 

gasification. In previous study [31, 32], it is found that the high amount of K2O in KWS can 
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promote the tar reforming and char gasification. Moreover, the pyrolysis of KWS at 500 oC 

produced biochar with the highest reactivity since the highest content of K2O was intensified 

after pyrolysis, which made the biochar have auto-catalytic activity to increase gas 

production yield. In addition, it should be noted that KWS had low ash content. However, 

compared with RBK gasification in the unit of mmol/g-biomass daf, the gas yield from BRK 

gasification is lower due to weight loss during pyrolysis.  

Unlike the land-based biomass, SW contains more sugars, protein, and simple lipid, which 

are more easily decomposed to generate higher gas amount [11, 33]. Moreover, even though 

the SW had lower carbon content, the calcium content in SW ash was higher than those in 

ATB ash, and the higher ash content of SW could promote gasification rate of RBS when 

compared with the gasification of land-based biomass such as RBA. However, it should be 

noted that the carbohydrates in SW was more easily to be decomposed at low temperatures 

(200-400 oC) [33, 34] and during biomass pyrolysis, the elements on the surface of 

biomass/char change or release together with volatiles [35]. Comparison between Table 1 

and Table 2 shows that a little part of calcium was also released after the pyrolysis at 500 oC, 

resulting in lower carbon and calcium contents in the BCS. The gas yield of BCS gasification 

is lower than gasification of RBS in the units of mmol/g-biomass daf, Even though BCS 

characteristic shows low carbon content and AAEM contents, high biochar yield from SW 

pyrolysis establishes high gas yield of BCS gasification per gram biomass. Meanwhile, the 

pyrolysis of RBA produced biochar with a high carbon content and a stable calcium content. 

Thus, the gasification of BCS resulted in a lower gas yield than that of BCA at the same 

amount of biochar sample. In the units of mmol/g-biomass daf, gasification of RBA and BCA 

have similar result due to biochar yield from ATB pyrolysis is the lowest among other 

feedstocks. It should be noted that the higher carbon content in BCX effectively enhanced 

primary and secondary steam reforming reactions during the gasification to produce 

hydrogen-rich syngas. 
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3.3.2. Steam gasification of co-char 

3.3.2.1. Combination with RSt 

To investigate the promoting effect of biochar with higher AAEM species on the gasification 

of biochar with lower AAEM species in the co-char, several combinations of co-chars were 

prepared by the co-pyrolysis of RSt with other types of biomass. Fig. 3.3 compares the gas 

yields generated from gasification of CCRX with those from the co-gasification of MCRX. 

Table 3.2 represents the percentage of each biochar for the co-gasification of MCRX 

calculated by Eqs. (6) and (7). One can see that only the gasification of CCRS resulted in a 

higher gas yield than the co-gasification of MCRS. Meanwhile, the gasification of the CCRA 

and co-gasification of the MCRA had no significant differences whereas the co-gasification 

of the MCRK even had higher gas yield than the gasification of CCRK.  

Table 3.2 Proportion for co-gasification of the MCRX 

  
MCRA MCRK MCRS 

BCR 60% 54% 48% 

Biochar X2 40% 46% 52% 

 

Herein, as stated above, the RSt contains a high amount of silica, which would limit the 

gasification efficiency. In fact, its bio-char also contained a high content of silica. Suzuki et 

al. [22] confirmed that silica in the RSt tends to react with potassium or other alkaline metal 

species to form the inactive species of alkali silicate, leading to lower gasification rate. Wang 

et al. [36] also confirmed that the calcium species in the biomass would react with silica to 

produce stable calcium silicate, which would inhibit the activity of AAEM to certain extent. 

Similar case was reported by Ellis et al. [37] that said Ca2Al2SiO7 crystals could be formed 

during co-pyrolysis of pine sawdust with bituminous coal. The existence of aluminosilicate 

crystal lower reaction rate during gasification of co-pyrolysis char compared with separated 

pyrolysis char. Wei et al. [38] reported that the RSt existence in co-pyrolysis hindered the 

activity of calcium and potassium by affecting graphitization degree of the char during the 
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co-pyrolysis process, inhibiting the gasification reactivity. Risnes et al. [39] indicated that 

the activity of potassium is generally larger than calcium wherefore the inhibition effect of 

alkali silicate formation is also larger on potassium than calcium. In this study, the ATB, 

KWS, and SW had high amounts of calcium and potassium in their ashes. Even though these 

AAEM species should have good catalytic activity for the gasification, when they reacted 

with silica in the RSt during the co-pyrolysis process, the activity could be also decreased.  

 

Figure 3.3 Comparison of gas yields from the steam gasification of CCRX with those from 

the co-gasification of the MCRX 

As shown in Table 3.3, after the co-pyrolysis, a high potassium content was still remained 

in CCRK which can lead to the inhibition effect and simultaneously interact with the 

remaining amount of silica in the co-char. Moreover, the calcium content was too low to have 
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any effect in the gasification, and as such, the gas yield obtained from the CCRK was 6.8% 

lower than the co-gasification of MCRK. It should be noted that the interaction between KWS 

char and RS char in the CCRK would be more intense than the physically mixed biochars used 

in MCRK since they were formed together during the pyrolysis process. Thus, the inhibition 

effect in the CCRK should be more vigorous.  

Meanwhile, in the ATB + RSt case, the potassium and silica contents originated from RSt 

itself were still remained high, which may have inhibition effect for the gasification of the 

CCRA. However, the calcium content as the main AAEM content for ATB was still remained 

enough high to promote the gasification rate. Thus, no significant difference between the 

gasification of CCRA and the co-gasification of MCRA where the gas yield difference was only 

0.4%. In both ATB and KWS cases, the RSt part was more dominant in the mixture, leading 

to more intensive silica inhibition. In contrast, in the CCRS, the SW part was more dominant 

than RSt. Therefore, the highest calcium content of SW was remained in the co-char while 

the lowest potassium and silica contents were found among other co-chars that combined 

with RSt, resulting in the best promotion effect in the gasification with about 6.6% higher 

gas yield difference of CCRS v. MCRS. Furthermore, synergistic effect in CCRS might be 

occurred because aromatic compound was formed and the strength of C=O and S=O 

precipitation peaks were enhanced during co-pyrolysis of SW and RSt [35, 40]. 

Table 3.3 Ash compositions for CCRX 

Ash composition 

(wt%) 
CCRA CCRK CCRS 

Ca 21.71 13.19 34.97 

K 34.67 50.07 20.87 

S 0.66 0.52 1.77 

P 1.84 1.32 1.34 

Si 38.24 24.53 21.06 

Fe 0.77 0.45 2.55 
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Mg n.d. n.d. 2.77 

Mn 0.80 0.45 0.66 

Zn 0.07 0.05 0.06 

Cu 0.05 n.d. n.d. 

n.d. = not detected 

3.3.2.2. Other combinations 

Fig. 3.4 compares the gas yields generated from gasification of CCAK, CCAS, and CCKS with 

those from the co-gasification of MCAK, MCAS, and MCKS whereas Table 3.4 represents the 

proportion of each biochar for the co-gasification of MCAK, MCAS, and MCKS calculated by 

Eqs. (6) and (7). One can see that all of the CCXX had higher gasification efficiencies than 

the co-gasification of MCXX whereas the CCAK gave the best performance.  

Table 3.4 Ash compositions for CCRX 

  MCAK MCAS MCKS 

Biochar X1 46% 39.4% 44.4% 

Biochar X2 54% 60.6% 55.6% 

 

In this study, as shown in Fig. 3.4, all the co-chars had the synergistic effect. Especially, the 

combination of ATB and KWS resulted in the largest gas yields in both cases. In our previous 

study [11], the synergistic effect was found in the combination of raw brown seaweed and 

Japanese cedar. Consistently, the synergistic effect was also found in co-pyrolysis of SW 

with woody biomass of ATB and KWS. Thus, the gasification of the CCAS and CCKS were 

much easier than those of MCAS and MCKS. Although the difference of CCKS gas yield with 

the co-gasification of MCKS case was only 1.5% higher and the CCAS v. MCAS case was only 

6% higher. Ash composition of CCAS in Table 3.5 shows that the calcium content was 

intensified after co-pyrolysis process while the potassium content decreased significantly in 

CCKS. It may be caused by the better synergistic effect between ATB and SW than that 

between KWS and SW. Cabuk et al. [41] considered that the gasification results could not 
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solely depend on AAEM content. The interaction between various biomass during the co-

pyrolysis could generate synergy effect on the reactivity of the produced co-char. However, 

due to the higher potassium content remained in CCKS with higher catalytic activity than 

calcium [22], the combination of KWS and SW resulted in a higher gas yield than the 

combination of ATB and SW.  

 

Figure 3.4 Comparison of gas yields from the steam gasification of CCAK, CCAS, and CCKS 

with those from the co-gasification of the MCAK, MCAS, and MCKS 

In contrast, the gas yield from the gasification of CCAK showed an excellent performance 

with 10.6% higher than that in the MCAK case. Herein, both ATB and KWS were woody 

biomass with more endurance to the decomposition during the pyrolysis process, which 

should make more AAEM species maintained in the co-char after the pyrolysis. As shown in 
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Table 3.5, massive amount of potassium and calcium were found in the ash composition of 

CCAK, which could lead to an obvious promotion effect. In the co-gasification case, the 

interaction between the different biochars was less intense so that less amount of gas yield 

were obtained when compared with the gasification of co-chars. Two-stage gasification 

system should get substantial benefit by combining various woody biomass together. 

Table 3.5 Ash compositions of CCAK, CCAS, and CCKS 

Ash composition 

(wt%) 
CCAK CCAS CCKS 

Ca 39.55 63.71 49.32 

K 55.66 6.85 20.44 

S 0.36 2.07 1.54 

P 2.37 2.16 1.52 

Si 0.31 5.38 5.19 

Fe 0.36 4.39 4.47 

Mg n.d. 6.67 4.12 

Zn n.d. 0.10 0.06 

n.d. = not detected 

 

3.4 Conclusion 

Steam gasification of co-pyrolysis char (co-char) from combinations of four different 

types of biomass with different properties, i.e., Apple tree branch (ATB), knotweed stem 

(KWS), seaweed (SW), and rice straw (RSt), were investigated. The results were compared 

with the steam co-gasification of the physically mixed individual biochars from the four types 

of biomass in order to observe the synergistic effect obtained from co-pyrolysis process.  

• The less reactive co-char was always generated for the steam gasification process because 

of the silica species in the RSt could react with AAEM species in other types of biomass 

to form alkali silicate compounds. 
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• Pairing RSt with non-woody biomass such as SW gave a better result than combining 

with woody biomass.  

• In comparison, the gasification of the co-char involving combinations of different woody 

biomass showed excellent result. The AAEM contents in woody biomass was stably 

maintained even after pyrolysis process so that the co-char also had higher activity.  

Thus, either the positive or negative impacts could be generated during the biomass co-

pyrolysis. Especially, the biomass selection should play a significant role in the achieving of 

efficient two-stage gasification system with feedstock availability including different types 

of biomass. 
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CHAPTER 4 : POTENTIAL POWER GENERATION ON A SMALL-SCALE 

SEPARATED-TYPE BIOMASS GASIFICATION SYSTEM 

 

4.1. Introduction 

As further development on two-stage gasification system, recently a comprehensive triple-

bed combined circulating fluidized bed gasification system was proposed, in which a downer 

pyrolyzer, a bubbling fluidized bed char gasifier and a riser combustor for combustion of 

unreacted char are separately set but joined together. In this system, a fast gas-solids separator 

is used to separate the tar vapor and char at the exit of downer pyrolyzer and the char flows 

down to the char gasifier. Simultaneously, combustion of unreacted char in the riser 

combustor is used to provide the heat needed for the pyrolysis of coal/biomass in the downer 

pyrolyzer. For this purpose, the heat is carried by inert solids medium such as silica sand 

circulating in the system [1]. As described on Chapter 1, liquid product from pyrolysis 

process called tar has potential to be converted into syngas by steam reforming reaction. 

Coupling this process into existing triple-bed combined circulating fluidized bed gasification 

system can increase gas production from the system while improve the system efficiency. 

In this study, a small-scale separated-type biomass gasification system composed of an auger-

type pyrolyzer, a steam tar reformer, an air-steam char fluidized bed gasifier, and a spent char 

riser-type combustor with circulating heat carrier particles is proposed to convert biomass 

into combustible gas which can be applied for gas-engine power generation. Sand is used as 

heat carrier and bed material for the char fluidized bed gasifier. Different with previous 

developed two-stage biomass gasification system, this separate-type biomass gasification 

system applies a self-heating pyrolysis as well as gasification process. To let it suitable for a 

small-scale gasification, an auger-type pyrolyzer is proposed and a catalytic tar reforming 

reactor is also integrated. The empirical equations as well as the main experimental data from 

the published literatures are applied to analyze the elemental, mass, and energy balances of 

each process by using sets of assumptions at a certain condition to predict final energy 

efficiency and the potential electricity generated from the system. The models for 
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determining elemental and mass balances are built by combining experiment results in the 

literature and basic reaction equations. Energy balance is conducted for calculating heat 

involved within the system. Comparison of product yields and compositions obtained in the 

present system with the reported data shows that the prediction gives a reasonable accuracy 

which could indicate what occur within the system. The model presented in this study could 

be utilized for preliminary engineering design of comprehensive biomass thermal conversion 

processes. 

4.2. Calculation method 

4.2.1. The proposed small-scale separated-type biomass gasification system 

Figure 4.1 shows the schematic diagram of the small-scale separated-type biomass 

gasification system proposed in this study. In this system, the woody biomass and the 

circulated hot sand (500-600°C) in the system are introduced into the auger-type pyrolyzer. 

As the biomass is mixed with the hot sand along the auger reactor, it will be decomposed, 

generating tar volatiles, gases such as H2, CO, CO2 and CH4, and solids char. The tar volatiles 

and gases will flow upwards to the tar reforming reactor where the tar will be catalytically 

converted to combustible gases at a temperature over 600 °C. Meanwhile, the char will flow 

downwards to the fluidized bed gasifier and is self-heatedly gasified with air and steam to 

syngas at a temperature over 800 °C. The remaining unreacted char (spent char) will overflow 

into a riser combustor and be burned out completely with excessive air at a temperature over 

1000 °C. The generated heat is carried by the sand and recycled to the sand tank, and provided 

the heat for the biomass pyrolysis. The gas produced in the pyrolyzer, tar reformer, and char 

gasifier will be collected together and used as the fuel for the gas-engine power generation. 

Herein, the self-heated gasification and combustion are exothermic reactions, both of them 

will generate heat, while the pyrolysis is an endothermic process, which requires heat. Even 

though the steam tar reforming is also endothermic reaction, the energy needed will be 

supported by external source in this study. 
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Figure 4.1 Schematic diagram of the separated-type biomass gasification system in this 

study 

4.2.2. Calculation basis 

In this study, the woody biomass is considered as the biomass feedstock for the 

gasification system. Table 1 shows the reported ultimate analysis results of some woody 

biomass by us and other researchers [2-6]. Herein, as a case study, the apple tree stem is 

chosen for the main simulation. About 12.5 kg/h (=100 kg/day, 8 h/day) of biomass feeding 

rate is applied for total calculation. Besides, the following conditions are assumed: 

(i) Each process is performed in continuous steady state condition 

(ii) No accumulation of each materials in each process 

(iii) The separation of each products after the process is done completely 

Furthermore, the calculation for each part of this system are described below. 
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4.2.3. Pyrolyzer 

Biomass pyrolysis is a thermal decomposition process in the absence of oxygen, producing 

condensable volatile matter as tar (also called as bio-oil), non-condensable gas, and carbon-

rich material called char within a temperature range of 300-600 °C. In general, the 

temperature range of 450-550 oC is the optimum pyrolysis condition for the woody biomass 

and more tar can be produced [7]. Meanwhile, it is found that  the biochar with the highest 

reactivity could be obtained  at 500 oC [8]. Thus, the temperature condition for the pyrolysis 

in this study is set at 500oC. 

