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Abstract 

In order to supply the electricity in off-grid rural areas, on-site energy generation 

technologies need to be developed. For this purpose, a detailed model of downdraft 

biomass gasifier integrated with Solid Oxide fuel cell(SOFC) the system was made 

and simulated to produce power of 120 kW. Aspen Plus software was used to model 

the system. It has inbuilt unit operation blocks which were used to model different 

stages and components of gasifier and fuel cell. Fortran coding was done to model 

different design specifications as well as power calculations. Gasifier produces a 

syngas which is used as a fuel for SOFC. SOFC then converts the chemical energy 

stored in fuel to electrical energy. Stack voltage is then calculated using the Nernst 

Voltage. Voltage losses were also calculated and subtracted from the Ideal Voltage. 

Both the models for gasifier and SOFC were validated using the data from the 

literature. Our models produced results very familiar with the results from the 

literature. Sensitivity analysis was done of following operating parameters for gasifier 

to check their effect on syngas composition and efficiency; gasification temperature, 

moisture content, and equivalence ratio. For SOFC sensitivity analysis was also done 

to check the effect of varying different parameters on Cell Voltage, Power output, 

Current density and efficiency of the system. Biomass flowrate, air utilization factor, 

and fuel utilization factor were the parameters analyzed.  In order to check the 

performance of gasifier, cold gas efficiency and Low Heating Value of produced 

syngas were calculated. For SOFC’s performance measurement, its gross, as well as 

net efficiencies, were calculated. 

 

Keywords: Biomass Gasification, Solid Oxide Fuel Cell, Aspen Plus, Modeling, Off-

Grid System 
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Chapter 1: Introduction 

1.1 Bioenergy Potential 

Fossil fuels, have the largest share in today’s world energy supply and will 

contribute to 80% of world’s energy supply mix by 2040 if continued at the same pace 

[1], [2]. This scenario will lead to disastrous consequences in terms of environment 

because of greenhouse gas emissions associated with fossil fuel power plants. In order 

to avoid such situation in future renewables need to be incorporated more in energy 

mix. In recent year, two technologies; biomass gasification and fuel cells have gained 

a lot of attention in recent years.  

Biomass is considered a renewable energy source. It has many advantages over 

fossil fuels. Energy potential of different biomass feedstock is huge, because of its vast 

availability and diversity. Biomass as an energy source, also mitigates a very common 

problem in most other renewables; like wind and solar, which is their dependency on 

weather and climate. Bioenergy is estimated to contribute to quarter and third of global 

energy supply mix by 2050 [3].  In terms of environmental affects, biomass has very 

small sulfur amount, produces very less amount of ash, and emit very less greenhouse 

gas emissions as compared to fossil fuels. Burning of biomass also produces very small 

amount of H2S and other acidic gases which is the main source of acid rain. Thus, by 

incorporating biomass more and more in energy mix, will reduce the economic 

pressure caused by importing petroleum products for energy production [4] of biomass 

review.  

Biomass Conversion technologies can be divided into four major categories 

which are [4]; 

Direct Combustion Processes 

Produced energy can be used, cooking, heating, in industries for large scale 

processes, as well as electricity generation in thermal power plants. 

Biochemical Processes 

Processes involving anaerobic digestion and fermentation processes. 

Agrochemical Processes 

Such processes are those which employ mechanical methods, like extraction of 

rapeseed oil from rapeseed.  
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Thermochemical processes  

Such processes are those which involve using heat energy to increase chemical 

transformation of biomass into energy and other chemical products. Examples of 

thermochemical processes include; pyrolysis, gasification, and direct liquefaction.  

Biomass gasification to produce syngas (mixture of CO and H2) is one of the major 

application of gasification process. Produced syngas can be used in synthesis of 

various other chemicals like, Fischer troph fuels and ammonia [5]. Syngas can also be 

used as a fuel in internal combustion engines and fuel cells [6]. 

1.2 Fuel Cell’s Electricity Generation Potential 

Fuel Cell converts chemical energy into electrical by electrochemically 

combining fuel with an oxidant. It has many advantages. It produces very low NOX 

and CO2 emissions, has high conversion efficiency, and environmental acceptability. 

Application of fuel cells in power generation applications have gained a lot of 

popularity among the researchers and seem to be very promising option to provide 

clean electricity in future [7]. 

Solid Oxide Fuel Cell among the fuel cells, is one of the most efficient and 

environmental friendly technology available for power generation. It utilizes syngas, 

methane, hydrogen and other renewable fuels for power generation. Pilot scale SOFC 

systems have been developed and demonstrated in US, Japan, and different areas of 

Europe. SOFC’s are also being developed for residential, industrial, transportation and 

military applications [8]. They operate at high temperatures (around 600-1000 oC). 

High temperatures, allow internal reforming of methane, thus, variety of fuels can be 

used as fuel for SOFC. SOFC being fuel flexible allow biomass derived syngas to be 

used as fuel.  

Such systems including integration of biomass gasifier with solid oxide fuel cell, 

can be a very suitable option to supply electricity to rural areas, where no transmission 

grid is present.  
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1.3 Scope of the Work 

Biomass is one of the most cost effective and widely available energy resource 

in Pakistan. In order to meet the shortfall of energy in Pakistan, there is a need to tap 

in all the available resources. For this reason, new energy conversion systems need to 

be evaluated and optimized. There is a lot of research and work done recently on the 

hybridization of biomass gasification and solid oxide fuel cell systems. These systems 

so far seem to be very promising option for the cogeneration of heat and electricity, 

and their conversion efficiencies are greater than 40%. These carbon neutral energy 

generation systems can be a very suitable option to provide electricity to rural areas of 

Pakistan. 

Summary  

This chapter, gives a brief overview of current status of bioenergy in world. 

Benefits of bioenergy and its applications. Also, the enormous potential fuel cells have 

energy generation sector were also explained. 
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Chapter 2: Literature Review 

This chapter briefly explains the important principles of gasification and 

working of fuel cell system.  

2.1    Biomass Gasification 

Gasification is one of the most effective and common method of producing 

syngas (H2 +CO) from biomass. Gasification can be done for different types of 

feedstock, e.g. biomass, coal, industrial waste, natural gas and petroleum [9]. Biomass 

include any organic material which comes from animals or plants. Biomass can be 

majorly divided into two main groups; Virgin and waste biomass [10]. 

Table 1. Classification of Biomass Feedstock 

Virgin Biomass Woody  Trees, vines, shrubs, bushes etc. 

Herbaceous Plants that at the end of growing season 

Energy Crops Willow, poplar, switch grass etc. 

Waste Biomass Agricultural waste Livestock and manures, Agricultural 

crop residue 

Municipal waste Municipal solid waste, 

Biosolids, sewage, Landfill gas 

Industrial waste Black liquor, Demolition wood, Waste 

oil or fat 

Forestry waste Bark, leaves, floor residues 
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2.1.1    Gasification Principle 

Biomass Gasification is the thermochemical conversion of solid/liquid fuels 

into gaseous/vapours and solid products.  The vapour fraction of the product stream 

mostly called syngas consist of CO, H2, CH4, light hydrocarbons (such as ethane, 

propane) and heavier hydrocarbons (such as tar). Syngas produced from gasification 

mostly have high low heating value (4-13 MJ/Nm3) and can be used for power 

generation. It also contains undesirable gases (such as N2, H2S, HCl etc.)[11]–[13]. 

The solid portion is called char which consist of unconverted organic fraction and inert 

materials in the fed biomass. LHV of char varies from 25-30 MJ/kg [14]. The amount 

of vapour and liquid fractions as well as their compositions and heating values both 

depend on the biomass feedstock, operating conditions, and gasification technology. 

VAPOUR FRACTION
(SYNGAS: H2, CO, CH4, Ethane, 

Propane, Tar, H2S, HCL, N2, etc.) 
LHV : 4-13 MJ/Nm3

SOLID FRACTION
(CHAR: Unconverted Carbon + 

Inert materials)
LHV: 25-30 MJ/Kg

BIOMASS

HEAT

 

Figure 1. Biomass Gasification Principle 

 

2.1.2    Gasification Process 

 Gasification process consists of four major steps; 

1. Drying, 

2. Pyrolysis, 

3. Oxidation, and  

4. Reduction 

Of all four steps only one, oxidation is exothermic, while the other three are 

endothermic.  Oxidation step is also responsible to provide heat energy required by 

other endothermic processes [15], [16].  
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2.1.2.1 Drying 

First step of gasification is drying in which the moisture content of biomass 

feedstock is reduced to certain amount by supplying heat. Higher amounts of moisture 

in feedstock results in more energy loss as well as lower syngas heating value. Amount 

of required moisture content in feedstock for gasification varies from 5-35% and 

depends upon the nature of feedstock. Drying of biomass feedstock is mostly achieved 

at around 100-150 OC [17]–[21] 

Moist Feedstock + Heat   Dry Feedstock + H2O          (1) 

2.1.2.2 Pyrolysis 

Pyrolysis process involves the thermochemical decomposition of the 

carbonaceous material into lower molecular weight compounds in the absence of 

oxygen/ air. The product consists of the solid liquid, and gaseous fractions. The solid 

fraction for fixed bed gasifiers, range from 20-25 wt% and have high heating value 

and carbon content. This fraction, contains inert materials(ashes), as well as char [22]–

[25]. Liquid fraction consists of complex organic compounds called tar which are 

condensable at relatively low temperature. For downdraft gasifiers, liquid fraction is < 

1wt% [25]–[27]. Gaseous portion constitutes the major portion of pyrolysis product, 

70-90 wt% for downdraft gasifier. It includes gases which are incondensable at 

ambient temperature. It consists mainly of H2, CO, CO2, CH4, other hydrocarbons, and 

minor quantity of inert and acid gases. This step takes place at temperature range of 

250-700 OC [25], [26], [28]. Reactions taking place below 300oC are endothermic 

while those above 300 oC are exothermic. Thus, for high temperature processes 

external heating is required to maximize the gaseous fraction[18]–[21].  

Dry Feedstock + Heat    Char + Volatiles                       (2) 
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2.1.2.3 Partial Oxidation 

At this stage, heterogeneous reactions take place between solid carbonaceous 

fuel and oxygen to produces carbon dioxide and a substantial amount of heat. Oxygen 

less than the stoichiometric requirement is supplied to ensure partial oxidation. 

Hydrogen also react with oxygen to form H2O [18]–[21].  

Main oxidation reactions are; 

              C + O2 → CO2 + 406 MJ/kg. mole                    (3) 

2 H2 + O2 → 2 H2O + 242 MJ/kg mole               (4) 

Nitrogen is also present in the product gas if oxidation is performed with air 

other than O2. Heat produced by these reactions can be used in the drying, pyrolysis 

as well as the reduction step. 

2.1.2.4 Reduction 

In this zone, a number of chemical reactions take place at relatively high 

temperatures to produce high heating value syngas (mainly CO and H2). These 

reactions convert sensible heat of pyrolysis gas into chemical energy of producer gas. 