Based on the heating rate and residence time, the pyrolysis can be classified into three types, 

i.e., slow, intermediate, and fast pyrolysis [9]. In this study, as the biomass is heated using 

the hot sand in the auger-type pyrolyzer, the pyrolysis type should be determined by the heat 

transfer rate and the residence time of biomass in the pyrolyzer, which can be adjusted by 

changing the biomass/sand feeding rate and the motor speed of the auger reactor [10]. As 

such, the pyrolysis process can be either the slow pyrolysis or the fast pyrolysis or even in 

between two. In this calculation, only the slow and fast pyrolysis routes will be considered, 

which will produce different amounts of tar and char, and affect the mass and heat balances 

of the following tar reforming, char gasification and spent char combustion processes. 

To simplify the calculation, it is assumed that the produced tar is only composed of carbon, 

hydrogen, and oxygen, the gas only contains CO, CO2, CH4, and H2, and the pyrolysis occurs 

in isothermal condition. Empirical calculation equations developed by Neves et al. [11] 

(Table 4.2) are applied for the simulation of the fast pyrolysis which can characterize some 

pyrolysis products within the temperature range of 200-1000 °C. Those unpredictable 

components using these equations are evaluated by using elemental and mass balance 

equations. Herein, to confirm that this model can predict the system with the fast pyrolysis 

route with reasonable accuracy, the results obtained by these empirical equations will be 

compared with the published experiment data [4], in which the ultimate analysis results of 

the similar wood biomass as the apple tree stem shown in Table 4.1 is used for the validation 

of the fast pyrolysis calculation results.  
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Table 4.1 Ultimate analysis results of the similar wood biomass for the validation of 

simulation 

Data Biomass 
Ultimate Analysis (wt %) 

Reference 
C H O N S 

1 Apple Tree Stem 43.7 6.2 49.6 0.4 0.1 [2, 3] 

2 A Kind of Wood 45.48 6.3 47.92 0.3 0 [4] 

3 Poplar Wood 48.8 6.5 44.5 0.2 0 [5] 

4 Gmelina arborea Wood  47.77 6.39 44.84 0.5 0.5 [6] 

 

However, it is reported that the empirical model developed by Neves et al.[11] cannot be 

used to predict the results from the slow pyrolysis process. Meanwhile, even though many 

numerical simulations have been conducted for the slow pyrolysis process, it is still difficult 

to predict the yields of char, tar, and gas obtained from the real process. Especially, there are 

no results on the slow pyrolysis of apple tree stem. Thus, the data for the slow pyrolysis of 

apple tree stem based on experiment are collected in this study for the slow pyrolysis 

simulations. That is, a slow pyrolysis experiment with a heating rate of 10 oC/min is 

conducted for the pyrolysis of apple tree branch at first. The gases produced are analyzed 

using GC-TCD (GC-TCD, Agilent 7890, USA) to determine the gas compositions. Moreover, 

in the present work, to determine the elemental compositions in char, Eqs. (9)-(11) are used. 

Tar yield and elemental compositions are calculated based on the experimental results. 

Moreover, the yields of pyrolytic water produced in the slow pyrolysis process for the 

simulation is assumed to be 20 wt.% since the water yield in the slow pyrolysis is roughly 

within 5-22 wt.% regardless of the pyrolysis temperature and heating rate [3, 9-11].  

Table 4.2 Equations for the fast pyrolysis simulation 

Mass balance Eq. 

YF = Ychar,F + Ytar,F + Ygas,F + YH2O,F (1) 

Ygas,F = YCO,F + YCO2,F + YCH4,F + YH2,F (2) 
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YC,F = YC,char.Ychar,F + YC,tar.Ytar,F + YC,CO.YCO,F + YC,CO2.YCO2,F + YC,CH4.YCH,F (3) 

YO,F = YO,char.Ychar,F + YO,tar.Ytar,F + YO,CO.YCO,F + YO,CO2.YCO2,F + YO,H2O.YH2O,F (4) 

YH,F = YH,char.Ychar,F + YH,tar.Ytar,F + YH,CH4.YCH4,F + YH,H2O.YH2O,F (5) 

Empirical equation  

Y𝐇𝟐,F

YCO,F

 = 3.10
-4

+
0.0429

1+(
T

632
)
-7.23

 
(6) 

YCH4,F = -2.18.10
-4

 + 0.146YCO,F (7) 

YH2,F = 1.145× (1 - exp(-0.11.10
-2

T))
9.384

 (8) 

YC,char = 0.93 - 0.92 exp (-0.42.10
-2

T) (9) 

YO,char = 0.07 + 0.85 exp (-0.48.10
-2

T) (10) 

YH,char= -0.41.10
-2 

+ 0.10 exp (-0.24.10
-2

T) (11) 

Ychar,F = 0.106 + 2.43 exp(-0.66.10
-2

T) (12) 

YC,tar

YC,F

 = 1.14 
(13) 

YO,tar

YO,F

 = 0.80 
(14) 

YH,tar

YH,F

 = 1.13 
(15) 

 

4.2.4. Catalytic steam tar reforming 

In this study, catalytic steam tar reforming process is considered to convert the tar into the 

syngas of H2 and CO. To date, various catalysts such as nickel based catalysts and some 

inexpensive, abundant, and disposable natural materials have been proven to have high 

activity for the tar reforming. It is also found that temperature of 650 oC gives nickel and 

CaO based catalyst the highest activity for this reaction [12].  Thus, the tar reforming 

temperature is chosen at 650 oC in this study. As indicated in Eq. (16), tar can be catalytically 

converted to syngas effectively. 
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CxHyOz + (x-z)H2O → xCO + [y/2+x-z]H2 (16) 

Herein, it is assumed that (i) only tar component involves in the reaction; (ii) catalytic 

reaction occurs effectively with a conversion of 70% [12];  (iii) steam/carbon (S/C) ratio used 

is 1 [13], (iv) no other series or parallel reactions occur, and (v) condition of reaction is 

isothermal. 

4.2.5. Char gasification 

Char is a solid carbon rich material as the product of pyrolysis of biomass. Its carbon content 

usually varies in the range of 63-91%. Other main content is oxygen with a value about 10-

30%. Because of its high carbon content, the char contains high energy density. The quality 

and quantity of char produced from the pyrolysis of certain biomass can be controlled by 

varying the operating conditions, particularly heating rate and pyrolysis temperature in the 

pyrolysis process [7, 10].  Especially, it is found that for the char obtained from the pyrolysis 

of woody biomass at 500 oC has a syngas yield as high as about 83% from gasification at 850 

oC [8]. Thus, 850 oC is chosen as the char gasification temperature in this study. 

Meanwhile, thermodynamic equilibrium model is used to simulate the gasification process. 

The advantages of this method are: (i) unnecessary consideration of the transformation 

mechanism; (ii) independent of gasifier configuration; and (iii) no limit to a certain operating 

condition [14]. Furthermore, by considering the gasification process as a single overall 

reaction, the thermodynamic equilibrium model is useful to predict exit gas compositions at 

certain working parameters [15].  

Herein, for the oxygen-steam char gasification, it is assumed that (i) temperature of the 

products is equal to the gasification temperature; (ii) oxygen is completely consumed; (iii) 

the gas mixture is equilibrium and homogenous; (iv) the residence time is long enough for 

all reactions considered to reach the equilibrium state; (v) ash is not involved in the 

simulation; (vi) pressure is atmospheric [14];  (vii) nitrogen and sulphur substances in char 

are not involved in this process simulation but they go to the combustor with the spent char; 

(viii) no tar is produced in the gasification process; (ix) the gases produced are only composed 
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of CO, CO2, H2, and CH4; (x) equivalence ratio (ER) is 0.4 mol/mol; (xi) steam to char ratio 

(SCR) is 0.35 mol/mol. As such, the overall gasification reaction can be summarized as: 

CHyOz + m O2 + n H2O = x1 CO + x2 CO2 + x3 H2 + x4 CH4 + x5 H2O + x6 C (17) 

where y and z are the number of atoms of hydrogen and oxygen for each atom of carbon in 

the char. m and n molar amounts of oxygen and steam per mole of char as the gasifying 

agents. x1, x2, x3, x4, x5, and x6 molar amounts of corresponding products of gasification, 

respectively [14]. The m and n values can be calculated by the following equations: 

m = ER × (1 + 
y

4
 + 

z

2
) (18) 

n = SCR × (12 + y + 12z) (19) 

The element balances of carbon, hydrogen, and oxygen are given as below: 

x1 + x2 + x4 + x6 = 1 (20) 

y + 2n = 2x3 + 4x4 + 2x5 (21) 

z + n + 2m = x1 + 2x2 + x5 (22) 

Two reactions considered to give the equilibrium constants are 

CO + H2O → CO2 + H2 (23) 

C + 2H2 → CH4 (24) 

It is obvious that both equilibrium reactions here do not involve oxygen, and the steam role 

in water gas shift reaction is limited. Hence, it can be considered that the gasifying agents do 

not affect the equilibrium reactions significantly in this study [16]. Equilibrium constants as 

the function of partial pressure for these two reactions can be expressed as follows 

respectively: 

K1=
(P

CO2
/Ptotal)(PH2

/Ptotal)

(P
CO

/Ptotal)(PH2O
/Ptotal)

=
x2x3

x1x5

 (25) 
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K2=
PCH4

/Ptotal

(P
H2

/Ptotal)
2

=
x4

x3

xtotal (26) 

where K and P are the equilibrium constant and pressure, respectively. xtotal is the total mole 

of gas product from Eq. (17). 

Equilibrium constant can be determined by calculating the Gibbs free energy as the function 

of temperature, where the standard Gibbs function is dependent on the standard enthalpy 

change. Zainal et al. [17] have derived a mathematical correlation among the thermodynamic 

parameters involved. Thusly, the equilibrium constants as a function of temperature can be 

written as follows [18]. 

ln K1 = 2.04 ln T - 2.7 10
-4

 T  - 58200/T2 + 
5926.04

T
 - 19.22 (27) 

ln K2 =  -6.927 ln T + 0.0037 T - 3.61 10
-7

T2 + 
35050

T2
 + 

6975.51

T
 + 34.95 (28) 

Carbon conversion is defined as that how many mole of carbon substance in the feed of 

gasification are converted into gas. Lim & Lee [16] set up an empirical formula as the 

function of ER and the temperature to predict the carbon conversion of gasification process 

is as follows: 

fc = x1 + x2 + x4 = 0.901 + 0.439 (1 -exp(-ER + 0.0003 T) (29) 

In this study, MATLAB routine is developed to solve all equations involved 

simultaneously. 

4.2.6. Combustion of spent char 

Spent char (including the nitrogen and sulphur in the original biomass) as the residue from 

gasification process is burnt out in order to generate heat for the biomass pyrolysis. In this 

study, it is assumed that the spent char is mainly composed of carbon, nitrogen, and sulphur. 

About 20% excess of air is introduced into the combustor to completely burn out the spent 

char and only ash remains at the end of process. It is assumed that only CO2, NO2, and SO2 

are contained in the exhausted gas. Emission of CO2 and NOx in the exhaust gas is calculated 
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by assuming that the system is operating for 365 days a year with a capacity 100 kg/day (see 

section 4.2.2). 

4.2.7. Heat balance in each process and the total system 

Heat balance is determined by calculating the heat contained in each material involved in the 

reactions based on the mass balance of each process. Meanwhile, the heat of reaction is 

calculated based on the heat of formation of each component involved in each process. In the 

pyrolysis and gasification processes, when the complex organic compounds such as coal, 

biomass, and char are involved, the heat of combustion can be used for the calculation based 

on the ultimate analysis compositions. In this case, higher heating value (HHV), which is the 

heat released per unit mass of the fuel reacted with oxygen with water component in 

condensed state in the combustion, is considered. Smith et al. [18] suggested to use the 

following equations to estimate the heat released from the complex organic compound based 

on the ultimate analysis compositions: 

∆Hc
0 = -HHV + 33.3 wO + 38.05 wN - 264.3 wH (30) 

∆Hf = -Hc
0 + 

wC

12.01
∆Hf,CO2(g)

0
 + 

1

2
(

wH

1.008
) ∆Hf,H2O(l)

0
 + 

wS

32.06
∆Hf,SO2(g)

0
 (31) 

where ΔHf is heat of formation and ΔHc is heat of combustion of organic complex compound. 

The ∆Hf,CO2(g)
0

, ∆Hf,H2O(l)
0

, and ∆Hf,SO2(g)
0

 are heats of formation of CO2, water, and SO2, 

respectively. wC, wH, wO, wN, and wS are elemental weight fraction obtained from the 

ultimate analysis of the organic complex compound. In this study, the organic complex 

compounds are biomass and char. 

To predict HHVs of biomass and char, the following empirical equation is proposed [19]: 

HHV = 14658 wC + 56878 wH + 2940 wS - 658 wash - 5153 (wO + wN) (32) 

where wC, wH, wO, wN, wS, and wash are the weight fractions of C, H, O, N, S, and ash, 

respectively, and all are on dry basis.  
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Enthalpies of biomass and char at certain temperature related to the standard condition (25 °C, 

1 atm) are determined based on the heat of formation and heat capacity (Cp) of the compound. 

The heat capacities of  biomass and char can be calculated by Kirov’s equation [19] as 

follows: 

For fixed carbon: Cp = 0.145 + 4.70.10
-4

 T - 2.63.10
-7

 T2 + 5.25.10
-11

 T3 (33) 

For ash: Cp = 0.18 + 7.78.10
-5

 T (34) 

For primary volatile matter: Cp = 0.381 + 4.5.10
-4

 T (35) 

For secondary volatile matter: Cp = 0.699 + 3.39.10
-4

 T (36) 

where Cp is the heat capacity in Btu/lbm°F and T is temperature in °F. Secondary volatile 

matter is described as the portion of volatile matter based on 10% of dry-ash free, and the 

primary volatile matter is considered as the remains of the total volatile matter. Total heat 

capacity of biomass or char is calculated by multiply each heat capacity mentioned above 

with each weight fraction obtained from the proximate analysis. 

Enthalpy of tar is also calculated by Eqs. (30) and (31) as those used for the calculation of 

enthalpies of biomass and char.  Hyman and Kay [20] proposed a correlation to evaluate the 

heat capacity of tar produced from gasification as follows: 

𝐶𝑝 =
1

𝐷
(4.94. 10−3 T) (37) 

where D is specific gravity at 298 K and T is temperature (K). Using typical specific gravity 

value of tar of 1.17 [21], Eq. (37) can be simplified to: 

𝐶𝑝 = 0.00422 T (38) 

Enthalpy of gas is calculated using the basic correlation between the standard heat of 

formation of gas and the heat capacity of gas as a function of temperature [18]. Briefly, it can 

be calculated using the following equation: 
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∆H𝑖𝑔 = ∆𝐻0
𝑖𝑔

+ ∫ 𝐶𝑝
𝑖𝑔

𝑑𝑇
𝑇

𝑇0

 (39) 

where ΔHig (J/mol) and ΔH0
ig (J/mol) are enthalpies of the gas and the standard heat of 

formation of a certain gas at ideal state, respectively. The values of ΔH0
ig are obtained from 

the literature [18]. The change of heat capacity as a function of temperature is calculated by 

Eq. (40): 

Cp
ig

R
= A + BT + CT2 + DT-2 (40) 

where R is ideal gas constant and T (K) is temperature. A, B, C, and D are constant values 

for certain gas and the data are obtained from the literature [18]. 