Main reactions, in the reduction zone are; 

C + CO2 → 2 CO –172.6 MJ/kg. mole (Boudourd reaction)                   (5) 

C + H2O → CO + H2 − 131.4 MJ/kg. mole (Water gas reaction)            (6) 

CO + H2O → CO2 + H2 + 42.3 MJ/kg. mole (Water gas shift reaction)   (7) 

C + 2 H2 → CH4 + 75 MJ/kg. mole (Methanation reaction)                    (8) 

The first two of these reactions are endothermic and the other two water gas shift 

and methanation are exothermic. Reaction, 7 and 8 are favoured at high temperatures 

while 5 and 6 are favoured at low temperatures. Since reaction 5 and 6 contribute more 

at high temperatures, they make the reduction step endothermic. Therefore, the 

temperature at which reduction takes place plays a key role in determining the 

composition heating value of syngas. Typical temperature range for the reduction step 

is 800-1100 OC.  
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PYROLYSIS
Thermal Decomposition

250-700 C

REDUCTION
800-1100 C

DRYING
100-150 C 

Dried Biomass + Moisture

Solid(20-25%) + Liquid((<1%) + 
Gas(70-90%)

CO2, CO, H2O + Pyrolysis Volatiles

Syngas (CO+H2, CO2, CH4, C2H3, 
acid gases + Char

OXIDATION
Hydrogen and Oxygen 

Partial Oxidation

AIR

BIOMASS

HEAT

Dried 
Biomass

 

Figure 2. Downdraft Biomass Gasification Process 
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2.2 Fuel Cells 

Fuel cells are electrochemical devices which convert chemical energy directly into 

electrical energy[29], [30]. Hydrogen contains significant amount of chemical energy 

as compared to battery materials hence can be used as a substitute for conventional 

energy generation in various applications.  

Fuel cells can be applied for small energy applications, like 1W to 10kW, in 

personal electronic devices e.g. cell phones and computers. They can also be employed 

in 1-100kW range applications e.g. transportation. Also for very high range 

applications, 1-10 MW, like power systems for electricity generation[31], [32]. 

Fuel cell technology can be used to supply electricity in rural areas; where 

electricity grid cannot reach or it gets too costly to lay the wiring for transferring 

electricity. Also, fuel cell can also aid in conventional power generation stations, and 

distributed systems by acting as their source of energy. A comparison between fuel 

cells and other power generation technologies is shown in table 1[29], [31], [33], [34]; 

 

According to this comparison fuel cells show highest conversion efficiency. 

Although, its capital cost is high, but due to its simple operation and design it has low 

maintenance cost. Also, since it uses hydrogen as an energy source they are 

environmentally clean energy generation systems [35]–[39]. Other than the high 

Table 2. Comparison Between Fuel cells and other Power generation 

Technologies 
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capital cost, fuel cell technology has few more shortcomings, for example, low per 

density per volume, less durability and accessibility, also the impurities in gas stream 

decreases their life. Still, very positive developments have been made in fuel cell 

technology in the past few years, and researchers are very keen to make this technology 

more reliable and practical. 

2.2.1 Working Principle of Fuel Cells 

In fuel cells oxygen and hydrogen undergo electrochemical reactions to 

generate electricity and heat. Water is formed as a by-product. Fuel cells have different 

designs but they all operate at the same basic principle. The main difference in different 

fuel cell types, is their electrolyte. Electrolyte allows protons to move between two 

sides of fuel cells. Thus, most of the properties of the fuel cell depends on the chemical 

characteristics of electrolyte used in them [40]. 

Equation 9 and 10 shows the basic reaction in fuel cell. 

2 H2 (g) + O2 (g) → 2 H2O + energy                                        (9) 

Hydrogen + oxygen → water + (electrical power + heat)       (10) 

Major parts of fuel cell include; anode, cathode, external circuit and electrolyte. 

At anode, catalyst cause, fuel (hydrogen) to undergo oxidation and produce proton and 

electron. These generated protons move through electrolyte to cathode. Electrons 

travel through the external circuit from anode to cathode where it reduces the oxygen 

molecules. At cathode, both protons and oxygen ions react to form water. Travel of 

electrons through the external circuit from anode to cathode generates current. Either 

oxide or proton pass through electrolyte depending on the chemical properties of the 

electrolyte. Electrolyte do not allow electrons to flow through it restricting their 

transport through external circuit only [41]. Amount of current produced from fuel 

cells is very small because of the very small contact area between electrolyte, 

electrodes and gas streams. Also the distance between electrodes also affect the travel 

time of protons and generation of current. Thus, for more electrolyte and gas 

penetration in electrodes to increase fuel cell’s efficiency, thin layer of electrolyte with 

porous electrodes is considered. 



 

12 

 

Different fuel cells have different electrochemical reactions between hydrogen 

and oxygen.  

The reactions occurring in acid electrolyte fuel cell are given by equations 11 

and 12. 

Anode: 2 H2 → 4H+ + 4e−               (11) 

Cathode: O2 + 4e− + 4H+ → 2 H2O   (12) 

These acid electrolytes only allow H+ ions to pass through it and thus are called 

proton exchange membranes. If electrons were to pass through electrolyte, than 

electrical current will be lost in the process [29]. 

2.2.2 Types of Fuel Cells 

Fuel cells, are classified into six groups depending on their fuel and electrolyte 

type [31]: 

1. Alkaline fuel cell (AFC) 

2. Phosphoric acid fuel cell (PAFC) 

3. Solid oxide fuel cell (SOFC) 

4. Molten carbonate fuel cell (MCFC) 

5. Proton exchange membrane fuel cell (PEMFC) 

6. Direct methanol fuel cell (DMFC) 

Table below gives a comparison of different fuel cell technologies; [29], [42]–[44]; 
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Table 3. Comparison of Different Fuel cell Technologies 
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2.2.3 Solid Oxide Fuel Cells 

Solid oxide fuel cells (SOFC) are characterized by their high operating 

temperatures and metallic solid oxide or ceramic electrolyte. 

 

Figure 3. Working Principle of SOFC [45] 

SOFC’S instead of using only hydrogen as an energy source, use a mixture of 

carbon monoxide and hydrogen which is formed as a result of the internal reforming 

of hydro carbonaceous fuel and oxidant in fuel cell [41]. For electrolyte, Yttria 

stabilized zirconia (YSZ) is mostly used because of their pure ionic conductivity and 

chemical and thermal stablity [46], [47]. 

Fuel is supplied to anode while oxidant (air/pure oxygen) is supplied to 

cathode. Oxygen is oxidized at cathode and fuel is reduced at anode, both at around 

1000 °C. Porous anode is used to make the fuel and products movement easier [48]–

[50] 

Oxidation and Reduction reactions occurring in SOFC’s are given in equation 

13 and 14. 

Oxidation: (1/2) O2 (g) + 2e− → O2−(s)               (13) 

Reduction: O2− (s) + H2 (g) → H2O (g) + 2e−       (14) 

SOFC are majorly employed in distributed power generation, capable of 

generating power up to hundreds of megawatts. The heat generated as a by-product 

can also be used in gas turbines thus producing more electricity and increasing the 

combined heating and power efficiency to 70-80 %. SOFC’s are fuel adaptable and 
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modular with low greenhouse gas emissions. They are extremely suitable for areas 

where the public grid does not supply electricity. 

However, work needs to be done to manage their long start-up and cooling times, 

as well as several mechanical and chemical stability issues also arise due to their high 

operating temperatures. Researchers have explained various solutions to lower their 

operating temperatures and sustainable counter measures for SOFC [47]–[49], [51], 

[52]. 

Summary 

In this section basic principle of biomass gasification was explained, together 

with the detailed chemistry of different stages of biomass gasification. Different stages 

of gasification include; Drying, Pyrolysis, Oxidation, and Reduction. In the second 

part of this section, working principle of fuel cells is explained. Fuel cells are 

categorized based on the types of electrolyte. Solid Oxide fuel cell is explained in 

detail, since it will be modelled in this study. 
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Chapter 3: Design and Modeling of 

Gasifier and Fuel Cell 

This chapter briefly explains the design and modeling of gasifier and fuel cell. 

3.1 Biomass Gasification Modeling 

In this thesis, biomass gasification process is modelled using Aspen Plus simulator.  

Aspen Plus allows to simulate chemical engineering processes using inbuilt different 

process models. First of all, process flowsheet is made built using its unit operation 

blocks. Their property method, and initial and operating conditions are specified. 

Peng Robinson equation of state with the Boston-Mathias alpha function (PR-BM), 

was specified as the property method to calculate thermodynamic properties of the 

components [53]. PR-BM is used for processes involving, nonpolar and mildly polar 

mixtures such as light gases and hydrocarbons. Units were set to METSOLIDS, which 

uses metric system units. All the components in the process were than specified as 

conventional components except for Biomass and Ash which were specified as Non-

Conventional. For NC components, enthalpy calculation model was set to 

HCOALGEN, and density to DCOALIGT [54]. Both of these methods, perform 

calculations based on the ULTIMATE, PROXIMATE, and SULFANAL analysis 

when all four option codes are set to 1. Option codes define how the heat of 

combustion, the standard heat of formation, the heat capacity, and the enthalpy will be 

calculated. For Biomass first code was changed to 6, to specify heat of combustion of 

biomass. In the simulation mode, stream class was set to MIXCINC. It is used when 

both conventional and nonconventional solids are present, but without particle size 

distribution. Here MIX is for mixed substream, CI for CISOLID, and NC for 

nonconventional components.  
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3.1.1 Flowsheet Development 

 

Figure 4. Aspen Plus Biomass Gasification Flowsheet 

Main Assumptions: 

1. The whole process is isothermal and steady-state 

2. Char consists only of carbon and ash 

3. Tar and other heavy hydrocarbons are not considered 

4. Blocks are considered zero-dimensional, characterized by uniform 

temperature and perfect mixing 

5. Residence time is enough to reach equilibrium in the R-Gibbs block 

6. Biomass particles size distribution is not considered and they are assumed to 

spherical and not affected during the course of reactions 

“Drier” block is used to simulate the drying of biomass feedstock. Rstoic unit 

operation block is used for this process. BIOMASS stream defined as NC stream with 

proxanal, ultanal, and sulfanal attributes added to it was introduced in the Drier block. 

Air at atmospheric pressure and elevated temperature was entered in the “Drier” block 

through the stream “AIR0” to provide heat for the drying process. Rstoic block is used 

to convert a portion of biomass into water. The following reaction is specified in the 

Rstoic block to model the conversion process. 

biomass (wet)  0.0555084 H2O            (15) 
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According to it 1 mole of biomass reacts to form 0.0555084 moles of water. 

This general reaction is used because the modelled gasifier is to be used for different 

biomass feedstock. Fractional conversion of biomass was initially set to 0.2, which 

will be later set by a calculator block. 

Drying the biomass will change the moisture value in the proximate analysis. 

Rest of the elements in proxanal, sulfanal and ultanal analysis are on dry basis, thus 

they will not be disturbed during the drying process. Thus, value for moisture in 

proxanal component attribute of the NC substream of BIOMASS stream is changed to 

1 which will be calculated later by the calculator block.  

The mixture than enters the “DRY FLASH” block which was modelled using 

FLASH 2-unit operation block. It separates the dried biomass from exhaust.   

Dried biomass than enters the DECOMP block which simulates the pyrolysis 

process. RYIELD unit operation model is used to simulate decomposition of 

nonconventional biomass into conventional components (C, H, O, N, S) [55]. Initial 

component yields were entered which were later set by a Fortran block which takes 

into consideration the ultimate analysis of the biomass feedstock [56].  

Decomposed yield than enters the SEPARATO block, which separates the char 

and hydrogen from other volatiles. Char and hydrogen stream goes to OXIDATIO 

block modelled by RGibbs unit operation model.  

Restrict chemical equilibrium approach was selected and oxidation reactions 

were specified in the block. Required oxygen was also provided by introducing an air 

stream. Its flowrate was set using a calculator block. Products of the oxidation block 

are mixed with the VOLATILES stream from SEP2 block in MIXER and then entered 

in the REDUCTIO block. Reduction block is used to model the reduction zone of the 

gasifier, using the RGIBBS reactor which calculates equilibrium using the gibbs free 

energy minimization method. Reduction reactions were specified in this block with 

temperature approach option selected [57]. Product stream from REDUCTIO block 

called syngas than undergoes the syngas clean up unit. 

Syngas enters the CYCLONE block modelled by SSplit unit operation, whose 

function is to separate the solids from the syngas. Stream is then cooled to ambient 
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temperature using the unit operation model HEAT called COOLER in the flowsheet. 

Energy released during cooling is recovered using the heat stream Q2. Acid gases such 

as H2S is then removed from the stream by passing the syngas through the 

HESREMOV block.   

3.1.2 Inlet Streams Specification 

Inlet stream’s temperature, pressure, composition, and flowrates are given in 

the table below; 

Table 4. Stream Specifications 

Streams Composition Temperature Pressure Mass 

Flowrate 

BIOMASS Specified at its 

Ultimate, 

Proximate and 

Sulfonate 

Analysis 

25 oC 1 atm 100 kg/hr 

AIR0 21% O2, 79% 

N2 

100 oC 1.01325 bar 800 kg/hr 

AIR2 21% O2, 79% 

N2 

450 oC 1.01325 bar 5 kg/hr (Set 

using 

Calculator 

Block) 

 

 

 

 

 

 



 

25 

 

3.1.3 Block Specifications 

Details of different blocks used to model different stages of the process is given 

in the table below; 

Table 5. Block Specifications 

Block Aspen 

Name 

Purpose Operating Parameters 

DRIER RStoic Reduces the moisture content 

of the biomass feedstock 

0 Gcal/hr 1.01325 bar 

DRYFLASH Flash2 Separates the moisture stream 

from dry biomass 

0 Gcal/hr 1.01325 bar 

DECOMP RYield Decompose the biomass into its 

component streams based on 

ultimate and proximate analysis 

500 oC 1.01325 bar 

SEPARATO Sep2 Separates the volatiles from 

char  

  

OXIDATIO  RGIBBS Oxidation of Carbon occurs in 

this block 

950 oC 1.01325 bar 

MIXER Mixer Oxidation products are mixed 

with the separated volatiles 

 0 bar 

REDUCTIO RGibbs Reduction of mixed stream 

occurs which produces syngas 

789 oC 1.01325 bar 

CYCLONE SSplit Separates unreacted carbon 

from syngas 

  

COOLER Heater Reduces the temperature of 

syngas to send into H2S 

Removal unit 

300 oC 1.01325 bar 

H2SREMOV Sep Separates out H2S from syngas   

 

 



 

26 

 

3.1.4 Calculator Blocks 

3.1.4.1 Water block 

This calculator block sets the final moisture content in dried biomass stream and 

the fractional conversion of biomass to water.  

Following equations were entered in the calculator block; 

     (Eq. 1) 

                                    (Eq. 2) 

Where, 

DRIERIN = Mass flow rate of BIOMASS in stream MBIOAIR 

DRIEROUT = Mass flow rate of BIOMASS in stream MBIO H2O 

IN H2O = Percent moisture in the BIOMASS in stream MBIOAIR 

DRY H2O = Percent moisture in the BIOMASS in stream MBIO H2O 

CONV = Fractional conversion of BIOMASS to H2O in the block DRIER 

Equation 16 is the material balance for water, and equation 17 is the overall 

material balance. These equations can be combined to yield equation 18: 

                                             (Eq. 3) 

Use equation 3 in a Calculator block to ensure these three specifications are 

consistent. 

Fortran coding: 

F      DRY H2O = 8.910 

F      CONV = (IN H2O - DRY H2O) / (100 - DRY H2O) 

The Calculator block specifies the moisture content of the dried coal and 

calculates the corresponding conversion of coal to water. 

2 2

100 100

INH O DRYH O
DRIERIN DRIEROUT DRIERIN CONV    

-DRIERIN DRIEROUT DRIERIN CONV 

2 - 2

100 2

INH O DRYH O
CONV

DRYH O






 

27 

 

 

Figure 5. WATER Block Variables 

This calculator block is executed before the DRIER block. 

3.1.4.2 Combust block 

This calculator block sets the yield of different elements in the pyrolysis product 

stream based on its ultimate analysis. 

Dried Biomass → Volatiles (H2, CO, CO2, H2O, CH4 Equivalent and Tar) + Char 

(16) 

Following variables were defined; 

 

Figure 6. COMBUST Block Variables 

Fortran coding: 

F      FACT = (100 - WATER) / 100 

F      H2O = WATER / 100 

F      ASH = UTL(1) / 100 * FACT 

F      CARB = UTL(2) / 100 * FACT 

F      H2 = UTL(3) / 100 * FACT 

F      N2 = UTL(4) / 100 * FACT 
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F      SULT = UTL(6) / 100 * FACT 

F      O2 = UTL(7) / 100 * FACT 

Where, 

UTL = Vectors, ultimate analysis of BIOMASS 

WATER = Percent moisture in the BIOMASS 

FACT = Content of BIOMASS in the DBIOMASS 

H2O =    Content of H2O in the pyrolysis products 

CARB = Content of CO2 in the pyrolysis products 

H2 = Content of H2 in the pyrolysis products 

N2 = Content of N2 in the pyrolysis products 

SULT = Content of S in the pyrolysis products 

O2 = Content of O2 in the pyrolysis products 

ASH = Content of ash in the pyrolysis products 

COMBUST calculator block was operated before the DECOMP block. 

3.1.4.3 B2 block 

Calculates the flowrate of air into the oxidation block depending on the specific 

Air to Fuel ratio required to ensure proper oxidation and reduction process. 

 

Figure 7. B2 Block Variables 

 

Equation entered in the fortran block was;  

F     AIR= 1.53*BIOMASS 
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3.1.5 Efficiency Calculations 

In order to access the performance of the modelled gasifier, various parameters 

were identified to analyse the efficiency of the gasifier. With the known composition 

of produced syngas, it is also possible to estimate the calorific heating value of the 

product gas, carbon conversion during the gasification process and cold gas efficiency. 

3.1.5.1 Low Heating Value of the produced syngas 

LHV of the syngas depends on the percentage of H2, CO, and CH4 in the product 

stream. It can be calculated using the below given formula; 

LHV (product gas) = X H2LHV H2 +XCOLHVCO + X CH4LHV CH4        (Eq. 4) 

Standard heating values of the product gas are given in the table below; 

Table 6. Standard Heating Values of H2, CO, CO2, and CH4 

Gases H2 CO CO2 CH4 

HHV (MJ/Nm3) 12.74 12.63 0 39.82 

LHV (MJ/Nm3) 10.78 12.63 0 35.88 

3.1.5.2 Cold Gas Efficiency 

Cold gas efficiency is also a parameter to analyse the performance of gasifier. It 

calculates the energy which is transferred from biomass to product syngas.  

It can be calculated using the following equation; 

𝐶𝐺𝐸 =  (𝑚𝑓(𝑔𝑎𝑠)  ∗  𝐿𝐻𝑉𝑔𝑎𝑠)/(𝑚𝑓(𝑏𝑖𝑜𝑚𝑎𝑠𝑠)  ∗  𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠)    (Eq. 5) 

It is called cold gas efficiency as it does not consider the product gas to be at 

very high temperature. 

Higher the CGE, higher the carbon conversion. 

3.1.5.3 Carbon Conversion 
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Carbon conversion is another parameter used to analyse the efficiency of the 

gasification process. It is the ratio between the mass fraction of carbon in the product 

stream to carbon in the biomass. 

It is given by the formula; 

           (Eq. 6) 

3.1.5.4 H2/CO Ratio: 

H2/CO ratio is defined as;  

𝐻2/𝐶𝑂 =  𝑉𝑜𝑙 % 𝑜𝑓 𝐻2(𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠)/ 𝑉𝑜𝑙% 𝑜𝑓 𝐶𝑂 (𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠)                    (Eq. 7) 
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3.2 SOFC Modeling 

In this section, SOFC is modelled using Aspen Plus Simulator. Tubular SOFC 

technology is modelled. In tubular SOFC, single cells are stacked together to step up 

the voltage and power output. Electrochemical reactions in a tubular stack depend 

upon stack and cell geometry, operating temperature and pressure, syngas 

composition, and current density[58]. There is no Aspen Plus block model which can 

represent SOFC. Equilibrium reactors utilizing RGibbs free energy minimization 

method was used to model the main SOFC, however, other unit operation models with 

minimum requirements of linking to a subroutine were used to model the whole SOFC 

system. Tubular SOFC technology developed by Siemes-Westinghouse Model with 

internal reforming, is modelled in this study [59]–[61]. Model performs mass and 

energy balance and voltage calculations. Voltage calculations were implemented using 

Fortran block options in sensitivity analysis block of model analysis tools. 

Peng Robinson equation of state with the Boston-Mathias alpha function (PR-BM), 

was specified as the property method to calculate thermodynamic properties of the 

components. PR-BM is used for processes involving, nonpolar and mildly polar 

mixtures such as light gases and hydrocarbons. Units were set to METCBAR, which 

uses metric system units. All the components in the process were than specified as 

conventional components. In the simulation mode, stream class was set to CONVEN. 

It is used when no solids are present, and only mixed stream is present.  
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3.2.1 Flowsheet Development 

 

Figure 8. Aspen Plus SOFC Flowsheet 

Main Assumptions: 

 The whole process is isothermal and steady-state 

 0-D model 

 Reforming and shift reactions reach chemical equilibrium 

 Overall oxidation of H2 is considered since movement of ions through 

electrolyte cannot be modelled 

 CO is shifted to H2 and CH4 is reformed to H2 [62]–[65]  

 Blocks are considered zero-dimensional, characterized by uniform temperature 

and perfect mixing 

 Residence time is enough to reach equilibrium in the R-Gibbs block 

 The system operates in a steady state condition and the changes in kinetic and 

potential energies are negligible. 

 Heat loss from the components and the connecting pipes is negligible. 

 Contact resistances are negligible. 

 Unreacted gases are assumed to be fully oxidized in the afterburner  

Syngas first enters the compressor which increases its pressure slightly to make it 

flow through the model. Compressor is operated at 90% efficiency. Syngas operating 

conditions were entered. Its initial flowrate was set to 1kmol/hr which will be later 

defined by the required output power of the SOFC. Syngas was then heated to the 
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preheating temperature in HEATER1 and then send to anode which is modelled using 

RGibbs Equilibrium reactor using the restrict chemical equilibrium approach. Internal 

reforming equations and overall reaction equation are entered in this block. 

Internal Reforming reactions are given by equation 17 and 18; 

Steam Reforming: CH4  + H2O     3H2 + CO                              (17) 

CO-Shift Reaction: CO  + H2O     CO2 + H2                               (18) 

Overall Reaction is the combination of reactions occurring at anode and 

cathode given by equation 19; 

Overall Reaction:  H2  + 0.5 O2     H2O                                      (19) 

In anode, CH4 is reformed to H2, CO is shifted to CO2, and H2 is oxidized. 

These reactions reach equilibrium at the operating temperature of anode. Hydrogen 

consumed in the overall reaction is the one produced in equation 17 and 18 as well as 

any hydrogen coming in with the syngas stream. Air at operating conditions is then 

introduced in another stream. Its initial flowrate is first set to 50 kmol/hr which will be 

later defined using a design specification block which varies the air flowrate till air 

utilization factor becomes equal to a specified value. Air utilization factor (Ua) is the 

ratio of oxygen utilized in SOFC to oxygen entered in SOFC.  

𝑈𝑎 =  (𝑛 𝑂2𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑)/(𝑛 𝑂2𝐼𝑁)                                                                  (Eq. 8) 

Where n O2Consumed is calculated using the following set of equations; 

𝑛 𝑂2𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 =  0.5𝑛 𝐻2𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑                                                          (Eq. 9) 

𝑛 𝐻2𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 =  𝑈𝑓 𝑥 𝑁 𝐻2𝐼𝑁                                                             (Eq. 10) 

𝑛 𝐻2𝐼𝑁 =  𝑛 𝐻2 𝑠𝑦𝑛𝑔𝑎𝑠 +  1(𝑛 𝐶𝑂𝑠𝑦𝑛𝑔𝑎𝑠)  +  4(𝑛 𝐶𝐻4𝑠𝑦𝑛𝑔𝑎𝑠)              (Eq. 11) 

n H2syngas is molar flowrate of H2 in syngas, nCOsyngas is molar flowrate of 

CO in SYNGAS stream, and CH4syngas is molar flowrate of CH4 in syngas stream. 