Finally, the heat of reaction is calculated by Eq. (41) . 

Q
reaction

 =  ∆Hproduct - ∆Hreactant (41) 

4.2.8. Silica sand circulating amount 

In this study, silica sand is applied in the system as the heat carrier to transfer energy 

generated from the exothermic reaction to the endothermic one. It is important to know how 

large amount of energy needs to be absorbed and carried by the sand. In the proposed system, 

gasification and combustion are the exothermic reactions which play as the energy donor for 

the pyrolysis process. Here, a simple equation used to determine the silica sand amount 

required can be written as below: 

msand=
Q

absorb

Cpsand
×(Tcombustion-Tpyrolysis)

×1000 (42) 

where ms (kg) is mass of sand required for the system, Qabsorb (kJ) is total energy generated 

by the gasification and combustion processes, Cpsand (J/kg.°C) is the heat of capacity of the 

sand used, Tcombustion (°C) is temperature of the combustion process, and Tpyrolysis (°C) is 

temperature of the pyrolysis process. In this study, silica sand has a heat capacity of 730 

J/kg°C [22]. In the practical process, heat loss usually occurs. Herein, as a case study, it is 
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assumed that only 95% of total energy generated in gasification and combustion will be 

absorbed by the sand. Similarly, it is also assumed that only 95% of energy will be transferred 

from the sand to biomass. 

4.2.9. Power generation potential 

The purpose of this supposed biomass gasification system is to generate power by the fuel 

gases obtained from the total process. That is to say, the produced gases from the biomass 

pyrolysis, tar reforming, and char gasification processes contain combustible gases, which is 

expected to be used as fuel for the gas engine to generate power. In this study, the estimated 

power generated is calculated using the following equation. 

Estimated power generated = 
Total gas×HHVgas×η

gas engine

3600
 (43) 

where HHVgas is the HHV of total gas collected and ηgas engine is the efficiency of gas engine 

which is assumed to be about 40%. The total gas includes the gases produced in the pyrolysis, 

tar reforming, and char gasification processes. HHVgas is calculated as follows: 

HHVgas = mH2
HHVH2

 + mCOHHVCO + mCH4
HHVCH4

 (44) 

where  mH2
, mCO, and  mCH4

 are masses of H2, CO, and CH4 in the total gas collected.  

4.2.10. Cold Gas Efficiency 

Cold gas efficiency is one important parameter to evaluate gasification system performance. 

It is defined as the ratio of energy containing in gas produced to energy containing in fuel 

supplied to the system, and can be calculated as follows: 

CGE= 
HHVgas

HHVbiomass

×100% (45) 

HHVgas is the total gas HHV which is calculated by Eq. (43) while HHVbiomass is the biomass 

HHV which is calculated by Eq. (32). 
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4.2.11. Sensitivity analysis 

Some parameters considered in this simulation could affect the final results of cold gas 

efficiency and potential power generation from the system. In general, as one value is 

selected as the assumption, any change of other parameters could change the final results. 

Herein, the sensitivity analysis with one-factor-at-time (OFAT) method is applied on the 

prediction of steam tar reforming conversion, ER and SCR values in the gasification process, 

and the gas engine efficiency.  Firstly, certain ranges are chosen for those parameters which 

can reflect the shifting values of the cold gas efficiency and the potential power generation. 

That is, the steam tar reforming conversion is assumed to be ranged from 50 to 100% on the 

basis of many experiments about the tar conversion (generally in the range of 69-92%) in the 

catalytic steam tar reforming [12]. ER of gasification process is ranged from 0.2 to 0.5 when 

the SCR is set at 0.35 (the same as the assumption in section 4.2.5). Here, when ER is less 

than 0.2, negative values of syngas composition are generated and meanwhile, when ER is 

set at a value higher than 0.5, no spent char is formed in the gasification process. For SCR, 

the value is assumed to be ranged from 0 to 1 when ER set at 0.4 (the same as the assumption 

in section 4.2.5). Meanwhile, the gas engine efficiency is ranged from 35%-45% since some 

gas engines fueled by the syngas on the market have efficiency from about 37% to 44% [23, 

24].  

 

4.3. Results and discussion 

4.3.1. Pyrolyzer 

Figure 4.2 compares the calculation results based on the empirical equations in Table 4.2 

and the reported experimental data. One can see that the yield distributions of gas, tar, char 

and pyrolytic water of the calculation results are similar to the experimental data (Figure 

4.2(a)). Moreover, the gas compositions (Figure 4.2(b)), elemental compositions in tar 

(Figure 4.2(c)) as well as in char (Figure 4.2(d)) are also the similar. It indicates that the 

calculation results are reliable when compared with experiment data. As a result, for the fast 

pyrolysis of woody biomass, 15.5 wt% gas (consisted of 0.23 wt% H2, 33.05 wt% CO, 4.69 
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wt% CH4 and 62.03 wt% CO2) , 42.7 wt% tar, 19.5 wt% char and 22.2 wt% pyrolytic H2O 

could be produced at 500 °C whereas 35.25 MJ/h heat is required in the fast pyrolysis process 

(as shown in Table 4.7). It should be noted that the pyrolytic water content is a little higher 

than the maximum value (20 wt%) described in the literature [11], but still in an acceptable 

amount. In contrast, as shown in Table 4.3, in the slow pyrolysis process based on experiment, 

it is found that  12.6 wt% gas (consisted of 0.25 wt% H2, 23.11 wt% CO, 11.33 wt% CH4 

and 65.32 wt% CO2) , 40.6 wt% tar, 26.8 wt% char and 20 wt% pyrolytic H2O are obtained 

whereas 31.76 MJ/h heat is needed (Table 4.7). One can see that more tar is produced and 

less char are produced and more energy is needed in the fast pyrolysis process. These 

significant difference in the two pyrolysis process will also affect the following results on the 

tar reforming, char gasification and spent char combustion. Also, the sand circulating rate 

will also be different based on these two pyrolysis routes.  

Table 4.3 Mass balance in the slow pyrolysis process via experiment 

Product yield (wt.%) 

Gas 12.6 Tara 40.6 Char 26.8 Pyrolytic waterb 20.0 

Composition (wt.%) 

H2 0.25 C 40.15 C 81.05 H2O 100 

CO 23.11 H 7.45 H 2.58   

CH4 11.33 O 52.40 O 14.59 
  

CO2 65.31   N 1.43 
  

  
  

S 0.36 
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Figure 4.2 Comparison of calculation results with the reported experimental data [13] for 

the fast pyrolysis process (a) yields, (b) gas compositions, (c) tar elemental compositions, 

and (d) char elemental compositions 

4.3.2. Steam tar reformer 

Table 4.4 shows the mass as well as heat balance calculation results based on the tar amounts 

obtained in the two different pyrolysis routes. As indicated in section 4.2.4, it is assumed that 

catalytic reaction occurs with a conversion of 70%, and as such, 14.8 wt% and 15.8 wt% tar 

residues are still remained in the final products corresponding to the fast and slow pyrolysis 

routes, respectively. However, more syngas (59.5 wt% vs. 57.5 wt% in the products) can be 

obtained from the tar produced in the fast pyrolysis route since more tar is reformed in this 

case. It should be noted that the syngas amount obtained in this steam tar reforming is total 

amount of gas produced in the pyrolysis process and gas produced in the followed tar 
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reforming reaction based on the gasification system design as shown in Figure 4.1. 

Meanwhile, corresponding to the fast pyrolysis route, the total steam and heat required to 

support the reforming reaction are also higher since more tar is processed. It is found that 

external energy required to the steam tar reforming process are about 6.7 kW (24.1 MJ/h) 

and 4.5 kW (16.4 MJ/h) corresponding to the fast and slow pyrolysis routes, respectively. 

Table 4.4 Comparison of mass and heat balance results in the steam tar reforming process 

based on the tar amounts obtained in the two pyrolysis routes 

Fast Pyrolysis Slow Pyrolysis 

Products Yield (wt.%) 

Syngas Tar 

residue 

Pyrolytic 

water 

Syngas Tar residue Pyrolytic 

water 

59.5 14.8 25.7 57.5 15.8 26.7 

Composition (wt.%) 

H2 6.15 C 50.45 H2O 100 H2 4.82 C 39.01 H2O 100 

CO 68.41 H 7.44 
  

CO 58.45 H 7.67 
  

H2O 25.44 O 42.11 
  

H2O 36.73 O 53.33 
  

Total steam required: 2.6 kg/h Total steam required: 1.9 kg/h 

Heat required: 24.10 MJ/h Heat required: 16.40 MJ/h 

 

4.3.3. Char gasification 

Table 4.5 shows the mass and heat balance results on the char gasification based on the char 

amounts obtained from the two different pyrolysis routes. Since more char can be produced 

from the slow pyrolysis process, more syngas (21.1 kg/h vs.14.4 kg/h) is produced with 

higher energy generated (31.64 MJ/h vs. 21.97 MJ/h) in the followed char gasification 

process. Herein, the high energy generated is significantly important to supply the energy for 

the pyrolysis energy requirement. Meanwhile, in order to convert more char to syngas, more 

air and steam are also required accompanying with the slow pyrolysis route. It should be 

noted that the syngas compositions ( 0.65 wt% H2 and 15.97 wt% CO) are almost the same 
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for the two cases since it is assumed that the obtained chars in the two routes have the same 

compositions (see section 4.2.5). 

Table 4.5 Comparison of mass and heat balance results in the char gasification processes 

based on the char amounts obtained in the two pyrolysis routes 

Fast pyrolysis Slow pyrolysis 

Products yield (kg/h) 

Produced gas Spent char Produced gas Spent char 

14.4 0.4 21.1 0.4 

Composition (wt.%) 

H2 0.65 C 19.64 H2 0.65 C 26.31 

CO 15.97 N 12.86 CO 15.97 N 11.79 

CH4 1.06 S 3.214 CH4 1.06 S 2.947 

CO2 18.91 Ash 64.29 CO2 18.91 Ash 58.95 

H2O 1.22 
  

H2O 1.22 
  

N2 62.19 
  

N2 62.19 
  

Total air: 11.4 kg/h Total air: 16.6 kg/h 

Total steam: 0.8 kg/h Total steam: 1.2 kg/h 

Heat generated: 21.97 MJ/h Heat generated: 31.64 MJ/h  

  

4.3.4. Combustion 

Table 4.6 shows the mass and heat balance results on the spent char combustion process 

corresponding to the two different pyrolysis routes. Consistent with the char gasification 

results, more char produced from the slow pyrolysis route results in more exhaust gas (2.6 

kg/h vs. 2.0 kg/h) with higher heat energy generated (3.2 MJ/h vs. 2.0 MJ/h) in the spent char 

combustion process. Referring to the char gasification process, even though both pyrolysis 

routes produce the same amount of spent char, the slow pyrolysis route leads to higher carbon 

content (see Table 4.5). As such, in order to burn higher carbon content in the spent char, 

more air is required. Relating to combustion of higher carbon content, more CO2 are also 
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generated from the slow pyrolysis route, which means higher CO2 emission (1.13 ton/year 

vs. 0.82 ton/year) released to the air. Since the same N content is contained in the spent char 

of the same biomass feedstock, both pyrolysis routes generate the same amount of NOx that 

is, about 0.48 ton/year. 

Table 4.6 Comparison of mass and heat balance results on the spent char combustion 

process based on the spent char amounts obtained in char gasification processes 

corresponding to the two pyrolysis routes 

Fast pyrolysis Slow pyrolysis 

Products yield (kg/h) 

Exhaust gas Exhaust gas 

2.0 2.6 

Composition (wt.%) 

CO2 13.81 CO2 15.74 

NO2 8.10 NO2 6.32 

SO2 1.23 SO2 0.96 

O2 3.26 O2 3.27 

N2 73.59 N2 73.71 

Ash: 0.025 kg/h 

Total air: 1.9 kg/h Total air: 2.4 kg/h 

CO2 emission: 0.82 ton/year 

NOx emission: 0.48 ton/year 

CO2 emission: 1.13 ton/year 

NOx emission: 0.48 ton/year 

Heat generated: 2.0 MJ/h Heat generated: 3.2 MJ/h  

 

4.3.5. Recycled sand amount 

As shown in Table 4.7, the total energy generated from gasification and combustion 

processes corresponding to the fast and slow pyrolysis routes are about 23.97 and 32.94 MJ/h 

respectively. To carry such heat amount by the silica sand, about 65.67 and 90.26 kg/h 

recycled sand amounts are needed, which could theoretically provide 68% and 104% of the 
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necessary heats for the fast and slow biomass pyrolysis processes, respectively. After 

considering 5% heat loss in heat transfer process when energy is absorbed and released by 

the sand, the needed sand amount does not change significantly. As a result, about 62.38 and 

85.75 kg/h of sand are required for the fast and slow biomass pyrolysis processes, 

respectively. However, since the energy carried by the sand is less and also considering heat 

loss during the heat transfer between sand and biomass, the energy coverage drops to 61% 

and 94% for the fast and slow pyrolysis routes, respectively. That is to say, energy is needed 

to be provided from the outside of the system in the fast pyrolysis route either with or without 

the heat loss. In contrast, in the slow pyrolysis route, the energy generated in the char 

gasification as well as the spent char combustion processes can supply enough energy 

required by the slow pyrolysis process, and the extra heat could be provided for the catalytic 

steam tar reforming process if there is a good thermal recovery system design. However, 

considering the 5% heat loss, a little amount of external energy is also needed to be supplied 

for the slow pyrolysis route. 

Table 4.7 Energy required for pyrolysis process, total energy generated, recycled sand 

amount and pyrolysis heat coverage by the generated heat in the systems based on the two 

pyrolysis routes 

 
Fast pyrolysis Slow pyrolysis 

Energy required (MJ/h) 35.25 31.76 

Total energy generated (MJ/h) 23.97 32.94 

Recycled sand amount (kg/h)a 65.67 90.26 

Pyrolysis heat coveragea 68% 104% 

Recycled sand amount (kg/h)b 62.38 85.75 

Pyrolysis heat coverageb 61% 94% 

 

4.3.6. Power generation potential 

As shown in Table 4.8, the total amounts of fuel gas collected in the gasification systems 

based on the fast and slow pyrolysis routes are 22.6 kg/h (consisted of 2.15 wt% H2, 32.12 
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wt% CO, 0.70 wt% CH4, 17.32 wt% CO2, 7.89 wt% H2O and 39.81 wt% N2) and 27.9 kg/h  

(consisted of 1.47 wt% H2, 24.66 wt% CO, 1.16 wt% CH4, 17.75 wt% CO2, 7.87 wt% H2O 

and 47.09 wt% N2)  with 151.2 MJ/h and 145.7 MJ/h HHVs, respectively, by which 16.8 and 

16.3 kWe power generation with the cold gas efficiencies of 73.8% and 71.7% could be 

reached respectively. Even though the slow pyrolysis route can generate higher amount of 

gas, higher remaining nitrogen dominates the compositions so that the gas HHV, the power 

generation potential and the cold gas efficiency are lower since the nitrogen amount has no 

contribution to HHV.  