Uf is the fuel utilization factor which represents the conversion of fuel into water.   

The AIR stream then enters a compressor AIRCOMP block, which compresses 

the air slightly to make it flow through the SOFC. Compressor isentropic efficiency is 
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set to 85%. Compressed air than pass through a heat exchanger HEATX2. In HEATX2 

AIR stream gets heated by the combustion products stream. Air stream is further 

reheated to SOFC’s operating temperature using HEATER2. In SOFC, air stream 

further gets heated by the electrochemical reactions, here HEATX2 and HEATER2 

simulate that.  Air stream than enters the CATHODE block, which separates the O2 

required by the electrochemical reactions. Separated O2 than enters the anode. This 

step models the oxygen ion cross over to the anode.  

In anode, SYNGAS and O2 undergoes electrochemical reactions. Anode-off 

gas than enters the POSTCOMBUSTION chamber which is modelled using the 

RSTOIC reactor which is used when we know the fractional conversion or the extent 

of reaction. Complete combustion is assumed. 

Combustion reactions are; 

Hydrogen oxidation: H2 + O2 = H2O                                  (20) 

Carbon monoxide oxidation: CO + O2 = CO2                     (21) 

3.2.2 Inlet Streams Specification 

Inlet stream’s temperature, pressure, composition, and flowrates are given in 

the table below; 
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Table 7. Stream Specifications for SOFC 

Streams Composition Temperature Pressure Mass 

Flowrate 

SYNGAS Specified at its 

Ultimate, 

Proximate and 

Sulfonate 

Analysis 

300 oC 1.01325 bar Set using 

Design 

Specification 

block 

depending 

upon power 

output 

AIR 21% O2, 79% 

N2 

25 oC 1.01325 bar 5 kmol/hr (Set 

using Design 

Spec Block 

depending 

upon UA) 

WATER1 100% H2O 25 oC 1.01325 bar 0.5 kmol/hr 

(Set using 

Design Spec 

Block 

depending 

upon STCR) 
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3.2.3 Block Specifications 

Detail of blocks used in simulating SOFC is given in table below; 

Table 8. Block Specifications for SOFC 

Block Aspen 

Name 

Purpose Operating Parameters 

SYNCOMP Compr Increases the pressure of 

incoming syngas to make it 

flow through the system 

 1.097 bar 

HEATER1 Heater Increases the temperature of 

the pressurized syngas 

900 oC  Delta P =0 

AIRCOMP Compr Compresses the air slightly to 

make it flow through the 

system 

500 oC 1.097 bar 

HEATER2 Heater Increases the temperature of air 

to specified air temperature 

from literature  

630 oC Delta P = 0 

HEATX  HeatX Further increases the 

temperature of air to undergo 

reactions at anode 

Cold Stream 

outlet T = 800 

oC (Later set 

using DS 

Block) 

Delta P =0 

HEATER3 Heater Increases the temperature of 

incoming water stream 

T = 610 oC Delta P =0 

MIXER1 Mixer Mixes syngas with water to 

reach specified STCR  

  

ANODE RGibbs Reforming as well as 

electrochemical reactions take 

place 

T = 910 oC Delta P =0 

CATHODE Sep Separates the O2 required at 

anode depending upon UA 

  

POSTCOMB RStoic Complete combustion of the 

anode off gas takes place 

T = 900 oC Delta P =0 

 

 



 

37 

 

3.2.4 Design Specification blocks 

3.2.4.1 AIR block 

This block is used to set the flowrate of air into SOFC, depending upon the air 

utilization factor. 

Variables defined are; 

 

Figure 9. AIR Block Variables 

SPEC :  FAIR*X O2*0.167 

TARGET : 0.85*( H2 + CO + 4.0* CH4)*0.5 

TOLERANCE : 0.1 

3.2.4.2 SYNWATER block 

This design specification block sets the flowrate of water which is mixed with 

syngas, depending upon the specified steam to carbon ratio.  

Steam to Carbon Ratio is given by; 

STCR = Moles of Carbon/Moles of H2O 

STCR = (NCO+N CO2+N CH4)/N H2O 
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Variables defined were; 

 

Figure 10. SYNWATER Block Variables 

SPEC :  H2OIN+ H2O 

TARGET : 2.5*( CH4+CO+ CO2) 

TOLERANCE : 0.1 

3.2.5 Calculator Blocks 

3.2.5.1 TANODE block 

This block is used to set the temperature of HEATER1 block which heats the 

incoming syngas to preheating temperature. Its temperature is set around 300 OC less 

than the SOFC’s operating temperature.  

Variables defined are; 

 

Figure 11. TANODE Block variables 

Fortran Coding: 

F      ANODEGAS = SOFC-300 

3.2.5.2 TCATHODE Block 

This calculator block calculates the temperature of the air stream when leaving 

the heat exchanger. It is set around 100 degrees less than SOFC. 
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Variables defined are; 

 

Figure 12. TCATHODE Block Variables 

Fortran Coding: 

F      CATHOGAS = SOFC-100 

3.2.5.3 TWATER block 

Sets the temperature of block HEATER3, which preheats the incoming water 

stream.  

Variables defined are; 

 

Figure 13. TWATER Block Variables 

Fortran Coding: 

F      WHEAT = SYNTEMP 

3.2.6 Voltage Calculations 

Voltage of the SOFC is calculated by first calculating the Nernst Voltage (ideal 

voltage), and then subtracting various voltage losses from the ideal voltage.  

𝐕𝑵 =
−∆𝑔𝑓

2.𝐹
+

𝑅𝑔.𝑇𝑎𝑣𝑔

2.𝐹
ln

𝑃𝐻2 .𝑃𝑂2
0.5

𝑃𝐻2𝑂
                                                                 (Eq. 12) 

Where, 

∆𝑔𝑓 = molar Gibbs free energy of formation (J/mol) at standard pressure (1 bar), and 

2 represents the number of moles of electrons produced per mole of H2 fuel reacted,  

F =  Faraday constant (96,485 C/mol),  
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𝑇𝑎𝑣𝑔 = average temperature between the SOFC inlet and outlet streams (K),  

𝑅𝑔 = universal gas constant (8.314J/mol.K) and  

𝑃𝑖= partial pressure (in bar) of gaseous component i. 

Voltage Losses can be divided into three main categories; 

1. Ohmic Loss 

2. Activation Loss 

3. Concentration Loss 

Details of these losses is given below; 

3.2.6.1 Ohmic Loss 

Loss in voltage which results because of the resistance which electrons face 

during their movement through electrodes and interconnections, and the resistance 

which ions face while their flow through electrolyte. Ohmic loss is the highest in 

tubular SOFC’s because of the long current flow paths through it.  

Following equations (33-36) are used to calculate ohmic losses through 

different components [66]; 

𝑉𝑂ℎ𝑚_𝐴 =  
𝑗.𝜌𝐴(𝐴.𝜋.𝐷𝑚)2

8.𝑡𝐴
                                            (Eq. 13) 

𝑉𝑂ℎ𝑚_𝐶 =  
𝑗.𝜌𝐶(𝜋.𝐷𝑚)2

8.𝑡𝐶
∙ 𝐴[𝐴 + 2(1 − 𝐴 − 𝐵)]         (Eq. 14) 

𝑉𝑂ℎ𝑚_𝐸 = 𝑗. 𝜌𝐸 . 𝑡𝐸                                                    (Eq. 15) 

𝑉𝑂ℎ𝑚_𝐼𝑛𝑡 = 𝑗. 𝜌𝐼𝑛𝑡(𝜋. 𝐷𝑚)
𝑡𝐼𝑛𝑡

𝑤𝐼𝑛𝑡
                                (Eq. 16) 

 

Where, 

𝐴. 𝜋 = angle related to the extent of electrical contact  

𝐵. 𝜋 = angle related to the interconnection.  
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𝑗 = current density (A/m2),  

𝐷𝑚 = mean diameter of a cell (m),  

𝑡 = the cell component thickness (m)  

𝑤𝐼𝑛𝑡 = interconnection width (m) 

𝜌𝐴  = Anode resistivity (Ωm) 

𝜌𝐶  = Cathode resistivity (Ωm) 

𝜌𝐸 = Electrolyte resistivity (Ωm) 

𝜌𝐼𝑛𝑡 = Interconnection resistivity (Ωm) 

These resistivity terms are determined using the temperature dependent 

relations given in equations (37-40) [67], [68] 

Anode resistivity 𝜌𝐴  (Ωm)                         2.98 x 10-5exp(-1392/Top)    (Eq. 17) 

Cathode resistivity 𝜌𝐶 (Ωm)                     8.114 x 10-5exp(600/Top)       (Eq. 18) 

Electrolyte resistivity 𝜌𝐸 (Ωm)                 2.94 x 10-5exp(10350/Top)     (Eq. 19) 

Interconnection resistivity 𝜌𝐼𝑛𝑡 (Ωm)        0.025                                     (Eq. 20) 

 

3.2.6.2 Activation Loss 

It is the loss due to the energy barrier which reacting species need to overcome 

at electrodes. Because of high operating temperature, activation loss is less in SOFC’s. 

Activation loss at anode and cathode are given by the following equations; 

Anode: 

1

𝑅𝐴𝑐𝑡_𝐴
=  

2.𝐹

𝑅𝑔.𝑇𝑜𝑝
∙  𝑘𝐴 (

𝑃𝐻2

𝑃0
)

𝑚

𝑒𝑥𝑝 (
−𝐸𝐴

𝑅𝑔.𝑇𝑜𝑝
)                      (Eq. 21) 

Cathode: 
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1

𝑅𝐴𝑐𝑡_𝐶
=  

4.𝐹

𝑅𝑔.𝑇𝑜𝑝
∙  𝑘𝐶 (

𝑃𝑂2

𝑃0 )
𝑚

𝑒𝑥𝑝 (
−𝐸𝐶

𝑅𝑔.𝑇𝑜𝑝
)                      (Eq. 22) 

Where, 

𝑅𝐴𝑐𝑡_𝐶 = specific resistance (Ωm2) at cathode 

𝑅𝐴𝑐𝑡_𝐴 = specific resistance (Ωm2) at anode 

𝑃𝑖 = partial pressures (bar) which were taken as average values of the pressure 

of anode and cathode inlet and outlet streams (0-D model).  

𝑃0 = reference pressure, taken as 1 bar; 

𝐸𝐴 = Activation Energy at Anode 

𝐸𝐶 = Activation Energy at Cathode 

𝑘𝐴 = pre-exponential factors for Anode 

𝑘𝐶 =. pre-exponential factor for Cathode 

 

3.2.6.3 Concentration Loss 

Loss because of the mass transfer limitation in porous electrodes. 

Concentration losses at anode and cathode can be calculated by following 

equations (43,44); 

𝑉𝐶𝑜𝑛𝑐_𝐴 =  −
𝑅𝑔.𝑇𝑜𝑝

2.𝐹
ln [

1−(𝑅𝑔.𝑇𝑜𝑝 2.𝐹⁄ )(𝑡𝐴 𝐷𝐴𝑛(𝑒𝑓𝑓)⁄ .𝑦𝐻2
0 .𝑃𝑆𝑂𝐹𝐶)𝑗

1+(𝑅𝑔.𝑇𝑜𝑝 2.𝐹⁄ )(𝑡𝐴 𝐷𝐴𝑛(𝑒𝑓𝑓)⁄ .𝑦𝐻2𝑂
0 .𝑃𝑆𝑂𝐹𝐶)𝑗

]        (Eq. 23) 

𝑉𝐶𝑜𝑛𝑐_𝐶 =

 −
𝑅𝑔.𝑇𝑜𝑝

4.𝐹
ln {

(𝑃𝑆𝑂𝐹𝐶 𝛿𝑂2
⁄ )−[(𝑃𝑆𝑂𝐹𝐶 𝛿𝑂2

⁄ )−𝑦𝑂2
0 .𝑃𝑆𝑂𝐹𝐶]𝑒𝑥𝑝[(𝑅𝑔.𝑇𝑜𝑝 4.𝐹⁄ )(𝛿𝑂2 .𝑡𝐶 𝐷𝐶𝑎𝑡(𝑒𝑓𝑓)⁄ .𝑃𝑆𝑂𝐹𝐶)𝑗]

𝑦𝑂2
0 .𝑃𝑆𝑂𝐹𝐶

}    

(Eq. 24) 

𝑦𝐻2

0  = average values of gas molar fraction of H2 in the inlet and outlet streams 

of anode 
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𝑦𝐻2𝑂
0  = average values of gas molar fraction of H2O in the inlet and outlet 

streams of anode 

𝑦𝑂2

0  = average values of gas molar fraction of O2 in the inlet and outlet streams 

of cathode 

𝐷𝐶𝑎𝑡(𝑒𝑓𝑓) = diffusion coefficient cathode 

𝐷𝐴𝑛(𝑒𝑓𝑓) = diffusion coefficient anode 

For diffusion coefficient calculations; both ordinary and Knudsen diffusion are 

considered. Ordinary diffusion occurs when pores of electrode are larger than the mean 

free path of gas molecules, while Knudsen diffusion occurs when pores are smaller 

than the mean free path. 

Equation 45 and 46 are used to calculate ordinary binary diffusion and effective 

ordinary binary diffusion coefficients; 

𝐷𝑖𝑘 =  
1 × 10−7𝑇𝑜𝑝

1.75(1 𝑀𝑖⁄ +1 𝑀𝑘⁄ )1 2⁄

𝑃(𝑣𝑖
1 3⁄ +𝑣𝑘

1 3⁄ )
2                        (Eq. 25) 

            𝐷𝑖𝑘(𝑒𝑓𝑓) =  𝐷𝑖𝑘(𝜀 𝜉⁄ )                                            (Eq. 26)             

Where, 

subscripts i and k = the gaseous components that make up the 

binary gas mixture (H2- H2O at the anode and O2- N2 at the cathode),  

P = Atmospheric pressure and  

v = Fuller diffusion volume,  

taken as 7.07, 12.7, 16.6 and 17.9 for H2, H2O, O2 and N2 respectively 

Mi = molecular weight (kg/Kmol) of the gaseous component 

𝜀 = porosity of electrodes 

𝜉 = tortuosity of electrodes 
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Equation 47 and 48 are used to calculate Knudsen diffusion and effective 

Knudsen diffusion coefficients; 

𝐷𝐾,𝑖 = 97𝑟(𝑇𝑜𝑝 𝑀𝑖⁄ )
0.5

                                                            (Eq. 27) 

𝐷𝐾,𝑖(𝑒𝑓𝑓) = 𝐷𝐾,𝑖(𝜀 𝜉⁄ )                                                               (Eq. 28) 

Overall effective diffusion coefficient for each gas was then calculated using 

the below equation; 

1 𝐷𝑖(𝑒𝑓𝑓)⁄ = 1 𝐷𝑖𝑘(𝑒𝑓𝑓)⁄ + 1 𝐷𝐾,𝑖(𝑒𝑓𝑓)⁄                                      (Eq. 29) 

Then anode and cathode diffusion coefficients were calculated using the given 

equation 50 and 51; 

𝐷𝐴𝑛(𝑒𝑓𝑓) = (
𝑦𝐻2𝑂

0 .𝑃𝑆𝑂𝐹𝐶

𝑃𝑆𝑂𝐹𝐶
) 𝐷𝐻2(𝑒𝑓𝑓)

+ (
𝑦𝐻2

0 .𝑃𝑆𝑂𝐹𝐶

𝑃𝑆𝑂𝐹𝐶
) 𝐷𝐻2𝑂(𝑒𝑓𝑓)

         (Eq. 30) 

𝐷𝐶𝑎𝑡(𝑒𝑓𝑓) = 𝐷𝑂2(𝑒𝑓𝑓)                                                                  (Eq. 31) 

Constant Sigma 𝛿𝑂2
 is calculated using the below equation; 

𝛿𝑂2
=

𝐷𝐾,𝑂2(𝑒𝑓𝑓)

(𝐷𝐾,𝑂2(𝑒𝑓𝑓)+𝐷𝑂2−𝑁2(𝑒𝑓𝑓))
                                                      (Eq. 32) 

Where, 

I = gaseous components (H2, H2O, O2 or N2),  

r = electrode pore radius (m)  

 

Actual cell Voltage is then calculated by subtracting voltage losses from Nernst 

voltage. 

𝑉 = 𝑉𝑁 − 𝑉𝑜ℎ𝑚 − 𝑉𝑐𝑜𝑛𝑐 − 𝑉𝑎𝑐𝑡                                                  (Eq. 33) 
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3.2.6.4 Model Parameters: 

Model Parameters for SOFC are given in the below table; 

Table 9. Model Parameters for SOFC 

Geometry [47], [68]–[70]  

Cell length/diameter (m) 1.5 / 0.022 

Anode thickness (m) 0.0001 

Cathode thickness (m) 0.0022 

Electrolyte thickness (m) 0.00004 

Interconnection thickness (m) 0.000085 

Interconnection width (m) 0.009 

Ohmic Loss [66]  

A/B 0.804 / 0.13 

Activation Loss [64], [71]  

Pre-exponential factor KA / KC (A/m2) 2.13 x 108 / 1.49 x 1010 

Slope   m 0.25 

Activation Energy EA / EC (J/mol) 110000 / 160000 

Concentration Loss [72], [73]  

Electrode pore radius r (m) 5 x 10-7 

Electrode Porosity / Torosity 0.5 / 5.9 

 

3.2.7 Power and Efficiency Calculations 

Current is then calculated using the following equations; 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝐼)  =  2 𝑥 𝐹 𝑥 (𝑛 𝐻2𝐼𝑁)                                                   (Eq. 34) 

𝑛 𝐻2𝐼𝑁 =  𝑛 𝐹𝑢𝑒𝑙𝐼𝑁 𝑥 (𝑦 𝐻2 +  𝑦𝐶𝑂 +  4𝑦 𝐶𝐻4) 𝑥 𝑈𝐹              (Eq. 35) 

Current density is then calculated by dividing current with the area, 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑗)  =  𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝐼)/𝐴𝑟𝑒𝑎 (𝐴)                             (Eq. 36) 

 

Gross and Net Efficiency Calculations of SOFC: 
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𝜂𝑆𝑂𝐹𝐶,𝑔𝑟𝑜𝑠𝑠 =
𝑃𝑒𝑙,𝐴𝐶

𝑛𝐹𝑢𝑒𝑙𝑖𝑛.𝐿𝐻𝑉𝑓𝑢𝑒𝑙
                                                        (Eq. 37) 

𝜂𝑆𝑂𝐹𝐶,𝑛𝑒𝑡 =
𝑃𝑒𝑙,𝐴𝐶−𝑃𝑐𝑜𝑚𝑝

𝑛𝐹𝑢𝑒𝑙𝑖𝑛.𝐿𝐻𝑉𝑓𝑢𝑒𝑙
                                                            (Eq. 38) 

Where, 

𝑃𝑒𝑙,𝐴𝐶 = AC power (kW),  

𝑛𝐹𝑢𝑒𝑙𝑖𝑛 = molar flow rate of input fuel (kmol/s),  

𝐿𝐻𝑉𝑓𝑢𝑒𝑙 = lower heating value of the input fuel (kJ/kmol) and  

𝑃𝑐𝑜𝑚𝑝 = electrical power requirement of the fuel and air compressors (kW) 

Summary 

In this section, modeling of gasifier and SOFC is explained. Flowsheet for both 

the systems is developed, details of unit operation blocks is also added, together with 

different operating parameters and conditions. Efficiency calculations for both the 

systems, and voltage calculation for SOFC is also explained. 
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Chapter 4: Results and Discussion 

4.1 Biomass Gasification 

4.1.1 Model Validation 

The simulated biomass gasification model was validated using the experimental 

data from [74]Wei et al, in which hardwood chips were gasified in pilot-scale 

downdraft gasifier unit using air as gasifying agent.  

Experimental Run # 14 was selected to validate the model. Operating parameters 

for this experimental run are given in the below table. 

Table 10. Gasifier Operating Parameters 

Biomass Feeding Rate 20.58 kg/hr 

Operating Temperature 850 OC 

Moisture Content 10 % 

Equivalence Ratio 0.2544 

 

Equivalence ratio is calculated by relation proposed by Gagliano et al. [75], 

[76] , according to it; 

Equivalence Ratio (ER) = 0.008 X M.C + 0.174 

This correlation is used to limit the underestimation of CH4 in thermodynamic 

equilibrium models of gasification. 

Model was run on the above mentioned operating conditions. The ultimate and 

proximate analysis used in this study given in table 3333 was also used for the 

modeling [77], [78]. 
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Table 11. Ultimate and Proximate analysis of Hardwood chips 

Ultimate Analysis (Dry Basis)     

Carbon wt. % 49.817 

Hydrogen wt. % 5.556 

Oxygen wt. % 43.425 

Nitrogen wt. % 0.078 

Sulphur wt. % 0.005 

Ash wt. % 1.119 

Total wt. % 100 

     

Proximate Analysis (Dry basis)    

Volatile Matter wt. % 79.85 

Fixed Carbon wt. % 19.031 

Ash wt. % 1.119 

Total wt. % 100 

     

Moisture (received basis) wt. % 25 

Moisture (After pre-drying) wt. % 8.91 

HHV (dry basis) MJ/Kg 18.58 

Bulk Density kg/m3 222.15 

 

The model results were in good agreement with the experimental results for that 

run. Statistical Analysis was done to analyse the accuracy of results. RSS, MRSS, and 

Mean Error were calculated for this purpose[79].  

Table 12. Model Validation 

Components Literature Our Model 

H2 0.1912 0.2185 

CO 0.2376 0.261301 

CH4 0.0310 0.000368957 

CO2 0.1096 0.0789949 

LHV (MJ/Nm3) 6.17 5.669 
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4.1.2 Sensitivity Analysis 

Parameters Affecting the Gasifier’s Performance; 

1. Moisture Content 

2. Gasification Temperature 

3. Equivalence Ratio 

4. Gasifying Agent 

4.1.2.1 Gasifying Agent 

Other than the type of gasifier and category of feedstock, operating conditions 

and gasifying agent also affects the producer gas. Air, being readily available and 

economical is one of the most common gasifying agent. It produces a nitrogen diluted 

(around 50 vol%) gas having low heating value (around 4-6 MJ/Nm3 HHV) 

[80].  Oxygen alone is also used but is uneconomical. CO2 alone[81], or in 

combination with air or O2 can also be used for gasification [82]. 

4.1.2.2 Gasification Temperature 

Gasification is more efficient at high temperature, however, materials used in 

the gasifier making limits the gasification temperature to around 1000 OC [83]. Lower 

temperatures result in high amounts of char and tar while high temperatures result in 

high H2 and CO content. 
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Figure 14. Temperature Vs Composition 

The increase in CO and H2 concentration from 500 to 700 oC was because of 

the combined effect of boudouard, steam methane reforming and water-gas reaction. 

These reactions are endothermic in nature and thus are favored with increasing 

temperature. The decrease in CO2 and CH4 concentration with increasing temperature 

was because of the exothermic nature of water gas shift and methanation reaction, 

making them unfavorable at higher temperatures. The decrease in H2 concentration 

after 700 oC can be attributed to the combined effect of all the reactions occurring in 

the reduction zone. At low temperatures, water gas shift reaction contributed to 

hydrogen production, but this reaction was hindered at high temperatures.  