Compared to the Viking Two-Stage Gasification System developed by Technical University 

of Denmark (DTU) with a cold gas efficiency of about 90% based on a lower heating value 

(LHV) [25], the cold gas efficiency of this proposed system is lower. Nevertheless, compared 

with the two-stage gasification developed by Wang et al. [26] with a cold gas efficiency of 

66%, the cold gas efficiency of this proposed system is higher. Moreover, compared with the 

small-scale downdraft fixed bed reactor developed by Chawdhury et al. [27], which has a 

cold gas efficiency of about 59% for wood pellets and 67% for woodchips, this proposed 

system has a much higher cold gas efficiency. Herein, it should be noted that although our 

separated-type biomass gasification system also applies the similar staged gasification 

concept as Viking Gasification System, the ways for the handling tar and char gasification 

are different.  The Viking Gasification System used the partial oxidation process for tar 

treatment and the char was gasified by air, which could generate more high-heat-value gases 

such as CO and CH4. This is the reason why our system has a little lower cold gas efficiency. 

On the other hand, comparing with the systems of Wang et al. [26] and Chawdhury et al. 

[27], a  self-heating pyrolysis is used by circulating the hot sand inside our system, which is 

the main reason why our system has a higher cold gas efficiency than theirs.  

Table 4.8 Total produced fuel gas amount, HHV, power generation potential, and cold gas 

efficiency of the systems based on the two pyrolysis routes 

Fast pyrolysis Slow pyrolysis 

Total produced fuel gas amount (kg/h) 
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22.6 27.0 

Composition (wt.%) 

H2 2.15 H2 1.47 

CO 32.12 CO 24.66 

CH4 0.70 CH4 1.16 

CO2 17.32 CO2 17.75 

H2O 7.89 H2O 7.87 

N2 39.81 N2 47.09 

HHV: 151.2 MJ/h HHV: 147.0 MJ/h 

Power generation potential: 

16.8 kWe 

Power generation potential: 

16.3 kWe 

Cold gas efficiency: 73.8% Cold gas efficiency: 71.7% 

 

4.3.7. Sensitivity analysis 

Figure 4.3 shows the sensitivity analysis on the 4 different parameters which have direct 

impact on the cold gas efficiency and potential power generation by the system. Figure 3(a) 

shows that when the steam tar conversion is changed to 50% from 70%, the cold gas 

efficiency and the power generation drop 18.7% and 13.7% for the fast and slow pyrolysis 

routes, respectively. Meanwhile, when it is changed to 100%, the cold gas efficiency and the 

power generation rise about 28% and 21% for the fast and slow pyrolysis routes, respectively. 

As shown in Figure 3(a), in the case of the tar conversion is less than 66%, the slow pyrolysis 

route could result in a higher cold gas efficiency and more power generation than the fast 

pyrolysis one and vice versa. Thus, the steam tar conversion has great effect on the cold gas 

efficiency and potential electricity generated by the system. Figure 3(b) shows the sensitivity 

of the cold gas efficiency and the power generation to the different gas engine efficiencies. 

One can see that only the power generation is changed linearly with the change of gas engine 

efficiency. That is, when the gas engine efficiency is decreased to 35% from 40%, the 

electricity generated drops 12.5% and when it is increased to 45%, the electricity generated 

rises 12.5% linearly for both the fast and slow pyrolysis routes. Thus, the power generation 
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is more sensitive to the gas engine efficiency but the cold gas efficiency has almost no 

sensitive to the gas engine efficiency. Figure 3(c) shows the sensitivity of cold gas efficiency 

and the power generation to the different ER in the char gasification process with the same 

SCR value of 0.35. One can see that as the ER is decreased to 0.2 from 0.4, the cold gas 

efficiency and the power generation rise 8.5% and 12.1% for the fast and slow pyrolysis 

routes, respectively. While it change to 0.5, both of the cold gas efficiency and the power 

generation drop about 4.6% and 6.5% for fast and slow pyrolysis routes, respectively. Thus, 

the ER also has some effect on the cold gas efficiency and the power generation. Figure 3(d) 

shows the sensitivity of cold gas efficiency and electricity generated to the different SCR at 

the same ER of 0.4. One can see that both the cold gas efficiency and the power generation 

decrease with the increase in the SCR for both the fast and slow pyrolysis routes. From the 

above results, it can be concluded that the change of either ER or SCR does not significantly 

change the overall result of the system. On the other hand, the change of steam tar reforming 

conversion or gas engine efficiency could result in a significant effect on the system 

performance. 

 

4.4. Conclusions 

In this study, simulations of a small-scale separated-type biomass gasification system 

composed of a screw pyrolyzer, a steam tar reformer, an air-steam char fluidized bed gasifier, 

and a spent char combustor with heat carrier particles circulating based on the fast and slow 

biomass pyrolysis routes are performed. During the simulations, empirical equations from 

the published literatures are successfully applied to analyze the elemental, mass, and energy 

balances of each process by applying sets of assumptions at a certain condition to predict 

final energy efficiency of the system. As a result, 12.5 kg/h of wood biomass feeding to this 

system has power generation ability of 16.8 kWe and 16.3 kWe with cold gas efficiencies of 

73.8% and 71.7% for the fast and slow pyrolysis routes respectively. The sensitivity analysis 

indicates that the change of either ER or SCR does not significantly change the overall result 

of the system, but the change of steam tar reforming conversion or gas engine efficiency 
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could result in a significant effect on the system performance. It is expected that the 

calculation methods presented in this study could be utilized for preliminary engineering 

design of comprehensive biomass thermal conversion processes. 

 

Figure 4.3 Sensitivity analysis of the cold gas efficiency and the potential power generation 

to (a) steam tar reforming conversion, (b) gas engine efficiency, (c) ER, and (d) SCR 
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CHAPTER 5 : A NOVEL SYSTEM OF BIOMASS-BASED HYDROGEN 

PRODUCTION BY COMBINING STEAM BIO-OIL REFORMING AND 

CHEMICAL LOOPING PROCESS 

 

5.1. Introduction 

Cogeneration, trigeneration, and polygeneration have been proposed to increase the 

efficiency of the whole biomass conversion system. Meanwhile, by using such integrating 

processes, several products can be coproduced [1]. In general, the hybrid process combining 

two or more processes could fully utilize the feedstock of the system to generate single or 

multiple products simultaneously with improved efficiency, which can also increase product 

yields while decrease wastes or by-products. A hybrid process composed of the pyrolysis 

combined with the catalytic steam reforming of bio-oil and separate gasification of biochar 

was proposed as a potential and promising method for the small-scale power generation from 

biomass without facing tar problems in gasifier [2]. It is reported that nickel (Ni)-based 

catalysts can be used to obtain syngas with high H2/CO from bio-oil through the steam 

reforming reaction and combined with additional water-gas shift reaction, H2 production can 

be increased more [3, 4], while biochar gasification produces cleaner syngas with higher 

efficiency. 

In addition to the conventional thermochemical process, another concept called chemical 

looping is also known as a promising way for H2 production from solid fuels such as coal, 

biomass, and biochar. This method can effectively use carbonaceous materials as the 

reducing agent with a redox loop of metal oxide as the oxygen carrier and steam as oxidizer 

and hydrogen source. Especially, it can produce pure H2 with other gases such as CO and 

CO2 separately obtained from biomass decomposition by coupling several reactors without 

using any additional gas treatment and separation processes [5, 6]. Nevertheless, there are 

limitations in the exploration of chemical looping process using solid fuels as reducing agents. 

For example, they always have low reactivity with the oxygen carriers due to the low solid-

solid contact efficiency in short residence time inside the reactor. Moreover, the selection of 
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an oxygen carrier with suitable properties such as high catalytic and mechanical stability at 

high temperature and the resistance ability against carbon deposition at high pressure is the 

key issue in the chemical looping process [7]. The more common way for chemical looping 

application is production of the syngas from biomass/coal gasification or natural gas/methane 

[8-10]. Recently, the work of Li et al. [6] and Zeng et al. [11] showed the promising 

feasibility of direct utilization of solid fuels as the reducing agent in chemical looping process. 

Thus, it should be more interesting by using solid carbon resources as the feedstock in a 

practical chemical looping process. 

In this study, a novel system combining the pyrolysis of biomass and catalytic steam 

reforming of bio-oil with a chemical looping process using the generated biochar from 

biomass pyrolysis as the reducing agent was proposed and simulated for the H2 production 

from biomass. The hybrid system was designed for the full utilization of products from 

biomass pyrolysis to produce single H2 product. Based on the evaluation of mass and energy 

balances in the overall system, the optimized self-supported energy circulation was achieved. 

The effects of operating parameters including the steam to carbon ratio for catalytic steam 

bio-oil reforming and temperatures in the reducing reactor and the steam reactor of the 

chemical looping unit on the performance of the overall system were investigated. It is 

expected to obtain a new way for the effective production of H2 from biomass. 

 

5.2. Methodology 

5.2.1. Process Description 

Figure 5.1 describes the schematic diagram of the proposed novel system for H2 production 

from biomass including the biomass pyrolysis, catalytic steam reforming of bio-oil, and 

chemical looping unit using biochar from the biomass pyrolysis as the reducing agent. Herein, 

woody biomass is chosen as the model biomass feedstock for the system since it is the most 

promising resource among various biomass. It is found that various woody biomass have 

almost the similar properties [12]. Herein, apple tree branch is chosen as the model woody 

biomass with intrinsic characteristics as shown in Table 5.1, where the high heating value 
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(HHV) was calculated with the Institute of Gas Technology (IGT) method [12, 13]. In the 

system, the biomass is introduced into the biomass pyrolysis reactor at first. After the 

pyrolysis, the generated biochar and the gaseous products including bio-oil are separated. 

The bio-oil is catalytically reformed by steam to form syngas whereas the biochar is 

introduced into the reducing reactor (RR) of the chemical looping unit, which also includes 

other two coupling reactors, i.e., a steam reactor (SR), and an air reactor (AR), integrated 

with each other, for the H2 production. The syngas generated from the catalytic steam 

reforming of bio-oil is used for heating biomass pyrolysis process before compressed and 

entering a pressure swing adsorption (PSA) unit to obtain the purified H2 product. The tail 

gas from the PSA system is firstly dried and then burned in the furnace. The exhaust gas from 

combustion chamber is used to generate steam and provide heat for the steam reforming 

reaction.  

Table 5.1 Characteristics of woody biomass (apple tree branch) as biomass feedstock 

Ultimate Analysis 

(wt%-daf) 

Proximate Analysis 

(wt%-dry basis) 

C 43.7 Moisture 7.8 

H 6.2 FC 19.8 

N 0.5 VM 78.2 

S 0.0 Ash 2 

O 49.6 
  

HHV (MJ/hr) 1732.48 

 

 



85 

 

 

Figure 5.1 Schematic diagram of the novel hydrogen production system with biomass 

pyrolysis, catalytic steam reforming of bio-oil and a chemical looping unit. 

5.2.1.1. Biomass pyrolysis 

Pyrolysis is one of the thermochemical processes to decompose biomass in the absence of 

oxygen at a temperature range from 350 to 700 oC, by which biochar, bio-oil (in gas state at 

the pyrolysis temperature), and non-condensable gases such as CO, CO2, CH4, and H2 are 

generated together from biomass. Biomass pyrolysis can be categorized into two different 

processes, i.e., slow and fast pyrolysis based on the heating rate. The slow pyrolysis always 

generates much more biochar from biomass whereas the fast pyrolysis will produce more 

bio-oil [14].  

Various reactors have been developed for the fast pyrolysis of biomass, which include the 

fluidized bed reactor, recirculating bed reactor, ablative reactor, and cone reactor. Among 

them, the fluidized bed reactor is the most favorable and commercially available one for the 

bio-oil production, by which the tar yield can reach about 70-75%. On the other hand, the 
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fixed bed reactor is the most widely used one for biochar production. In addition, the auger 

or screw type reactor is one pyrolysis reactor which can produce both biochar and bio-oil 

with the yields between those from the fluidized bed reactor and the fixed bed reactor. This 

type of reactor gains popularity recently because it has a simple design, is easy to operate, 

requires only a small amount of carrier gas, and consumes less energy. The result of pyrolysis 

process is mainly dependent on the amount of feedstock processed at the specific temperature 

within certain residence time of reaction. The main advantage of auger type reactor is that 

the residence time can be controlled by tuning the rotation speed of the screw inside the 

reactor [15]. In the present study, the auger type reactor is chosen for the biomass pyrolysis 

at 500 oC. Flow and temperature controllers are applied in the input and inside of pyrolyzer, 

respectively, to ensure the biomass pyrolysis process occurring at a stable condition during 

the simulation. 

5.2.1.2. Catalytic steam bio-oil reforming, H2 Separation, and heat circulation units 

Bio-oil is a condensable product of biomass pyrolysis, which contains various hydrocarbons 

such as alcohol, ketones, acids, polycyclic aromatic hydrocarbons (PAH). It is difficult to use 

it as a fuel directly due to its low heat value, high viscosity, and corrosive. Steam reforming 

is considered as the most effective process to produce hydrogen. Methane or natural gas is 

the most common feedstock for hydrogen production through the steam reforming process 

[16]. Steam reforming of bio-oil is also considered as the most effective and promising route 

to convert it to H2 or syngas for clean applications [17]. It is found that CO produced during 

this process can further react with excess steam by water-gas shift reaction to produce more 

H2 as follows [3, 18]: 

CxHyOz + (x-z)H2O → xCO + [y/2+x-z]H2 (1) 

CO + H2O → CO2 + H2  (2) 

Theoretically, about 6 kg of H2 can be obtained from 100 kg of woody biomass via the 

biomass pyrolysis process combined with the steam reforming of bio-oil. It is reported that 

the commercial Ni-based catalysts has good activity for the steam reforming of bio-oil and 

the deactivated catalysts can be also easily regenerated for the reuse [19]. In this study, the 
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simulation on the steam reforming of bio-oil was based on the operation temperature of 850 

oC with a pressure of 1 bar and a steam to carbon (S/C) ratio of 6 since the bio-oil conversion 

was as high as 95% over the Ni-based catalysts at this condition [20]. 

PSA is a common separation technology with low cost to obtain H2 with purity over than 

99.99% from the syngas produced from the steam reforming process [21]. In the PSA 

separation process, the adsorption occurs at a high pressure whereas the desorption performs 

at atmospheric pressure. Adsorption pressure is usually in the range of 7-35 bar, depending 

on the pressure of the gas entering the PSA unit [22, 23].  Separation process in PSA normally 

occurs at atmospheric temperature. PSA with elevated temperature of 200-450 oC can be 

applied for certain condition that allowing the feed gas entering PSA without pre-cooling and 

achieve higher H2 recovery [24]. However, in this study, the hot syngas is considered to be 

used to heat biomass pyrolysis process. Thus, the separation at a low temperature is selected. 

Moreover, as shown in Table 5.2, PSA separation with a feed pressure of 7 bar can obtain 

high purity H2 with average recovery about 70.8% [22, 23, 25-27]. Consequently, the PSA 

separation operated at 7 bar and 35 oC to achieve H2 purity of 99.5% and recovery efficiency 

of 70.8% is then selected.  

Table 5.2 Results on PSA unit for the hydrogen purification and recovery using various 

pressure ratios and various adsorbents reported in the literatures 

Gas Type Adsorbent 
PF/PRb 

(bar) 

H2 Purity 

(%) 

H2 Recoveryc 

(%) 
Ref. 

SMROGa AC/Zeolite 7.0/1.0 99.996 52.1 [22] 

SMROGa AC 7.0/1.0 99.999 62.7 [23] 

SMROGa AC 5.0/0.5 99.981 81.6 [25] 

Coal Gasification AC/Zeolite 8.0/1.0 99.430 71.2 [26] 

Coal Gasification 

+ WGS AC 7.0/1.0 99.980 78.55 
[27] 

Coal Gasification 

+ WGS Zeolite 7.0/1.0 87.820 78.55 
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a SMROG: steam methane reforming off-gas  

b PF: feed pressure 

b PR: recovery pressure 

c H2 recovery: percentage of H2 amount can be separated from other gases 
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Figure 5.2 Detailed schematic diagram of biomass pyrolysis, steam tar reforming, PSA, and 

heat circulation units. 