At high temperatures, water gas and steam methane reforming reactions 

contributed majorly to H2 production, but steam methane reforming reaction was 

limited by the absence of reactants such as CH4 at a higher temperature. From these 

observations, it can be concluded that water gas shift reaction majorly controls the H2 

production. The decrease in CO2 concentration with the increase in temperature can 
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be caused by the boudouard reaction which utilizes CO2 to produce CO and being 

endothermic in nature is favored at high temperatures. CH4 produced in methanation 

reaction was favored at low temperature because of its exothermic nature. Thus, the 

decrease in CH4 concentration with an increase in temperature. Cold gas efficiency 

and LHV first increased abruptly from 26 % at 500 oC to 57 % at 700 oC and then 

almost became constant. H2/CO ratio decreased sharply from 4.5 at 500 oC to 0.7 at 

700 oC and then decreased slightly till 1000 oC. The decrease in H2/CO ratio was 

because of an abrupt increase in CO concentration till 700 oC.  

After 700 oC, the increase in CO was very less, due to which the decrease in 

H2/CO ratio was also very small. LHV increased till 700 oC because of increase in H2, 

CO, and CH4 concentrations. After 700 oC, LHV did not vary much because of 

decreasing H2 concentration and slightly increasing CO concentration. CGE also 

followed the LHV trend as it is the main factor affecting the cold gas efficiency of the 

gasifier.  

 

Figure 15. Temperature Vs LHV, CGE, H2/CO Ratio 
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4.1.2.3 Equivalence Ratio (ER) 

The equivalence ratio (ER) is also a key parameter in gasification process. It is 

given by; actual air/biomass ratio divided by the stoichiometric air/biomass ratio as 

with stoichiometric oxidation or complete combustion taking place at ER = 1[28] High 

equivalence ratios result in low H2 and co content which in turn results in low heating 

value of producer gas. ER of 0.2 to 0.4 is considered appropriate to produce syngas 

with good heating value [84], [85] 

 

Figure 16. Equivalence Ratio Vs Composition 

H2 and CO concentration decreases with increase in ER, while CO2 and CH4 

concentration increases with increase in ER. Increase in oxygen supply, increases the 

ER, which enhances the char combustion and hydrogen combustion reaction, which 

utilizes C, and H2 to produce CO2 and H2O. H2 concentration decreases from 0.4 at 

0.05 ER to 0.05 at 0.5 ER. CO also followed almost the same trend. CO2 increased 

from 0.02 at 0.05 ER to 0.15 at ER =0.5. However, CH4 almost remained constant. 
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H2/CO ratio decreased sharply from 0.05 to 1 ER because the CO concentration 

was more as compared to H2 in the beginning and then the difference between the two 

concentrations decreases with the increase in equivalence ratio. LHV of syngas 

decreases from 9.5 at ER = 0.05 to 2.5 at ER = 0.5. The decrease in LHV value is 

because of the decrease in H2, CO, and CH4 concentration. Because of the decrease in 

LHV Cold gas efficiency also decreases with the increase in ER.  Slight increase of 

CGE in the beginning is because CO2 concentration remains constant in the beginning, 

causing the overall H2, CO, and CH4 concentration to increase adding to LHV of 

syngas which interns increases the CGE.  

 

4.1.2.4 Moisture Content (MC) 

Moisture content is another important design parameter, especially when 

estimating the energy requirement for drying process. High moisture content reduces 

biomass pyrolysis and increases drying requirement. 

Figure 17. Equivalence Ratio Vs LHV, CGE, and H2/CO Ratio 
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Figure 18. Moisture Content Vs Composition 

It can be observed that with the increase in moisture content H2 and CO 

concentration decreases, CO2 increases and CH4 remains constant. The decrease in CO 

concentration and increase in CO2 could be because of water gas shift reaction which 

was enhanced by the increase in moisture content, one of the reactants in the reaction. 

The slight decrease in H2 content could be because of the combined effect of all the 

reactions occurring in reduction as well as oxidation zone. 
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Figure 19. Moisture Content Vs LHV, CGE, H2/CO Ratio 

With the increase in MC H2/CO ratio increases since H2 concentration almost stays 

constant, but CO concentration decreases with the increasing MC. LHV of syngas 

decreases with the increase in MC because CO decreases with the increase in MC 

while H2 and CH4 do not vary with varying MC. CGE also decreases with decrease in 

LHV of syngas. 
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4.2 Solid Oxide Fuel Cell 

4.2.1 Model Validation 

The main façade of the Model was validation with the results from the published 

data for the SPGI 100 kW CHP SOFC stack operating on following syn-gas 

composition: 45.8% H2, 21.6% CO, 10.0% CH4, 21.2% CO2, 1.4% N2 (volume %, dry 

basis) and 25.7% H2O (volume %, wet basis) [5]. The model inputs parameters were; 

Table 13. SOFC Model input parameters 

Parameters Values 

Operating Temperature (OC) 910 

Operating Pressure (Pa) 109431 

Fuel Utilization Factor (UF) (%) 85 

Air Utilization Factor (UA) (%) 16.7 

DC – AC Efficiency (%) 92 

Input Air Temperature (OC) 630 

Input Fuel Temperature (OC) 300 

Steam to Carbon Ratio (STCR) 2.5 

Area (m2) 96.0768 

Simulation results were compared with the literature for power of 120 Kw. 

Table 14. SOFC Model Validation 

Parameters Literature Our Model 

Current Density mAmp/cm2 188.7 185.1 

Cell Voltage (mV) 662 676 

Gross Efficiency (%) 42.53 43.7 

Net Efficiency (%) 37.04 36.83 
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4.2.2 Sensitivity Analysis 

Validated model was run with the syngas from the gasifier modeling.  Efficiency 

was calculated and sensitivity analysis by varying different design parameters were 

performed.  

For power of 120 kW, following results were obtained. 

Table 15. SOFC Results for 120 kW  

Current Density (mAmp/cm2) 197.6 

Voltage (mV) 630 

Syngas Flowrate (kmol/hr) 15.53 

LHV of syngas (MJ/kmol) 70.85 

Gross Efficiency (%) 36.3 

Net Efficiency (%) 29.6 

 

4.2.2.1 Current Density (ZJ) 

One of the main parameters affecting SOFC’s performance was current density. 

Current density was varied from 20 mAmp/cm2 to 680 mAmp/cm2. It was done by 

varying the mass flowrate. Current density increases with increase in biomass flowrate 

since increased flowrate, increase the amount of H2 consumed, which results in more 

current and in turn more current density. 

The Nernst voltage which is the ideal came out to be around 0.87 volts and 

remained almost constant with increase in ZJ. This is because, Nernst voltage depend 

on mole fractions, and operating temperature and pressures of SOFC but not on 

flowrate of biomass. Actual voltage however, constantly decreases with increase in 

current density because of the increase in voltage losses with ZJ.  
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Figure 20. Current Density Vs Nernst Voltage, Voltage Losses and Actual Voltage 

Graph shows ohmic loss increases more sharply with ZJ as compared to other 

losses. This is because ohmic loss is highest in case of tubular SOFC because of long 

current paths and from equation it can be seen that ohmic loss is directly proportional 

to current density, thus increased biomass flow will increase resistance to electrons 

and ions flow in long SOFC. Activation losses also increases with ZJ, but is less as 

compared to ohmic loss. It is the voltage loosed by reacting species when overcoming 

the energy barrier. It is less in SOFC because of high operating temperatures. 

Activation loss is calculated by multiplying resistivity terms with current density, thus 

the increase in activation loss with increase in ZJ. Concentration loss do not show a 

lot of change with increase in current density since it depends majorly on electrode 

properties and geometry.  
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Figure 21. Current Density Vs Biomass Flowrate, Voltage, SOFC Gross and Net 

Efficiency 

4.2.2.2 Steam to Carbon Ratio (STCR) 

Current density increases with increase in STCR. This Increase in current 

density is because of increased syngas flowrate through SOFC. The fraction of H2O in 

anode off-gas increases and H2 and O2 decreases as compared to gas entering SOFC. 

This increases the H2 consumed which in turn increases the amount of current through 

it. Voltage and efficiency however decreases with increase in STCR. Decrease in 

voltage is because of decrease in Nernst voltage with increase in STCR. Increase in 

STCR decrease anode temperature because of increase in flowrate which is due to 

increased steam. Also, average H2O mole fraction in anode-off gas increases with 

STCR, because of increased CH4 reforming. In ideal voltage calculation, mole fraction 

of H2O comes in denominator, while Anode temperature comes in numerator. Thus, 

decrease in Tanode and increase in H2O mole fraction decreases voltage. Gross and 

net efficiency decreases because of increase in syngas flowrate to SOFC and higher 

parasitic power for increased flowrates of syngas and air. 
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Figure 22. STCR Vs Biomass Flowrate, Voltage, SOFC Gross and Net Efficiency 

 

4.2.2.3 Fuel Utilization Factor (UF) 

Increasing the fuel utilization factor slightly increases the cell voltage, 

decreases fuel flowrate, and increases the efficiency and current density. Increase in 

UF increases the amount of H2 consumed due to which more current is produced, 

hence the increase in current density. With increase in UF less syngas is required to 

produce the power of 120kW thus its flowrate decreases. Voltage decreases with 

increase in UF because of increase in losses. Efficiency however increases because of 

decrease in fuel requirement to achieve the required power output. Difference in gross 

and net efficiency accounts for the parasitic power.  
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Figure 23. UF Vs Biomass Flowrate, Voltage, SOFC Gross and Net Efficiency 

4.2.2.4 Air Utilization Factor (UA) 

With the increase in air utilization factor air flowrate decreases drastically, 

biomass flowrate increases, cell voltage decreases while efficiency almost remain 

constant. Voltage change is between 600-640 mVolts. Decrease in voltage is because 

of the slight increase in voltage losses. Effect of air utilization factor on gross 

efficiency is very insignificant. However, net efficiency first increases sharply, and 

then almost become constant around 50% UA.  Less net efficiency in the beginning is 

because of high air flowrate at low air utilization factor due to which parasitic 

requirement is also high. Decrease in air flowrate with increase in UA also reduces the 

parasitic requirement due to which net efficiency increases afterwards. Decrease in air 

flowrate is because of more utilization of oxygen in SOFC.  
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Figure 24. UA Vs Biomass Flowrate, Voltage, SOFC Gross and Net Efficiency 

Summary 

In this section, both the models for gasifier as well as SOFC were validated 

using the data from literature. Than sensitive analysis was performed for both the 

systems by varying different operating parameters. Efficiency of the systems were 

compared at different operating conditions. 
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Chapter 5: Conclusion and Future 

Recommendations 

5.1 Conclusion 

Following conclusions were drawn from this study: 

 A detailed four step downdraft gasification process is modelled. Oxidation and 

reduction zones are modelled using the Gibbs free energy minimization 

approach. All reactions reach equilibrium at the operating temperatures.  

 Sensitivity analysis was performed by varying gasifying agent composition, 

reduction zone temperature, moisture content, and equivalence ratio. Syngas 

composition, and efficiency parameters were plotted against the varied 

operating parameters.  

 From sensitivity analysis, for efficient gasification following conclusions were 

drawn; reduction zone should be operated between 700-1000 OC. Equivalence 

ratio should be set between 0.05-0.25. Moisture content should be till 10%.  

 Cold gas as well as thermal efficiencies increased with increase in oxygen 

content in the gasifying agent. 

 Carbon is left unconverted at low temperatures and low equivalence ratio’s.  

 A detailed solid oxide fuel cell was modelled using aspen plus simulator. 

Anode was modelled using RGibbs reactor. Cathode’s function was to supply 

required oxygen to anode. Fortran blocks were used to perform calculations. 

 Sensitivity analysis was conducted to check the influence of STCR, UA, UF, 

and Current Density on Biomass Flowrate, Voltage, SOFC Gross and Net 

Efficiency required to achieve 120 Kw power.  

 Optimum steam to carbon ratio was found to be <1. 

 Optimum air utilization factor was between 0.2 – 0.4. 

 Optimum fuel utilization factor was around 0.8 – 1. 
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Chapter 6: Work done at Arizona State 

University 

6.1  Solar Thermal Space Heating with Thermal Energy Storage 

The first project I worked on was on Solar Space Heating system integrated with 

thermal energy storage. In this project a small system consisting of solar panels, solar 

thermal collectors, pcm and water container, battery, and tubings has been made.  

Main Assembly 

 Flat Panel Solar Water Heater 

 Water glycol System to Exchange Heat 

 Container for Phase Change Material Storage 

 PV Module to operate pumps 

 Pumps 

For Analysis and Data Logging 

 Thermocouples with temperature DataLogger 

 Solar Rdiation, Ambient Temperature DataLogger 

 Flowrate Controller 

Softwares 

 Hoboware(Temp, Radiation) 

 OM-CP(Temperature Data Logger) 

When I arrived, the system was already functional. My work on the system involved 

testing different pcm materials and calculating their charging and discharging rates. 

Charging and discharging rates were calculated under different conditions. Water 

glycol system was used as the working fluid which gets heated in the thermal collector, 

working fluid then transfers heat to the pcm(Wax and SAPA) which gets charged and 

then transfers heat to the water radiator unit, heating the water. Overall efficiency was 

also calculated for the system. 

Following Calculation were Performed 

 Energy Collected from Solar Collector 

 Energy Stored During Charging 

 Energy Stored During Discharging 
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 Energy Recovered through Radiator 

6.2  Electrode Development for Water Splitting 

The second project I worked on was on photo anode development for more efficient 

water splitting. Bismuth Vandate was doped with different concentrations of Erbium, 

tungsten and molybdenum to check the effect on charge separation and light absorption 

capabilities. 

These 5 compositions were spin coated on Fluorine doped Tin Oxide(FTO) glass slides 

 BiVO4 

 2% Mo-BiVO4 

 (2%Mo3%Er)BiVO4 

 (1.5%Mo0.5%W)BiVO4 

 (1.5%Mo0.5%W3%Er)BiVO4 

 Solutions were prepared first using weighing machine and magnetic stirrer. Fluorine 

doped tin oxide slides were coated with these solutions using spray coating machines. 

Afterwards, copper wires were attached using silver adhesive and epoxy adhesive. 

Electrolyte was prepared by dissolving 1.743g  potassium phosphate in 100 ml water. 

Potentiostat was used to measure photocurrent and UV-Visible Spectrophotometer 

was used to measure absorbance and transmittance. Results were plotted and analyzed 

on origin. Erbium doped Bismuth Vandate showed relatively better performance. 

6.2.1 Electrochemical Studies using Potentiostat 

Reference Electrode: Calomel Electrode 

Counter Electrode: Platinum Electrode 

Continuous Current Measurement (-1 - 2V) 

 Front Side 

 Back Side 

Chop Light Measurement (-1 - 2V) (3 minutes gap) 

 Front Side 

 Back Side 

Impedance Measurement 

6.2.2 UV-Visible Spectrophotometer 
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 Absorbance Measurement 

 Transmittance Measurement 
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Annex- Research Paper 

Parametric analysis of a steady state equilibrium-based biomass 

gasification model for syngas and biochar production and heat 

generation 
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US-Pakistan Center for Advanced Studies in Energy (USPCAS-E), National 

University of Sciences and Technology, Islamabad 44000, Pakistan 

Abstract 

In this study, a comprehensive steady-state model of downdraft biomass gasification 

process was developed using Aspen Plus simulation software. All four major 

gasification zones: drying, pyrolysis, oxidation, and reduction were modeled 

separately. Oxidation and Reduction zones were modeled using the Gibbs free energy 

minimization method with restricting chemical equilibrium approach. The simulated 

model was compared with the results of a wood-fed downdraft gasifier studied by Wei 

et al. and showed a root mean square error of 2.53. A parametric analysis was 

performed to analyze the effect of the gasifying agent, gasification temperature, 

equivalence ratio, and moisture content on the performance of gasifier. Performance 

evaluation of gasifier for syngas production and heat generation was performed by 

determining the low heating value of syngas, cold gas efficiency and thermal 

efficiency. The results indicated that the Equivalence ratio (ER) is the most important 

factor in gasification. Changes in the ER shows a very significant variation in syngas 

composition. Moreover, the increase in cold gas and thermal efficiencies was also very 

prominent until 700 oC after which it becomes constant. Biochar production was 

possible below 700 oC and 0.14 ER. 

 

Keywords: Gasification; Thermal Efficiency; Low Heating Value; Aspen Plus; 

Biochar 

*Corresponding author: Email: 16esewajeha@uspcase.nust.edu.pk, 

wajeha.tauqir8@gmail.com 

1. Introduction 

Fossil fuels, have the largest share in today’s world energy supply and will contribute 

to 80% of the world’s energy supply mix by 2040 if continued at the same pace [1,2]. 

This scenario will lead to disastrous consequences in terms of environmental damage 

because of greenhouse gas emissions associated with fossil fuels. Biomass is 

considered as one of the most promising renewable energy sources and has the 

potential to replace fossil fuels [3]. Biomass a carbon neutral fuel also mitigates a very 

common problem in most other renewable energy sources; such as the intermittent 

nature of wind and solar energy. Bioenergy is estimated to contribute between a quarter 

and third of the global energy supply mix by 2050 [4].  Biomass to bio-energy 

conversion can be divided into two major categories; biochemical and thermochemical 

[5,6]. Thermochemical conversion is more efficient as compared to biochemical 

particularly for syngas production [7]. There are several thermochemical routes of 

biomass conversion into a useful product, depending upon the characteristics of 

feedstock and the required end-product. Thermochemical conversion routes for 

bioenergy production are shown in Table 1, and gasification particularly has the 

highest conversion efficiency among the other conversion techniques [8,9]. 

mailto:wajeha.tauqir8@gmail.com
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Thermochemical 

Processes 
Products Applications 

Gasification Syngas 
Electricity and heat generation and 

methanol production 

Pyrolysis 
Charcoal, 

Liquids, Gases 

Chemicals extraction, upgradation to 

diesel, electricity, bio char 

Liquefaction Liquids  
Bio chemicals and diesel production, 

electricity 

Combustion Heat Electricity generation 

Table 1. Thermochemical conversion routes for biomass to bioenergy 

Biomass gasification to produce syngas (a mixture of CO and H2) is one of the major 

application of gasification process. Produced syngas can be used in the synthesis of 

various other chemicals such as Fischer-troph fuels and ammonia [10]. Syngas can 

also be used as a fuel in internal combustion engines and fuel cells [11]. In order to 

access different gasification schemes and their performances, Aspen Plus Simulator 

has gained a lot of popularity among design engineers and researchers. It has been used 

by researchers to simulate processes for biomass-derived hydrogen production [12–

15], syngas production [16–18] and for methanol synthesis [19,20]. Mathieu and 

Dubuisson [3] modeled the wood gasification process and found out that the injection 

of steam degrades thermal efficiency, and the optimum gasification efficiency is 

obtained at the oxygen factor of 25%. Begum et al. [21] analyzed the performance of 

an integrated fixed bed gasifier using different biomass feedstock such as wood waste, 

municipal solid wastes, and green wastes. Gasification temperature of 650 oC and air 

to fuel ratio of 0.3 were found to be optimum conditions for the three feedstocks. 

Dejtrakulwong et al. [22] modeled the downdraft gasification process and analyzed the 

effect of moisture content and air-to-fuel ratio on the gasification temperature and 

height of different zones. Gagliano et al. [23] developed an equilibrium based 

gasification model and validated it with the two experimental results. An average error 

of 15% was found with reference to the composition of product gas and less than 7% 

for the LHV predictions.  

Though models for biomass gasification were developed using Aspen Plus, very few 

literatures report separate models for oxidation and reduction zones. Moreover, 

biochar production as a by-product was also neglected in those models. The purpose 

of this study is to develop all four stages of biomass gasification and perform 

parametric analysis to evaluate the effect of different operating parameters; gasifying 

agents, gasification temperature, equivalence ratio (ER), and moisture content (MC) 

on the syngas composition, low heating value (LHV), cold gas efficiency (CGE) and 

thermal efficiency. Bio-char production as a by-product is also evaluated during the 

analysis. 

1.2. Biomass Gasification 

Biomass Gasification is the thermochemical conversion of solid/liquid fuels into 

gaseous and solid products.  Gasification principle is illustrated in Figure  1 [24–27]. 



 

74 

 

 

Figure  1. Gasification Principle 

Downdraft biomass gasification process is divided into four main stages; drying, 

pyrolysis, oxidation, and reduction. Oxidation step provides heat energy to derive the 

gasification process [28,29]. Figure  2 shows the main processes involved in a fixed 

bed downdraft biomass gasifier [30]. 

 

Figure  2. Overview of Biomass Gasification Process 

Drying is the first step of gasification, in which the moisture content of biomass 

feedstock is reduced to a certain amount by supplying heat. Then in the pyrolysis zone, 

thermochemical decomposition of the carbonaceous material into lower molecular 

weight compounds occur in the absence of oxygen. Reactions taking place below 300 
oC are endothermic while those above 300 oC are exothermic. At the partial oxidation 

stage, heterogeneous reactions take place between solid carbonaceous fuel and oxygen, 

to produce CO2 and a substantial amount of heat. Hydrogen also reacts with oxygen to 

form H2O [31–33]. Subsequently, in the reduction zone, a number of chemical 

reactions take place at relatively high temperature to produce syngas (mainly CO and 

H2) with high heating value (HHV). Main gasification reactions modeled in this study 

are given in Table 2. 
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 Chemical Reaction Heat of 

Reaction 

(kJ/mol) 

Reaction Name Reaction 

Number 

Drying     

 Moist Feedstock + 

Heat → Dry 

Feedstock + H2O 

NA Drying R1 

Pyrolysis     

 Dry Feedstock + Heat  

→  Char + Volatiles 

NA Thermal 

Decomposition 

R2 

Partial 

Oxidation 

    

 C + O2 → CO2  -393 CO Oxidation R3 

 2H2 + O2 → 2H2O -242 H2 oxidation R4 

Reduction     

 C + CO2 ↔ 2 CO +172 Boudouard 

Reaction 

R5 

 C + H2O ↔ CO + H2 +131 Water gas 

Reaction 

R6 

 CO + H2O ↔ CO2 + 

H2 

-41 Water gas shift 

Reaction 

R7 

 C + 2H2 ↔ CH4 -74 Methanation 

Reaction 

R8 

 CH4 + H2O ↔ CO + 

3H2 

+206 Steam Methane 

Reforming 

R9 

Table 2. Chemical reactions involved in the process 

2. Modeling Downdraft Gasifier 

In this study, biomass gasification processes in a downdraft gasifier are modeled using 

Aspen Plus V10 simulator.  Aspen Plus allows simulating chemical engineering 

processes using inbuilt process models. First of all, process flowsheet was made 

utilizing inbuilt unit operation blocks. Then their property method, and initial and 

operating conditions were specified. Fortran blocks were used to model operations not 

present in Aspen Plus library. 

2.1. Property Method 

Peng Robinson equation of state with the Boston-Mathias alpha function (PR-BM), 

was specified as the property method to calculate thermodynamic properties of the 

components [34]. PR-BM is used for processes involving, nonpolar and mildly polar 

mixtures such as light gases and hydrocarbons. Units were set to METSOLIDS, metric 

system units. All the components in the process were then specified as conventional 

components except for Biomass and Ash which were specified as Non-Conventional 

(NC). For NC components, enthalpy calculation model was set to HCOALGEN, and 

density to DCOALIGT [35]. In the simulation mode, the stream class was set to 

MIXCINC, here “MIX” represents mixed sub-stream, “CI” represents CISOLID, and 

“NC” represents nonconventional components. 