Before entering the PSA separation unit, firstly the water in the syngas is partly separated in 

flash drum. Then, the syngas is pressurized to 7 bar, which will result in a temperature 

increase. Then, the compressed syngas is cooled down to the operating temperature of the 
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PSA while pre-heat the water for steam generation. The tail gas from PSA separation still 

has heating value that can be utilized further. Herein, the tail gas is firstly dried and then 

burned out in the boiler adiabatically and used to generate steam and heat for the reforming 

reactor with thermal insulation and the cooled flue gas is then vented out. Figure 5.2 shows 

the schematic diagram of the above-stated system with biomass pyrolysis, steam bio-oil 

reforming, and heat circulation units. Temperature control is also essential in heat circulation 

in order to make the syngas enter PSA process at a proper temperature while it provides the 

heat for biomass pyrolysis. The heat supply for the steam reforming also should be controlled 

by monitoring the combustion of the tail gas. 

5.2.1.3. Chemical looping system for H2 production from biochar 

The chemical looping unit can use carbonaceous materials as the reducing agent in the redox 

cycle of a solid oxygen carrier for the H2 production. Herein, the solid oxygen carrier 

provides oxygen source to replace the “gasifying agent” normally supplied by air or 

cryogenic separation of air in a gasification system. Meanwhile, the oxygen carrier also 

works as heat carrier and/or catalyst in this unit. The main advantage of the chemical looping 

unit for H2 production (CLH) is that it can generate pure H2 with only a simple separation 

process.  As shown in Figure 5.3, the CLH used in this study has three coupling reactors of 

RR, SR and AR. In the RR, the oxygen carrier is reduced by the biochar with the generation 

of CO2 and H2O at first. Then, the reduced oxygen carrier enters the SR and is partly oxidized 

by steam to produce H2. Thereafter, the partly oxidized oxygen carrier is moved into the AR 

and completely oxidized by air and finally the completely oxidized oxygen carrier is 

circulated back to the RR for the next reducing cycle. Since iron oxide is the most common 

compound applied in the CLH for the H2 production [7, 28], it is also used as the oxygen 

carrier in this study. Herein, the main reactions occur in the RR are expressed as Eqs. (3) to 

(8), in the SR as Eqs. (9) and (10), and in the AR as Eq. (11), respectively [7, 29, 30].  

Fe2O3 + 1/2C → 2FeO + 1/2 CO2 (3) 

Fe2O3 + CO → 2FeO + CO2  (4) 
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Fe2O3 + 3/2C → 2Fe + 3/2CO2 (5) 

Fe2O3 + 3CO → 2Fe + 3CO2  (6) 

Fe2O3 + H2 → 2FeO + H2O  (7) 

Fe2O3 + 3H2 → 2FeO + 3H2O  (8) 

3Fe + 4H2O → Fe3O4 + 4H2  (9) 

3FeO + H2O → Fe3O4 + H2 (10) 

2Fe3O4 + 1/2O2 → 2Fe2O3  (11) 
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Figure 5.3 Detailed schematic diagram of biochar chemical looping unit for hydrogen 

production. 

Moreover, during the simulation, the RR is assumed to be operated at 10 bar and 900 oC, 

where the iron ore Fe2O3 is reduced into a mixture of FeO and Fe. The SR operated at 10 bar 
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and 700 oC is used to convert steam into H2, where the FeO and Fe are partially oxidized to 

Fe3O4. Then, Fe3O4 is flowed into the AR and completely oxidized with stoichiometric air 

back to Fe2O3 at 10 bar and 1200 oC. Each produced gas flow from each reactor is considered 

to be expanded from 10 to 1 bar for the power generation, which provides the power for the 

compressors, pumps, and others. The remaining heat contained in the gases is absorbed by 

water to generate steam, which is introduced into the SR. In addition, the water contained in 

the produced gas from the SR is separated from the H2 and reused as the steam in the SR. It 

is essential to control and monitor the temperature of the steam produced in heat recovery 

steam generation (HRSG) unit since it is the key to hold heat circulation within CLH process 

in order to achieve the auto-thermal state. 

5.2.2. Process simulation 

Aspen PlusTM software (9.0 version; Aspen Technology Inc.) is used to simulate the process 

at a steady state condition using IDEAL as the base method. The feeding rate of woody 

biomass (i.e., apple tree branch in this study) is assumed to be 100 kg/h. Iron species 

including Fe2O3, Fe3O4, FeO, and Fe are considered to be existed in the chemical looping 

unit. All the reactors are assumed to be operated at an isobaric condition and all the processes 

have no pressure drops and no accumulation occurred. 

The biomass pyrolysis process is simulated by integrating RYield reactor for biomass 

decomposition and a series of separators to separate the volatiles and biochar parts. REquil 

and RGibbs are used to generate gases from a partial proportion of the volatiles. The volatiles 

and biochar parts are presented as the composition of C, H, N, S, O, and H2O, while the 

produced gases are assumed to be CO, CO2, CH4, and H2. The model for simulating pyrolysis 

process is modified from the model developed by Kabir et al. [31], which is shown in Figure 

5.4. In our previous work [12], the results from the pyrolysis of woody biomass were 

successfully predicted by using the empiric equations developed by Neves et al. [32], which 

are also used as the basic reference in this simulation. The steam reforming of bio-oil is 

simulated using the single RGibbs reactor and assumed to reach the equilibrium. The PSA 
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process is simulated by using the separator block to separate CO, CO2, CH4, and H2O from 

H2. 

The RR and SR in the chemical looping unit are assumed to be operated as the counter current 

moving bed reactor to achieve high conversions. As such, an interconnected series of multiple 

RGibbs reactors (5 stages) are used to simulate the moving reactor following the model 

developed by Li et al. [6] and Zeng et al. [11]. For the simulation of RR, the oxygen carrier 

particle is considered to be dropped from the top side (1st stage) and the biochar is introduced 

into the middle part of the reactor (4th stage). A small amount of steam is introduced from 

the bottom side (5th stage) as the promoter and carrier gas for the produced gas to move 

upward, which also helps to increase the pressure inside the reactor. The S/C ratio used is 

8% of carbon content in biochar introduced to the reactor. The ash and reduced oxygen carrier 

are discharged from the reactor from the 5th stage whereas the produced gas is moved out 

from the 1st stage. The complete conversion of biochar is assumed to be achieved in the RR 

where only CO2 and H2O are produced. The SR is simulated using the similar method as that 

for the RR, in which the oxygen carrier is dropped from the 1st stage, the steam is introduced 

from the 5th stage, the partially oxidized oxygen carrier is discharged from the 5th stage and 

the produced gas is discharged from the 1st stage. The AR is modeled as the single RGibbs 

reactor for combustion, in which the air is compressed to 10 bar before introduced into it.  
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Figure 5.4 Aspen Plus model for pyrolysis simulation 

In this study, the minimum amount of Fe2O3 required for the CLH unit is firstly simulated to 

achieve the lowest generation amounts of CO and H2 in the exhaust gas from the RR. Then, 

about 51% of excess Fe2O3 is added as the heat carrier to make the CLH unit is in auto-

thermal state. All key assumptions used for the operating conditions and blocks used for each 

process in this simulation are summarized in Table 5.3.  

Table 5.3 Key parameters and main process simulation assumptions. 

General parameters 

Ambient condition 25 oC, 1 bar 

Reaction 

All the reactions reach equilibrium at specified 

condition 

Kinetics of all the reactions are not considered 

Process 
Steady state, no accumulation, no heat loss, and no 

pressure drops 

All Pressure Changers 
Mechanical efficiency is 0.99, Isentropic efficiency 

is 0.85 [29] 
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Heat exhangers Minimum temperature approach is 8 oC 

Process simulation 

Pyrolysis 

RYield, REquil, RGibbs, Sep, 500 oC, 1 bar 

All N and S components carried out in biochar 

stream [12] 

Steam Tar Reforming 
Rgibbs, 850 oC, 1 bar, catalyst: Nickel (C11-NK 

from Sud Chemie) 

PSA Separator block, 35 oC, 7 bar 

Boiler RGibbs, 1 bar, Heat duty is 0 (adiabatic) 

Chemical Looping 

RGibbs, 10 bar 

The operation temperature of RR: 900 oC, CO and 

H2 concentrations: below 0.5 wt% 

The operation temperature of SR: 700 oC,  

The operation temperature of AR: 1200 oC, air 

feeding: stochiometric 

Oxygen carrier: Fe2O3, excess 51% 

Waste Heat Recovery Heater, MheatX 

 

5.2.3. Performance indicators for evaluation 

The performance of this novel system is evaluated by the total H2 production, H2 production 

efficiency, and power generation as follows: 

Total H2= H2-STR + H2-CLH (12) 

H2 production efficiency= 
Total H2 (kg/h)

Mass of feed (kg/h)
×100% (13) 

net power = ∑ Wexp- ∑ Wcp- ∑ Wpump 
(14) 
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where H2-STR and H2-CLH are H2 produced by the steam reforming of bio-oil and CLH units, 

respectively; Wexp, Wcp, and Wpump are the work generated by the expanders and the works 

required by the compressors/blower and pumps, respectively. The H2 production efficiency 

describes as the total amount of H2 produced from a certain amount of feedstock, which can 

indicate the effectiveness of the system. The effects of changing parameters such as S/C ratio 

in the bio-oil reforming of bio-oil process and temperatures at RR and SR on these indicators 

are also considered. 

 

5.3. Results and discussion 

5.3.1. Effect of S/C ratio 

The S/C ratio in the steam reforming reaction is one of the key parameters. The increase in 

S/C ratio will lower the CO/H2 ratio in the produced gas at certain temperatures. Moreover, 

the increase in S/C ratio will increase the conversion and reduce the carbon (coke) formation. 

For the bio-oil reforming, it is reported that the S/C ratio of around 4 on weight or 6-8 on 

moles corresponds to high conversion as well as high CO/H2 ratio in the produced gas [33]. 

Table 5.4 summarizes the experimental results regarding to the steam reforming of bio-oil 

with different temperatures, S/C ratios, and reactor types [20, 34-38]. Herein, the S/C ratio 

in the range of 5.8-9 at 850 oC using a commercial Ni-based catalyst (C11-NK from Sud 

Chemie) was found to achieve about 95% conversion of bio-oil to syngas. Lower S/C also 

can achieve the similar reaction conversion, however, the catalysts used have not been proven 

commercially. 

Table 5.4 Various reported results for steam reforming of bio-oil with Ni-based catalysts 

for base assumptions in this simulation. 

Oil/Tar 
Temperature 

(oC) 

S/C 

(mol/mol) 
Conversion Catalyst Reactor Ref. 



96 

 

Hardwood 850 5.8 

95% (5% on 

catalyst 

deactivation) 

Ni (C11-

NK from 

Sud 

Chemie) 

Fluidized 

bed 
[20] 

Sawdust 550 6.1 95% Ni-CNT Fixed bed [34] 

Pine 

Sawdust 
850 7-9 95% 

Ni (C11-

NK from 

Sud 

Chemie) 

Fluidized 

bed 
[35] 

Sawdust 800 5 

96%, 4% on 

coking 

formation 

Ni-

dolomite 

Fluidized 

bed 
[36] 

Sawdust 

(aq. 

fraction) 

750 4 96% 
C12A7/

Mg 
Fixed bed [37] 

Wood (air 

gasification) 
800-850 3.8 95-97% 

Ni-

dolomite 

Packed 

bed 
[38] 
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Figure 5.5 Effect of S/C ratio on hydrogen production and net power requirements in the 

system. 

Figure 5.5 shows the effect of S/C ratio on the total H2 production and net power in the 

system. Hydrogen production increases with the increase in the S/C ratio. However, the total 

net power is decreased since the amount of steam consumption is increased, which affects 

the work of the Compressor-1 for the PSA unit. Meanwhile, the increase in the S/C ratio 

causes the energy demand increase for the endothermic reaction, which decreases the 

temperature of flue gas vented out from the thermal insulation of the reforming reactor. As a 

result, the S/C ratio of 6 is selected as the optimum condition for this process. Referring to 

Table 5.4, the minimum reliable S/C ratio to produce H2 at the highest conversion should be 

over than 5.8. 
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5.3.2. Effect of RR operation temperature 

 

Figure 5.6 Effect of RR operation temperature on hydrogen production and net power 

requirements in the system. The “-“ in energy circulation means that the system is not auto-

thermal and requires energy, “+” means that the system is auto-thermal and generates 

energy. 

For the oxygen carrier of Fe2O3, the temperature in the range of 850-950 oC is normally used 

for the reducing of it to Fe/FeO in the RR when using coal or biomass as the reducing agents 

[6]. Figure 5.6 shows the effect of the RR operating temperature from 800-950 oC on the H2 

production and the energy circulation in the CLH system. High temperature is required to 

support the kinetics of reaction between biochar and iron ore because it is a solid-solid 

reaction in the moving bed reactor with a short residence time. Even though the kinetics of 

reactions are not considered in this simulation, the high temperature is still applied to ensure 
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that the kinetics are enough for the complete conversion of biochar to CO2 and H2O. Shen et 

al. [39] and Gu et al. [40] found that the temperature range of 720-740 oC was enough for 

the complete conversion of original biomass with a low CO concentration in the flue gas. For 

the biochar with higher carbon content than biomass, higher temperatures than 740 oC are 

used in this study. From Figure 5.6, it can be seen that the total H2 production is low at a 

temperature lower than 900 oC even though the energy circulation within the system is high 

due to the heat transfer by the circulation of Fe2O3 originated from the AR with the 

temperature of 1200 oC. The CLH system is designed to be auto-thermal by utilizing the extra 

oxygen carrier as the heat carrier. The higher RR temperature is, the lower the energy 

circulation becomes, as such, at 950 oC, the energy circulation is not enough to support the 

system to be auto-thermal. Therefore, the operating temperature of the RR is determined as 

900 oC rather than 950 oC to obtain higher H2 production with higher total energy circulation. 

5.3.3. Effect of SR operating temperature 

As stated above, in the SR, H2 is produced by converting steam through the oxidation of 

Fe/FeO from the RR to Fe3O4. The operation temperature range of 700-900 oC is usually used 

for this reaction [6]. Figure 5.7 shows the effect of the SR operating temperature in the range 

of 650-800 oC on the H2 production and the energy circulation in the CLH system. Iron 

oxidation with steam is an exothermic reaction with the equilibrium achieved at a low 

temperature. By increasing the temperature from 100 to1000 oC, H2 concentration in the 

product decreases from 99.9 to 64.6 vol.% according to the reaction as shown in Eq. (9). For 

the reaction of Eq. (10), the increase in temperature from 600 to1000 oC decreases H2 

concentration from 62.0% to 11.4 vol.% [41]. Since the reduced iron ore which originates 

from the RR is totally in the form of FeO (see Eq. (10)), the change in temperature of the SR 

significantly affects H2 production, and the lower the temperature is, the higher the H2 

production becomes. However, at the temperature below 700 oC, the energy circulation is not 

enough to maintain the CLH system auto-thermally. At the temperature of 650 oC, the total 

CLH unit becomes an endothermic process that requires external heat or more Fe2O3 

circulation in it as the heat carrier. With the same amount of Fe2O3 circulation, the 



100 

 

temperature of 700 oC is determined as the SR operating condition to obtain the highest H2 

production and enough energy circulation for the auto-thermal CLH system. 

 

Figure 5.7 Effect of SR operation temperature on H2 production and net power 

requirements in the system. The “-“ in energy circulation means that the system is not auto-

thermal and requires energy, “+” means that the system is auto-thermal and generates 

energy. 

5.3.4. Overall performance 

The overall system can generate a total of 6.9 kg/h of H2 per 100 kg/h of biomass feeding 

rate with a net power of 58.3 kW in the optimum operating condition in Table 5.3. The 

biomass pyrolysis process generates 20.9% of gas, 24.8% of biochar, 37.1% of tar, and 17.2% 

of water. Table 5.5 summarizes and compares the reported several results for the biomass 

pyrolysis in the auger-type reactor for similar woody biomass at the same temperature of 500 

oC [42-45] which shows that the residence time of pyrolysis reaction can be assumed to be 
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in the range of 180-300 s. The bio-oil with the generated gases and water is flowed into the 

steam bio-oil reforming reactor which produces 4.2 kg/h of H2 after purified by the PSA unit. 

Meanwhile, the biochar is streamed to the CLH unit, where 2.7 kg/h of H2 is produced. In 

the CLH unit, in order to convert the biochar completely, about 525.5 kg/h of Fe2O3 particles 

are circulated, which includes 51% excess as the heat carrier. The total amount of water 

required as the steam for the overall process is 355.6 kg/h, including 132.6 kg/h for the steam 

bio-oil reforming process, 2.2 kg/h as the promoter in the RR, and 220.8 kg/h introduced to 

the SR. After H2 is separated from the CLH unit, about 196.7 kg/h of water is also obtained, 

which is recycle-used as the steam for the SR. As such, only 26.3 kg/h of additional make-

up water is required to be supplied into CLH unit from outside. Table 5.6 shows the detailed 

streams of the biomass pyrolysis, steam tar reforming, CLH process described in Figure 5.2 

and Figure 5.3, and Table 5.7 summarizes the net power for overall system. 

Table 5.5 Comparison of the results in this simulation with other reported results on woody 

biomass pyrolysis in the auger-type reactor at 500 oC 

Pyrolysis Results in Auger-Type Pyrolyzer (T = 500 oC) 

Residence Time 

(s) 
72 180 300 420 480  

Oil/Tar (wt%) 33.8 37.4 36.8 49 18.5 37.07 

Char (wt%) 22.6 25.7 23.6 22 30.3 24.75 

Gas (wt%) 17.6 18 22.6 29 35.7 20.91 

Water (wt%) 26 11-19 
(water in oil 

33-43%) 
15.5 17.27 

Ref. [42] [43] [44] [45] 
This 

Work 
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Table 5.6 Detailed streams for overall process at S/C, T RR, and T SR of 6, 900 oC, and 

700 oC, respectively 

Stream Materials 

Flow rate 

(kg/h) 

Temperature 

(oC) 

Pressure 

(bar) 

1 Dried wood feedstock 100.00 25 1 

2 Crushed wood 100.00 25 1 

3 Gas + tar + water 75.25 500 1 

4 Hot syngas 206.03 850 1 

5 Cold syngas 206.03 83 1 

6 Dried syngas 172.92 83 1 

7 Produced water 33.11 83 1 

8 Compressed syngas 172.92 337 7 

9 

Cooled compressed 

syngas 172.92 35 7 

10 Water 132.63 25 1 

11 Hot water 132.63 99 1 

12 Hydrogen 4.20 35 7 

13 Hydrogen STR 4.20 35 1 

14 Tail gas 168.72 35 1 

15 Dried tail gas 72.07 35 1 

16 Produced water 2 96.65 35 1 

17 Air 118.00 25 1 

18 Flue gas 190.07 1516 1 

19 Steam 132.63 300 1 

20 Flue gas 2 190.07 1305 1 

21 Vent gas 190.07 28 1 

22 Biochar 24.75 500 1 

21 Hot waste gas 76.06 900 10 
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22 Fe + FeO + ash 476.37 900 10 

23 Hot produced gas 199.42 700 10 

24 Fe3O4 + ash 497.77 700 10 

25 Air 127.50 25 1 

26 Compressed air 127.50 343 10 

27 Fe2O3 + ash 527.34 1200 10 

28 Ash 1.84 1200 10 

29 Fe2O3  525.50 1200 10 

30 Hot N2 97.92 1200 10 

31 Expanded waste gas 76.06 458 1 

32 Expanded produced gas 199.42 236 1 

33 Expanded N2 97.92 433 1 

34 Waste gas 76.06 33 1 

35 Produced gas 199.42 33 1 

36 Waste N2 97.92 33 1 

37 Hydrogen CLH 2.71 33 1 

38 Recycled water 196.71 33 1 

39 Make-up water 26.29 25 1 

40 Total water 223.00 32 1 

41 Pumped water 223.00 32 10 

42 Steam 2 220.80 285 10 

43 Steam 3 2.20 285 10 

 

Table 5.7 Simulation results of net power from the overall system. 

Works of Pressure Changers (kW) 

Positive Negative 

Expander-1 12.39 Compressor-1 24.70 

Expander-2 58.08 Compressor-2 11.74 



104 

 

Expander-2 24.35 Pump 0.07 

Total 94.82 Total 36.51 

Net power 58.31 

 

Table 5.8 Comparison of the results between this novel system and other CLH systems. 

No. Fuel 

Fuel 

Amount 

(kg/h) 

Methods 

H2 

Production 

(kg/h) 

H2 Production 

Efficiency (%) 
Ref. 

1 
Biomass (Poplar 

Wood) 
3,573 Direct 156 4.37 [6] 

2 Coal 13,265 Direct 1,958 14.76 [11] 

3 
Biomass 

(Microalgae) 
2,106 

via Gasification 

(Syngas) 
180 8.55 [29] 

4 
Biomass 

(Microalgae) 
100,000 

via Gasification 

(Syngas) 
2,270 2.27 [30] 

5 Coal 360 
via Gasification 

(Syngas) 
33.2 9.22 [46] 

6 Black Liquor 348,120 
via Gasification 

(Syngas) 
4,130 11.86 [47] 

6 
Biochar (Apple 

Tree) 
24.75 Direct 2.78 

10.95 

 (Total eff: 6.9)  

This 

Work 
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Table 5.8 compares the H2 production efficiency of this simulation with some typical H2 

production processes with the CLH units using various fuels and methods [6, 11, 29, 30, 46, 

47]. The CLH process in this simulation can achieve H2 production efficiency of 10.95%, 

which is calculated from 2.71 kg/h of H2 produced from 24.75 kg/h of biochar. The biochar 

has the similar characteristics as the coal, which can achieve higher H2 production efficiency 

than the raw biomass. Coal as the feed for chemical looping process can reach H2 production 

efficiency up to 15% or even more compared to raw biomass that limited at around 5%. 

However, using biochar as reducing material for chemical looping increases H2 production 

efficiency from raw biomass even though it is not as good as coal. Moreover, even compared 

with other reported results for biomass to H2 through the CLH process, a total H2 production 

efficiency of 7.0% by this novel system is still better. Applications of both the steam 

reforming of bio-oil and CLH process can increase H2 production efficiency by around 53% 

compared to the biomass direct chemical looping (BDCL) process. 

Table 5.9 compares the H2 production efficiency of this novel system with those reported 

data using other methods for H2 production [35, 48-52]. A previous theoretical analysis result 

indicated that the maximum H2 production efficiencies should be 12.6, 11.5%, and 17.1 wt.% 

for the biomass pyrolysis with steam reforming of bio-oil, biomass gasification with water-

gas shift reaction, and direct reaction between biomass and steam using externally supplied 

heat, respectively [35]. Moreover, as shown in Table 5.9, for this novel system, all the 

processes can hardly reach the theoretical maximum H2 production. However, compared with 

other reported results for H2 production, this novel system still shows higher H2 production 

efficiency. 
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Table 5.9 Comparison of the results between this novel system with other reported ones for 

H2 production. 

Biomass Methods Status 

H2 

Production 

Efficiency 

(%) 

Ref. 

Wood Pyrolysis 

Liquid 
Steam Tar Reforming 

Experiment, S/C 9, 850 

oC, Catalyst 
3.0 [35] 

Biomass 
Supercritical Water 

Gasification 

Experiment, Continuous 

Reactor 600 oC, 35 MPa, 

Catalyst 

6.42 [48] 

Pine Wood Air-Steam Gasification 
Experiment, Downdraft 

Reactor 
4.52 [49] 

Pine Wood 
Oxygen-Steam 

Gasification 

Experiment, Downdraft 

Reactor 
7.40 [50] 

Pine Sawdust 
Steam Gasification + 

Steam Reforming 

Experiment, Continuous 

Fixed Bed, 900 oC 
7.99 [51] 

Rice Straw Steam Gasification 
Simulation, Fluidized Bed, 

800 oC 
6.2 [52] 

Apple Tree 

Branch 

Pyrolysis + Steam 

Reforming + CLH 
Simulation 6.9 

This 

Work 

 

5.4. Conclusions 

The present study evaluates the feasibility and performance of a novel system for H2 

production from biomass, in which a biomass pyrolysis process, a catalytic steam bio-oil 
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reforming process, a CLH process using biochar generated from the biomass pyrolysis, and 

other auxiliary processes including H2 separation and thermal energy circulation processes. 

It is found that this novel system has a higher H2 production efficiency than other reported 

ones. Especially, this novel system recoveries the waste heat to maintain the system auto-

thermally. This system also generates positive net power from the pressure changing 

processes, which can provide power for the compressors, pumps, and others. Moreover, 

compared with the biomass direct chemical looping process (BDCL) to H2 production, 

separating the bio-oil and biochar after the pyrolysis process and combining the steam bio-

oil reforming process with the chemical looping process using biochar for H2 production can 

increase H2 production efficiency from biomass by more than 50%. Thus, this proposed 

system has a promising potential for the effective H2 production from biomass. For the 

success of implementing this novel system, detailed design and economic analysis need to 

be further performed. 
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CHAPTER 6 : A SMALL-SCALE POWER GENERATION SYSTEM BASED ON 

BIOMASS DIRECT CHEMICAL LOOPING PROCESS WITH ORGANIC 

RANKINE CYCLE 

 

6.1. Introduction 

As described in Chapter 1, the CLC is usually used as a combined heat and power (CHP) 

generation process [1], in which a redox loop of solid metal oxide as the oxygen carrier with 

carbonaceous materials (biomass) as the reducing agent occurs to  separately generate flue 

gas with atmospheric N2. Chemical looping with two separated reactors are always used in 

this process. In the reducing reactor (RR), the metal oxide is reduced by the fuel to produce 

CO2 and H2O. While, in the air reactor (AR), the reduced metal oxide is oxidized to its initial 

state by oxygen in the air. The CLC process is normally combined with CO2 capture process 

since it is easy to recover almost 100% of CO2 from the flue gas of the first reactor without 

consuming any extra energy for separation of it from H2O [2, 3]. 

As a solid material, biomass is less reactive than the gaseous one such as methane or syngas 

and the solid-solid reaction between it and the metal oxide hardly occurs in any appreciable 

rate than the gas-solid reaction. However, the direct biomass-based chemical looping process 

could simplify the process and increase the efficiency compared to generate syngas through 

gasification process at first [4]. Li et al. [5] and Zeng et al. [6] developed a simulation model 

for the CLH process directly using biomass or coal in the moving bed reactor with Fe2O3 as 

oxygen carrier for co-production of hydrogen and power, which indicated the possibility of 

this process The research group at Chalmers University of Technology experimentally 

investigated this process by using coal and petroleum coke as solid fuels and ilmenite as the 

oxygen carrier in fluidized bed reactors, and found that it can be continuously operated for 

90 h [7-9]. Meanwhile, they also tested the performance of NiO as the oxygen carrier for the 

solid CLC process [10, 11]. Combination of chemical looping combustion of direct biomass 

with organic Rankine cycle (ORC) as a waste heat recovery (WHR) system has a potential 

to be proposed as novel process for small-scale CHP system. 
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In this study, a small-scale biomass-based power generation system using the direct biomass 

chemical looping combustion (BDCLC) process and the ORC as the WHR system was 

proposed and simulated. Based on the mass and energy balances, the performance of the 

overall system was optimized. In addition, the effect of the pressure in the BDCLC unit and 

the selection of working organic fluid for the ORC-WHR system on the power generation 

were investigated. It is expected to set up a novel small-scale biomass-based power 

generation system. 

 

6.2. Methodology 

6.2.1. Process description 

Figure 6.1 describes the schematic diagram of the proposed small-scale biomass-based 

power generation system including a direct biomass CLC unit and an ORC-WHR unit. 

Herein, apple tree branch was chosen as the model woody biomass, whose basic properties 

are shown in Table 6.1 [12]. In the system, the biomass is firstly introduced to the RR of the 

CLC unit together with the circulated oxygen carrier of metal oxide. While the reduced metal 

oxide is oxidized back to its initial state in the AR by air, the produced gas from the RR is 

expanded to generate power. The metal oxide is circulated back to the RR and the exhaust 

gas from the AR is also expanded to generate power. The remained heat in the produced gas 

as well as the exhaust gas is recovered by the organic fluid in the WHR unit which is also 

used to produce power. The total power output of the overall system includes the power 

generated by gas expansion and the WHR unit. 

Table 6.1 Basic properties of apple tree branch as the woody biomass feedstock 

Proximate Analysis 

(wt%-dry basis) 

Ultimate Analysis 

(wt%-daf) 

Moisture 7.8 C 43.7 

FC 19.8 H 6.2 

VM 78.2 N 0.5 
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Ash 2 S 0 
  

O 49.6 

 

 

Figure 6.1 Schematic diagram of the small-scale biomass-based power generation system 

with a BDCLC unit and an ORC-WHR unit. 

6.2.2. Process simulation 

Aspen PlusTM software (9.0 version; Aspen Technology Inc.) is used to simulate the CLC 

process using IDEAL as the base method and the ORC-WHR process using SRK-Twu with 

two different hierarchy blocks as the property package. All reactions are assumed to reach 

the equilibrium, all the reactors are operated at an isobaric condition, all the processes have 

no accumulation occurred and work at the steady state condition, and all parameters assumed 

in this study stay constant during the simulation and analysis. 
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6.2.2.1. BDCLC Process 

The RR in the CLC unit is simulated as a counter current moving bed reactor to achieve high 

conversions. As such, a model of the moving bed reactor developed by Li et al. [5] and Zeng 

et al. [6] with 5-stage interconnected series of RGibbs reactors is used in this simulation. The 

iron ore is selected as the metal oxide (oxygen carrier) since it is cheap, easy available, and 

non-toxic with low tendency to agglomeration, high strength, and high resistance to carbon 

formation although only 0.5 mol of O2 can be transferred by per 3 mol of Fe2O3 [13, 14]. Iron 

species including Fe2O3, FeO, and Fe are considered to be existed in the CLC unit and the 

following reactions are assumed to occur along the process [15]. 

Fe2O3 + 1/2 C → 2 FeO + 1/2 CO2 (1) 

Fe2O3 + CO → 2 FeO + CO2  (2) 

Fe2O3 + 3/2 C → 2 Fe + 3/2CO2 (3) 

Fe2O3 + 3 CO → 2 Fe + 3 CO2  (4) 

Fe2O3 + H2 → 2 FeO + H2O  (5) 

Fe2O3 + 3 H2 → 2 FeO + 3 H2O  (6) 

2 FeO + O2 → Fe2O3  (7) 

2 Fe + 3/2 O2 → Fe2O3 (8) 

For the simulation of reduction process in the moving bed reactor, the metal oxide particles 

are dropped from the top side (1st stage), the biomass as reducing agent is introduced at the 

middle part of the reactor (4th stage), and a small amount of steam as the promoter is input 

from the bottom side (5th stage). The steam with the S/C 8% of carbon content in biomass 

also acts as the carrier gas for the produced gas to move upward and helps to increase the 

pressure inside the reactor. The solid product consists of the ash and reduced metal oxide is 

discharged from the bottom part of the reactor (5th stage) whereas the produced gas is moved 

out from the 1st stage. The complete conversion of biomass is assumed to be achieved so that 

the produced gas only consists of CO2 and H2O. The oxidation of metal oxide in the AR is 
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modeled as the single RGibbs reactor, in which the stoichiometric air is compressed to the 

operating condition before introduced into AR so that only N2 exists in the exhaust gas. Then, 

the exhaust gas is used to generate the steam as the promoter in the RR. 

6.2.2.2. ORC-WHR Process 

As shown in Figure 6.2, the Rankine cycle is thermodynamic cycle consists of four sub-

processes: isentropic pressurizing of a working fluid by a pump (1), isobaric heating in 

evaporator (2), isentropic expansion by a turbine (3), and isobaric-isothermal condensation 

in a condenser (4) to produce saturated liquid [16-18]. In the simulation, the working fluid is 

firstly pumped to the optimum working pressure which is set to be lower than critical pressure 

of each working fluid considered. The heat in the produced gas from BDCLC process is 

absorbed by the working fluid in the heat exchanger. The working fluid is then expanded to 

room pressure by a turbine and condensed to the saturated liquid by one-through cooling 

water. 

The working fluid for Rankine cycle is basically categorized into three parts depending on 

the slope of the T-S curve: dry (positive), isentropic (infinite), and wet (negative). For the 

ORC application, the dry and isentropic working fluid are most appropriate while the steam 

is categorized as the wet working fluid [19]. The main criteria for selecting the working fluid 

for ORC system are [20]. 

• low heat capacity in the liquid form, 

• low specific volume 

• high temperature stability, do not deteriorate or decompose at high 

temperature, 

• non-toxic and non-flammable substance is preferable, 

• zero Ozone Depleting Potential (ODP) and low Greenhouse Warning 

Potential (GWP), and 

• high availability and low cost. 
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Figure 6.2 T-S diagram of Rankine cycle. 

For biomass-based CHP applications, octamethyltrisiloxane (OMTS) is the most selected 

working fluid for the ORC-WHR system. However, thermal and total heat recovery 

efficiency of OMTS is considerably low [21]. As such, other working fluids (Table 6.2) are 

considered in this simulation and water/steam is considered as the comparison point. 

Table 6.2 Working fluids selected for this simulation. 

Working fluids Tc (oC) Pc (bar) Types [19] 

Toluene 318.6 41.00 dry 

n-pentane 196.5 33.75 dry 
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cyclohexane 280.1 40.53 dry 

Acetone 235 47.00 isentropic 

Benzene 288.9 49.24 isentropic 

Water/Steam 373.9 217.8 wet 

Tc: critical temperature 

Pc: critical pressure 

6.2.3. Assumptions and performance evaluation 

The thermal energy input of the biomass for the system is set at 1000 kW, which is equivalent 

to a biomass feeding rate of 208 kg/h. The amount of Fe2O3 circulated in the BDCLC unit is 

adjusted to be 1.5 times mol of carbon in the biomass feed to ensure the full conversion of 

biomass in the RR. No solid loss is assumed in the cycle, and thus no make-up Fe2O3 is 

required. The BDCLC unit is operated at a pressure of 30 bar. Herein, the temperature of the 

RR is 900 oC and the AR is set to be operated at the same temperature as the RR. Since the 

reduction reaction in the RR is endothermic reaction and oxidation reaction in the AR is 

exothermic reaction, the BDCLC unit is set to make the whole system work auto-thermally. 

The heat produced in the AR is assumed to be absorbed by only the exhaust gas which makes 

the temperature of the exhaust gas higher than the operating condition of the AR. The 

expander drops the pressure of the produced gas to 1.3 bar and exhaust gas to 1.6 bar. Then, 

the exhaust gas is used firstly to generate the steam at 250 oC for FR promoter and carrier 

gas before flowing into ORC-WHR unit. 

The working pressure for the ORC-WHR is changed based on the working fluid used. Two 

evaporators are operated for absorbing the heat from the produced and exhaust gas separately 

without mixing. The amount of working fluid circulated in the ORC-WHR unit is adjusted 

to the point that makes the minimum temperature approach in the evaporator at 10 oC while 

the working fluid leaves the evaporator at its saturated vapor condition. For the condensation, 

cooling water is used as the cooling agent to make the working fluid back to the saturated 

liquid condition at 1 bar before being pumped into the next cycle. It is assumed that no fluid 
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loss occurs in the cycle and thus the make-up flow for the working fluid is not required. The 

amount of cooling water used is adjusted so that the working fluid is condensed and the hot 

cooling water leaves the condenser at 60 oC.  All the key assumptions and operating 

conditions of the equipment in this simulation are summarized in Table 6.3. 

The performance of this biomass-based power generation system is evaluated by the total 

power generated by the BDCLC and ORC-WHR units, efficiency of ORC-WHR unit, 

electrical efficiency of the system, exergy destruction, and exergy efficiency as follows: 

net power (kW) = ∑ Wexp + Wturbine - ∑ Wcomp - ∑ Wpump 
(9) 

η
ORC-WHR

=
Wturbine-Wpump2-Wpump3 (kW)

mhc.Cp
hc

(Tin-Tout) (kW)
 ×100% 

(10) 

η
system

=
net power (kW)

Biomass thermal input (kW)
 ×100% 

(11) 

Exd= (∑ Exin- ∑ Exout) 
(12) 

Exeff= (1-
Exd

∑ Exin

) ×100% 
(13) 

where Wexp, Wturbine, Wcp, and Wpump are the work generated by the expanders and turbine 

and the works required by the compressors/blower and pumps, respectively; ηORC-WHR and 

ηsystem, are efficiencies of ORC-WHR unit and electrical overall system, respectively; mhc 

and cphc are flow rate and heat capacity of the heat carrier, respectively; Tin and Tout are 

temperatures of heat carrier entering and leaving the evaporator, respectively; and Exin, Exout, 

Exd and Exeff are the exergy flow entering the equipment, the exergy flow leaving the 

equipment, the exergy destruction and the exergy efficiency, respectively. Herein, the heat 

carriers are the produced gas from the Expander-1 and the exhaust gas from HE-1. All works 

by the pressure changers and the heat capacities of heat carriers are calculated and determined 

by Aspen software. The exergy flow of each stream in the system is calculated as follows 

[22]: 

Exin/out =  Exph+Exch (14) 
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Exph = ∑ ni(h-h0) - T0(s-s0) 
(15) 

s = s0 + Cp ln(T-T0) - R ln
P

P0

 
(16) 

Exch = ∑ ni(Exch,i + RT0 ln xi)

i=1

 
(17) 

where Exph and Exch are physical and chemical exergy, respectively; ni, h, and s are molar 

flow rate, enthalpy, and entropy of each stream, respectively; Cp, R, T, and P are heat 

capacity, gas ideal constant, temperature, and pressure, respectively, and subscription 0 

means the value of parameter at the standard condition (1 atm, 25 oC); xi is molar fraction of 

each component; Exch,i is the standard chemical exergy of the component at the dead state, 

which are summarized in Table 6.4 [23, 24] 

Table 6.3 Essential assumptions for the simulation in this study 

General assumptions 

Ambient condition 25 oC, 1 bar 

Reaction Kinetics of all the reactions are not considered 

Process Steady state condition, no accumulation, no heat loss 

Process simulation 

RR 
Multiple RGibbs, 30 bar, 900 oC 

Fe2O3/C: 1.5 (mol/mol) 

AR 
RStoic, 30 bar, Heat duty is the same as total duty in 

RR 

Expanders, Turbines 
Isentropic efficiency: 90%, mechanical efficiency: 

98% [25] 

Compressors, Pumps 
Isentropic efficiency: 80%, mechanical efficiency: 

98% [25] 

Heat Exchangers 
Minimum temperature approach: 10 oC, Pressure 

drop: 0.3 bar 
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Table 6.4 Standard chemical exergy for all substances involved in the system [23, 24] 

Standard Chemical Exergy kJ/kmol Standard Chemical Exergy kJ/kmol 

CO 275,430  O2 3,970  

CO2 20,140  Fe2O3 20,370  

H2O (g) 11,710  FeO 133,750  

H2O (l) 3,120  Fe 377,740  

H2 238,490  Benzene (g) 3,301.3  

N2 720  Benzene (l) 3,296.2  

 

For the biomass feedstock, the physical exergy can be neglected while the standard chemical 

exergy can be calculated as follows [26]: 

Exch,biomass = ṁβHHVbiomass (10) 

β = 

1.044 + 0.016 (H/C) - 0.3493 (O/C) (1+0.0531 (
H
C

)) + 0.0493 (N/C)

1 - 0.4124 (O/C)
  

(11) 

where m ̇ is mass flow rate of biomass; and C, H, O, N are the mass fractions of carbon, 

hydrogen, oxygen and nitrogen of biomass in ultimate analysis, respectively. The factor β 

can be applied in the condition of [O/C]≤2. In this study, the value of m ̇ x HHVbiomass is 

1000 kW or equal with 3600 MJ/h. The effects of changing parameters such as the Fe2O3/C 

ratio, the BDCLC operating temperature and pressure and the types of working fluids in 

ORC-WHR unit on these indicators are also considered. 

 

6.3. Results and discussion 

6.3.1. Effect of working fluid 

Figure 6.3 shows the ηORC-WHR from different working fluids used for simulation in this study. 

The analysis of ORC-WHR unit is conducted using the BDCLC condition at 900 oC and 30 

bar, by which the produced gas and exhaust gas entering the WHR heat exchanger at 

temperatures of 329 oC and 403 oC, respectively. One can see that better performances are 
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achieved by using benzene and acetone. Rahbar et al. [20] reported that benzene, toluene, 

and cyclohexane are more suitable for the high temperature (250-400 oC) WHR and n-

pentane for the medium temperature (150-250 oC) WHR. Especially, the isentropic fluids 

such as benzene and acetone are more suitable for the ORC-WHR system [27]. Herein, 

benzene and acetone have the highest possible working pressure and the highest latent heat 

among others. Since toluene has a higher critical temperature it is more suitable for the high 

temperature heat recovery. However, the performance of toluene is limited by its lower 

critical pressure that those of benzene and acetone. The higher working pressure of the fluid 

is, the higher work can be produced by the turbine. Meanwhile, the higher the latent heat is, 

the lower amount of the fluid is required to absorb the heat from the heat carrier. Moreover, 

as the isentropic fluids, benzene and acetone have similar thermodynamic trends as the wet 

fluid like water, which usually results in good efficiency for the Rankine cycle system. In 

comparison, the dry fluids such as toluene, n-pentane and cyclohexane have low efficiency 

at high turbine-inlet temperature [28]. Thus, benzene and acetone lead to higher efficiencies 

of the ORC-WHR unit. 

In comparison, the steam has superior performance when compared to the hydrocarbon 

working fluids. It should be noted that the steam is effective at very high pressure since it has 

very high critical pressure with quite low critical temperature, which makes it have low 

saturated temperature at low pressure. In the same condition of analysis with other working 

fluids, condensation can be found in the turbine expansion after the steam absorbs the heat 

until it reaches a saturated vapor state, which may harm the turbine operation. As such, even 

though the steam can lead to very high efficiency, it is not suitable for the low and medium 

grade WHR, especially for the BDCLC operation in this study. 
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Figure 6.3 The effect of different working fluids on ηORC-WHR. The inset shows the 

ηORC-WHR by using hydrocarbon working fluids. 

6.3.2. Effect of Fe2O3/C ratio 

In the RR, Fe2O3 is reduced by the carbon containing in biomass as well as the CO and H2 

gases generated by the biomass decomposition to FeO and/or Fe according to reactions (1) 

to (6), resulting in the production of CO2 and H2O. In the AR, the FeO and/or Fe are oxidized 

back to Fe2O3. By this chemical looping, it is easier to capture the CO2 from the biomass 

thermochemical process. 
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Fig. 6.4 shows the effect of Fe2O3/C molar ratio (C: carbon amount in biomass) on the carbon 

conversion in the RR with the operating conditions of 30 bar and 900 oC. In the case without 

the Fe2O3 introducing into the reactor, the carbon in biomass cannot be completely 

decomposed to CO and CO2 by the heat. At a lower Fe2O3/C ratio, the unconverted carbon 

is firstly converted to CO and then, by increasing the amount of Fe2O3 circulated in the 

system, the CO is converted further to CO2. At 900 oC and 30 bar, the simulation results 

indicate that the Fe2O3/C molar ratio of 2.02 is the minimum value to ensure the full biomass 

conversion in the moving bed reducer, and by the end of process, about 305 kg/h of CO2 can 

be captured in this condition. 

 

Figure 6.4 Effect of Fe2O3/C ratio on the carbon conversion in the RR at 900 oC and 30 bar. 
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6.3.3. Effect of BDCLC temperature 

Fig. 6.5a illustrates the effect of RR operating temperature on the carbon conversion of 

biomass at a pressure of 30 bar and an Fe2O3/C ratio of 2.02. The full conversion of biomass 

is achieved at the temperature over 700 oC. It is reported that the temperature of 740 oC is 

enough to obtain a produced gas with a low CO concentration from the biomass feedstock. 

Thermodynamically, a higher reaction temperature favors the endothermic carbon-Fe2O3 

reaction and results in more CO formation in the RR [13]. However, from the standpoint of 

kinetic reaction, a high temperature is required to ensure the solid-solid reaction between 

biomass and Fe2O3 occurred in a short residence time. Thus, even though the kinetics of 

reactions are not considered in this simulation, the high temperature is still applied to ensure 

the reaction in the RR occurred well kinetically to achieve the complete conversion of 

biomass. 

 

Figure 6.5 The effect of temperature of (a) RR on the carbon conversion and (b) of BDCLC 

unit on the net power as well as the required benzene flow rate 

Fig. 6.5b shows the effect of BDCLC operating temperature on the net power produced by 

the overall system as well as the amount of benzene required to absorb the heat in the ORC-

WHR unit. It is obvious that the net power produced and the amount of benzene required 

increase by increasing the temperature. The higher the operating temperature is, the higher 
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the work produced from expander and the higher the heat can be recovered in the ORC-WHR 

unit. Although the high temperature is favorable for achieving a good system performance, 

the safety of the system could become worse and simultaneously the biomass conversion also 

become worse in the thermodynamic standpoint. Moreover, the BDCLC operating 

temperature should be over 600 oC since water condensation is found in the expander at a 

lower temperature. As such, the operating temperature of the BDCLC unit is determined as 

900 oC in order to obtain a high overall efficiency and simultaneously maintain the biomass-

Fe2O3 reactions thermodynamically and kinetically well. 

6.3.4. Effect of BDCLC pressure 

Fig. 6.6a describes the effect of RR operating pressure on the carbon conversion of biomass 

at a temperature of 900 oC and an Fe2O3/C ratio of 2.02. A higher operating pressure 

depresses the carbon conversion in the reactor since the volume of produced gas increases so 

that the reaction equilibrium is changed. One can see that the BDCLC pressure in the range 

of 1-30 bar should be suitable for the reduction reaction. It is also reported that the low 

pressure is better for the biomass conversion since the high pressure generally inhibits the 

carbon gasification [5]. 

 

Figure 6.6 The effects of pressure of (a) RR on the carbon conversion and (b) of BDCLC 

unit on the net power as well as the required benzene flow rate. 
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Figure 6.6.b shows the effects of BDCLC operating pressure on the overall efficiency and 

the amount of benzene utilized as the representative of working fluids in the ORC-WHR unit. 

Herein, pressure is the key component that determines how large power output can be 

generated by the system since it relies on the pressure expansion to generate power. For 1 bar 

operation, the power output is totally relied on the ORC-WHR unit since there is no 

expansion in the BDCLC unit. As the produced gas and exhaust gas directly enter the ORC-

WHR unit at their initial temperatures, the amount of benzene utilized is very high to absorb 

all the heat containing in them. The increase of pressure in the BDCLC unit decreases the 

temperatures of produced gas and exhaust gas entering the ORC-WHR unit. With the 

increase in the power output, the amount of benzene circulated in the ORC-WHR unit 

decreases until 30 bar. At a pressure higher than 30 bar, the difference between temperatures 

of the produced gas entering evaporator and the saturated benzene leaving it becomes lower 

than the minimum temperature approach set for the system at the same working pressure of 

the ORC-WHR unit. Hence, the working pressure of ORC-WHR unit needs to be lowered to 

adjust the temperature of saturated vapor of benzene leaving evaporator but it will result in 

worse system efficiency. Besides, 1-30 bar of BDCLC pressure is found to be the proper 

range for the reduction reaction, and low pressure should be more suitable for the biomass 

conversion [5]. 

6.3.5. Overall performance 

In the optimum condition of 900 oC and 30 bar operated in the BDCLC unit, 45 bar of 

working pressure for benzene as the working fluid in the ORC-WHR unit, and based on other 

limitations and assumptions in Table 6.3, it is found that the overall system can produce 

191.2 kWe per 1000 kWth biomass input for the system. Herein, the expansion-compression 

process in the BDCLC unit contributes 170.2 kWe of net power and the ORC-WHR unit 

contributes the other 21.0 kWe for the system with a ηORC-WHR of 19.9 % for benzene. It 

should be noted that the ηsystem of 19.1% is higher than the average electrical efficiency of 

small-scale biomass-based CHP (17%) reported by Intelligent Energy Europe [29]. Table 

6.4 shows detailed mass and energy balances from each stream described in Figure 6.1. 
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The overall system has an exergy efficiency of 14% including 10.5% and 83% exergy 

efficiencies of BDCLC and ORC-WHR units, respectively (Table 6.6). The exergy 

efficiency in the system is mainly affected by the significant exergy destruction in the 

BDCLC unit, which occupies about 97% of total exergy destruction in the system (Fig. 6.7b). 

The exergy destruction in the overall system mainly occurs in the RR and AR (Fig. 6.7a) due 

to the higher temperature operation in both reactors. Nevertheless, the RR and AR still have 

high exergy efficiencies of 72.5% and 74.2%, respectively and the exergy loss in the BDCLC 

unit is optimized by selecting the optimum condition of Fe2O3/C ratio and working 

temperature and pressure. The ORC-WHR unit has very low exergy destruction with a high 

exergy efficiency, indicating that it has a good overall performance as the heat recovery 

system for the BDCLC process. 

Table 6.5 compares the ηORC-WHR of this simulation with other similar work using various 

working fluids [30-34]. As the optimum working fluid, benzene results in the highest 

efficiency of 19.9%, which is calculated from 21.0 kWe output from 105.6 kWth total heat 

absorbed from the produced and exhaust gases. Quoilin et al. [35] reported that the electrical 

efficiency of  biomass-based CHP with the ORC-WHR should be  limited to about 18%. 

Comparing to other conventional biomass-fired CHP systems using ORC as the WHR unit 

with various working fluids (Table 6.7), the present system can achieve higher efficiency. 

Obviously, the present system can achieve higher efficiency. Herein, the application of two 

evaporators for the produced gas and exhaust gas separately should be the reason for the 

increase in the ηORC-WHR of this system. 
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Figure 6.7 Percentages of exergy destruction (a) per equipment in the total system and (b) 

per unit in the system including the BDCLC unit. 

Table 6.5 Detailed streams for this small-scale biomass-based power generation system 

Stream Materials Flow rate 

(kg/h) 

Temperature (oC) Pressure 

(bar) 

1 Dried wood 

feedstock 

208.00 25 1 

2 Crushed wood 208.00 25 1 

3 Fe + FeO 1471.31 900 30 
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4 Air 884 25 1 

5 Compressed air 884 602 30 

6 Fe2O3 + ash 1676.84 900 30 

7 Ash 3.84 900 1 

8 Fe2O3 1673 900 30 

9 Hot produced gas 419.73 900 30 

10 Hot exhaust gas 678.49 1462 30 

11 Expanded produced 

gas 

419.73 316 1.3 

12 Water 10.05 25 1 

13 Pumped water 10.05 26 30 

14 Steam 10.05 250 30 

15 Expanded exhaust 

gas 

678.49 461 1.6 

16 Cooled exhaust gas 678.49 423 1.3 

17 Exhaust gas 678.49 92 1 

18 Produced gas 419.73 92 1 

19 Benzene 630.00 80 1 

20 Pumped benzene-1 418.00 82 45 

21 Pumped benzene-2 212.00 82 45 

22 Hot benzene-1 418.00 287 44.7 
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23 Hot benzene-2 212.00 287 44.7 

24 Hot benzene 630.00 287 44.7 

25 Expanded benzene 630.00 129 1.3 

26 Cooling water 1900.00 25 1 

27 Pumped cooling 

water 

1900.00 25 1.5 

28 Hot cooling water 1900.00 60 1.2 

 

Table 6.6 Exergy efficiency for each major equipment and unit in the overall system 

Equipment/Unit/System Exergy efficiency (%) 

RR 72.53 

AR 74.19 

Exp-1 47.11 

Exp-2 71.44 

HE-1 91.50 

WHR-1 99.76 

WHR-2 93.96 

Turbine 47.17 

Cond 91.48 

BDCLC 10.48 

ORC-WHR 82.93 

System 13.97 
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Table 6.7 Comparison the ORC efficiency of this system other reported ORC systems 

Working fluids ηORC-WHR (%) Purposes Ref. 

benzene 19.9 small-scale biomass 

power generation 

This work 

benzene 12.8 ORC-WHR system [30] 

n-pentane 16.6 micro-scale biomass-

fired CHP system 

[31] 

n-pentane 8.1 small-scale ORC-

WHR system 

[32] 

HFE7000 3.8 micro-scale biomass-

fired CHP system 

[33] 

Cyclo-pentane 6.41 basic biomass micro 

CHP-ORC 

[34] 

 

6.4. Conclusions 

The possibility and performance of a small-scale biomass-based power generation system by 

combining the BDCLC and ORC-WHR processes are studied by using Aspen PlusTM 

software as well as Aspen HYSYS software. The proposed system shows a higher electrical 

efficiency than those conventional biomass firing CHPs. The direct feeding of biomass to the 

CLC process for the CHP utilization opens a door for the effective conversion of biomass to 

energy. In particular, the implementation of two evaporators in the ORC-WHR unit is found 

to effectively increase the electrical efficiency of the unit with the isentropic working fluid. 

However, although the validations of metal oxide in the BDCLC unit and the working fluid 

stability in the ORC-WHR cycle by the demonstration experiments, and the further detailed 

assessment on the process design and economic evaluation are still required in the future, this 

proposed system should be promising for the biomass-based power generation. 
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CHAPTER 7 : CONCLUSIONS AND FUTURE PERSPECTIVE 

 

7.1. Findings and General Conclusions 

As fully described in Chapter 1, biomass application on energy perspective is now leading 

to the development of novel hybrid system that can reduce the unwanted byproducts as less 

as possible. While, two-stage gasification system tries to solve tar formation in direct biomass 

gasification process, chemical looping process was proposed to convert biomass into energy 

with the minimal energy penalty and cleaner waste products. Moreover, problems on long-

term sustainability and availability of biomass feedstock for large-scale operation lead to the 

research and development of small-scale biomass to energy application technologies with the 

mixing of various types of biomass as the feedstock. Thusly, the studies on the solving of 

those obstacles in the small-scale biomass conversion systems, especially for power 

generation and/or hydrogen production, are the main objectives of this dissertation. 

As the attempt to find better understanding on the tendency of mixing various kinds of 

biomass as the feedstock for the two-stage gasification system where the biomass pyrolysis 

and biochar gasification were conducted separately, the co-pyrolysis of two different biomass 

followed by the gasification of the co-pyrolysis biochar (co-char) was investigated and 

described in Chapter 3. Particularly, the idea to mix various biomass with less silica species 

for the two-stage gasification system was found to be able to increase the system efficiency 

due to synergistic effect of AAEM components during the co-pyrolysis step. However, less 

reactive co-pyrolysis biochar could be generated from the biomass with high content of silica 

species such as rice straw and rice husk since the silica species can react with the AAEM 

species in other biomass to form alkali silicate compounds, which has inhibition effect for 

the co-char gasification step. Thus, biomass selection for the two-stage gasification system 

is essential to find compatibility between the different biomass. Application of co-pyrolysis 

and co-gasification of two or more biomass can solve the problems of feedstock availability 

in one gasification system. 
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Further development on the two-stage gasification system in form of a novel hybrid system 

composed of an auger-type pyrolyzer, a steam tar reformer, an air-steam char fluidized bed 

gasifier, and a spent char riser-type combustor with circulating heat carrier particles is 

proposed as a novel small-scale power generation system is presented in Chapter 4. The 

investigation tried to define the system performance based on the biomass pyrolysis rate in 

the first step of the system based on two extreme pyrolysis ways, i.e., slow and fast pyrolysis. 

Meanwhile, the conventional way of calculating mass and energy balance using empirical 

equations was conducted to investigate the system performance. The cold gas efficiency of 

the system was found to be in the range of 71.7-73.8% from slow to fast pyrolysis. The results 

showed that the addition of steam tar reforming to the conventional two-stage gasification 

system should be essential. The fast pyrolysis generated more tar than the slow one, by which 

the more tar could be converted in the steam reforming section so that the higher system 

performance was obtained. Sensitivity analysis in this study also concluded that the increase 

of steam tar reforming conversion had a significant effect on the total system performance. 

An alternative strategy by applying chemical looping concept to the previous proposed 

system was further introduced as a novel hybrid system in the hydrogen production from 

biomass and described in Chapter 5. The CLH process was chosen since it can produce pure 

H2 with other gases such as CO and CO2 separately obtained without using any additional 

gas treatment and separation processes. The system was designed to be operated auto-

thermally by utilizing heat circulation between exothermic and endothermic process within 

the system. The overall system generated a total of 6.9 kg/h of H2 and a net power of 58.3 

kW simultaneously from a 100 kg/h feeding rate of woody biomass. It is found that 

combining CLH process with the steam tar reforming can increase the hydrogen production 

efficiency up to 53% more than that only rely on single CLH process. The proposed system 

has a high potential to be implemented as the small-scale hydrogen production method in the 

future. 

In the last work as described in Chapter 6, a combination of biomass direct chemical looping 

combustion (BDCLC) with organic Rankine cycle (ORC) as waste heat recovery was 
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proposed as a novel way for the small-scale combined heat and power (CHP) system. 

Application of two reactors in the BDCLC unit led to the application of two heat exchangers 

in ORC unit for the increasing of ORC efficiency from limitation of 18% to 19.9% when the 

benzene was used as the working fluid. The BDCLC unit can produce 170.2 kWe of power 

and the ORC-WHR unit contributed the other 21.0 kWe so that the system could produce 

191.2 kWe of the total power from a 1000 kWth biomass input. As a result, the system 

achieved an efficiency of 19.1%, which is higher than the average electrical efficiency of 

17% of common small-scale biomass-based CHP system. This proposed system also showed 

a potential to be implemented as the small-scale biomass power generation in the future. 

7.2. Future Perspective and Challenges 

Biomass is a potential renewable and sustainable feedstock for energy purposes, especially 

for power generation and hydrogen production. However, the limitations on its collecting 

and transporting bring insight on how we can utilize its full potential. Firstly, application of 

the small-scale biomass to energy system is important, especially in the developing and 

undeveloped countries and in regional or remote areas. In this respect, the biomass 

conversion system should be suitable for various types of biomasses and various biomass can 

be co-utilized. The findings on the work of co-pyrolysis of biomass described in Chapter 4 

and some researches about co-gasification show that some biomasses have compatibility with 

each other. However, availability of biomass in one area to the other is different and the 

behavior of co-utilization of biomass energy is still not fully understood. There are many 

gaps to fill in the scope of biomass co-utilization. The decomposition characteristic of some 

local biomass such as bamboo, palm derivative wastes, i.e. palm kernel shell, palm empty 

fruit bunch in Southeast Asia; corn cob and wheat straw in America; and municipal solid 

wastes, e.g., banana peels, eggs shell are still worth to figure out for their utilization in rural 

areas. 

In the other hand, development of new technique or system for converting biomass into 

energy is necessary for the small-scale operation. For example, to date, almost all commercial 

small-scale biomass gasification systems use the fixed-bed type gasifiers, e.g., downdraft and 
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updraft gasifiers, with low gasification efficiency. The novel invention to improve the 

efficiency of existing system is required. This study opens a way to exhibit a possibility of 

new proposed small-scale system for generating power as well as hydrogen from biomass, 

such as a separated-type biomass gasification system for the power generation described in 

Chapter 4, a hybrid system of biomass pyrolysis, steam tar reforming, and CLH processes 

for hydrogen production reflected on Chapter 5, and a new CHP system of BDCLC and ORC 

depicted in Chapter 6. However, those findings only scratch the surface of many 

opportunities on biomass to energy systems that can be proposed. Fluidized-bed type 

gasifiers, especially circulating fluidized bed gasifiers such as the dual-bed gasifier with a 

high efficiency have been widely applied in the large-scale power generation systems. How 

to miniaturize such systems and let them work efficiently in the small-scale is full of 

challenge. Furthermore, biomass to energy with carbon capture and storage (BECCS) could 

be a new attractive insight in scope of developing a new hybrid system. Carbon capture and 

storage have been an emerging technology to reduce CO2 emission from energy related fields. 

Thus, the BECCS offers a unique opportunity for promising system that produces energy 

with net removal of CO2. Moreover, utilization of the capture CO2 to be recycled back into 

the system that produces it, such as CO2-gasification and dry reforming processes can reduce 

the cost of CO2 storage. However, the BECCS has still limitations on its implementation in 

terms of technical and economic issues. As to date knowledge, inclusion of CCS to biomass 

energy conversion system could reduce the energy efficiency to 8-12% yet requires complex 

set of equipment. Hence, BECCS is only feasible for the large-scale operation. In the research 

perspective, there are many opportunities to solve these limitations for implementing the 

BECCS in small-scale processes. 

One more important thing, which should be considered in the developing of the new system 

for biomass to energy, is economic analysis. The economic analysis study should provide the 

information on whether the developing new system is really feasible to be constructed and 

will gain profit during the operation. The study and discussion can be conducted separately 

from performance analysis of the proposed system. In order to conduct economic analysis, a 

thorough detailed design, equipment sizing, material selection, and collecting database for 
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equipment cost, operating cost, and materials price are required. It is important to fulfill the 

feasibility of the system economically since one of the main challenges is still the cost to 

build a small-scale biomass to energy system. Especially, it is still too high for those 

developing and undeveloped countries. Accordingly, the researches on the development of 

lower budget technologies with high efficiency are required. 
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