2.2. Flowsheet Development 

Process flowsheet of biomass to syngas production route with requirements of Fortran 

subroutines and reactions, mentioned is shown in Figure  3. 
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Figure  3. Process flowchart of downdraft gasifier model 

Main Assumptions: 

1. The whole process is steady-state and isothermal. 

2. Heavy hydrocarbons are not considered. 

3. Ash is considered to be inert. 

4. Blocks are zero-dimensional and have a uniform temperature. 

5. Residence time is long enough to reach equilibrium in the R-Gibbs block. 

6. The particle size distribution of biomass is not considered. 

7. No NOx, SOx are produced. Only NH3 and H2S are formed. 
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Figure  4. Process flowsheet for downdraft biomass gasification in Aspen Plus 

 “BIOMASS” stream defined as NC stream with proxanal, ultanal, and sulfanal 

attributes defined was introduced in the “DRIER” block. Air at atmospheric pressure 

and temperature was entered in the “Drier” block through the stream “AIR0” to 

provide heat for the drying process. The Rstoic block was used to convert a portion of 

biomass into water. The following reaction was specified in the Rstoic block to model 

the conversion process. 

biomass (wet)  0.0555084 H2O                                                        (R10) 

According to (R10), 1 mole of biomass reacts to form 0.0555084 moles of water. 

Fractional conversion of biomass was controlled using a calculator block. The mixture 

then enters the “DRYFLAS” block which separates the dried biomass from the 

exhaust.  Dried biomass then goes to the “DECOMP” block which simulates the 

pyrolysis process. RYield unit operation model was used for this purpose [36]. 

Component yields were calculated using a Fortran calculator block which takes into 

consideration the ultimate analysis of the biomass feedstock [37]. Decomposed yield 

then enters the “SEPARAT” block, which separates the char and hydrogen from other 

volatiles. Char and hydrogen stream go to oxidation block modeled using RGibbs unit 

operation block.  Restrict chemical equilibrium approach was selected and oxidation 

reactions identified in Table 2 were specified in the block. Required oxygen was also 

provided by introducing an air stream. Its flow rate was set using a calculator block. 

Products of the oxidation block were mixed with the volatiles stream from 

“SEPARAT” block in “MIXER” and then entered in the “REDUCTIO” block. RGibbs 

reactor which calculates equilibrium using the Gibbs free energy minimization method 

was selected. Reduction reactions mentioned in Table 2 were specified in this block 

with the temperature approach option selected [38]. The product stream from 

“REDUCTIO” block called syngas then undergoes the syngas clean-up unit. 

“CYCLONE” separate solids from syngas. “COOLER” cools the syngas to around 

300 oC, to be used in bag filters, “H2SREMOV” in our flowsheet, to separate acid 

gases from syngas. Figure  4shows the process flowsheet in Aspen Plus. A summary 

of the blocks used in the flowsheet is shown in Table 3. 

User ID Aspen Plus ID Description 
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DRIER RStoic Reduces the moisture content of the biomass feedstock 

DRYFLASH Flash2 Separates the moisture stream from dry biomass 

DECOMP RYield Decompose the biomass into its components based on 

ultimate and proximate analysis. Operates at 500 
oC 

and 1.01325 bar. 

SEPARATO Sep2 Separates the volatiles from char  

OXIDATIO  RGibbs Oxidation of Char (carbon) occurs in this block. 

Operates at 950 oC and 1.01325 bar. 

MIXER Mixer Oxidation products are mixed with the separated 

volatiles 

REDUCTIO RGibbs Reduction of mixed stream occurs which produces 

syngas. Operates at 789 oC and 1.01325 bar. 

CYCLONE SSplit Separates unreacted carbon from syngas 

COOLER Heater Reduces the temperature of syngas to 300 oC. 

H2SREMOV Sep Separates out H2S from syngas 

Table 3. Description of unit operation blocks used in this simulation and their operating 

conditions 

2.3. Efficiency Calculations 

In order to access the performance of gasification model, syngas low heating value 

(LHV), cold gas efficiency (CGE), thermal/hot gas efficiency (HGE), and H2/CO 

ratios were calculated.  

Low heating value is calculated using the following formula; 

𝐿𝐻𝑉(𝑀𝐽 ⁄ 〖𝑁𝑚〗^3 ) = 𝑋_ 𝐻2 ∗ 〖𝐿𝐻𝑉〗_ 𝐻2 + 𝑋_𝐶𝑂 ∗ 〖𝐿𝐻𝑉〗_𝐶𝑂 +

𝑋_ 𝐶𝐻4 ∗ 〖𝐿𝐻𝑉〗_ 𝐶𝐻4              (1) 

where X_ H2, X_CO, and X_ CH4 are the volume fractions of hydrogen, carbon 

monoxide and methane in the syngas, respectively. 

Standard heating values of H2, CO, CO2, and CH4 are given in Table 4; 

Gases H2 CO CO2 CH4 

HHV 

(MJ/Nm3) 
12.74 12.63 0 39.82 

LHV 

(MJ/Nm3) 

10.78 12.63 0 35.88 

Table 4. Standard heating values of H2, CO, CO2, and CH4 

Cold gas efficiency (CGE) determines the energy which is transferred from biomass 

to syngas. It can be calculated using Eq. (2); 

𝐶𝐺𝐸 =
(𝑀𝐹𝑠𝑦𝑛𝑔𝑎𝑠  ∗ 𝐿𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠)

(𝑀𝐹𝑏𝑖𝑜𝑚𝑎𝑠𝑠  ∗ 𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠)
             (2) 

In Eq. (2), MF and LHV give the flow rate and low heating value of the respective 

subscripts. It is called cold gas efficiency as it does not take into account the 

temperature of the gas leaving the gasifier. Higher the CGE, higher the carbon 

conversion. 

Thermal/Hot Gas efficiency (HGE) takes into account the sensible heat content of the 

syngas leaving the gasifier. It is calculated when the syngas produced is to be used for 

direct combustion or in internal combustion engines for electricity production. 

𝐻𝐺𝐸 =
(𝐿𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠∗�̇�𝑠𝑦𝑛𝑔𝑎𝑠)+(𝐶𝑝,𝑠𝑦𝑛𝑔𝑎𝑠∗�̇�𝑠𝑦𝑛𝑔𝑎𝑠∗𝜌𝑠𝑦𝑛𝑔𝑎𝑠∗∆𝑇)

𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠∗�̇�𝑏𝑖𝑜𝑚𝑎𝑠𝑠
             (3) 
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             where, LHV  is the low heating value of the respective subscripts. m ̇_biomass  

gives the mass flow rate of biomass. C_(p,syngas) is the specific heat capacity, 

V ̇_syngas is the volumetric flow rate and ρ_syngas is the density of syngas.  

3. Results and Discussions 

3.1.  Model Validation 

The simulated biomass gasification model was validated using the experimental data 

conducted by Wei et al. [39] on hardwood chips fed pilot scale downdraft gasifier 

using air as the gasifying agent. Experimental Run # 14 was selected to validate the 

model. Operating parameters for this experimental run are given in Table 5. Ultimate 

and proximate analysis (dry basis) of hardwood chips used in the study is given in 

Table 6. 

Parameters Value 

Biomass Feeding Rate (kg/hr) 20.58  

Operating Temperature (oC) 850  

Moisture Content (%) 10  

Equivalence Ratio 0.254 

Table 5. Operating parameters for the experimental run # 14 [39] 

Equivalence ratio is given by Eq. (4). 

𝐸𝑅 =  
𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑖𝑟 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑟𝑎𝑡𝑖𝑜⁄

𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑖𝑟 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑟𝑎𝑡𝑖𝑜⁄
                        (4) 

The equivalence ratio is further adjusted by the relation proposed by Gagliano et al. 

[40,41], according to it; 

ER=0.008*M.C+0.1.047                (5)  

where, M.C is for moisture content. This correlation in Eq. (5) is used to mitigate the 

problem of low CH4 concentrations in thermodynamic equilibrium models of 

gasification [42]. 

Ultimate Analysis 

 (wt. %) 

Proximate Analysis  

(wt. %) 

Moistur

e (wt. 

%) 

HHV 

(MJ/kg

) 

C H O N S Ash VM FC Ash   

49.81

7 

5.55

6 

43.42

5 

0.07

8 

0.00

5 

1.11

9 

79.8

5 

19.03

1 

1.11

9 

25 18.58 

Table 6. Ultimate and Proximate Analysis 

A comparison has been made of the predicted syngas composition and the LHV 

obtained from the simulated downdraft gasification model with the Wei et al. [39] 

experimental data on pilot scale downdraft gasifier. Figure  5 shows the comparison 

results. To evaluate the model results deviation from the experimental data is 

calculated by the root mean square (RMS) error, given by Eq. (6); 

𝑅𝑀𝑆 =  √
∑ (𝑌𝑖,𝑒𝑥𝑝−𝑌𝑖,𝑚𝑜𝑑𝑒𝑙)2𝑁

𝑖=1

𝑁
                              (6) 

The developed gasification model showed an RMS error of 2.5326 from experimental 

data. It is evident that this model is in good agreement with the experimental data. The 
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predicted H2 and CO yields were slightly higher than those reported by Wei et al.. 

Higher yields of these two could be because higher hydrocarbons production and tar 

gasification were neglected in this simulated gasification model. Predicted LHV was 

lower than the experimental results. This could be because of the low estimation of 

methane in simulated gasification model. Low methane concentration can be attributed 

to the fact that difference exists between real gasification system and modeled gasifier 

[45]. 

 
Figure  5. Comparison of Experimental results and Model predictions 

The validated model was used to analyze the effect of varying different operating 

parameters on syngas composition, LHV, H2/CO ratio, cold gas efficiency, and 

thermal efficiency. Operating parameters varied were; gasifying agent, gasification 

temperature (reduction zone), equivalence ratio, and moisture content of the feedstock. 

Effect of these parameters on biochar production was also evaluated. 

3.2. Effect of Gasifying Agent 

Comparison of different gasifying agents based on the predicted syngas composition 

and LHV of syngas is incorporated in Table 7. Gasifying agents compared were; air, 

enriched air, and pure oxygen. It can be observed that with the increment of O2 % in 

gasifying agent, H2 and CO content in syngas increases. This is because increased O2 

enhances the oxidation reactions, products of which further enhances the boudouard 

and water gas reactions. LHV increases with the production of CO, and H2. Thus, LHV 

also increases with an increase of O2 % in the gasifying agent. 

  Mole Fraction LHV (MJ/Nm3) 

  H2 CO CO2 CH4  

Air 0.2186 0.2613 0.0790 0.00034 5.669 

Enriched Air (O2: 50% 

+ N2:50%) 

0.3031 0.3628 0.1104 

  

0.00098 7.884 

Pure Oxygen 0.3524 0.4222 0.1289 0.00153 9.187 

Table 7. Effect of gasifying agents on composition and LHV of syngas 
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3.3. Effect of Gasification Temperature 

Effect of gasification temperature on syngas composition was analyzed by varying it 

from 500 to 1000 oC. Figure 6a shows the variation in syngas composition with the 

increasing temperature. H2 and CO concentration increases with the increase in 

temperature, and CO2 and CH4 concentration decrease with the increase in 

temperature. The increase in CO and H2 concentration from 500 to 700 oC was because 

of the combined effect of boudouard, steam methane reforming and water gas reaction. 

These reactions are endothermic in nature and thus are favored with increasing 

temperature. The decrease in CO2 and CH4 concentration with increasing temperature 

was because of the exothermic nature of water gas shift and methanation reaction, 

making them unfavorable at higher temperatures. The decrease in H2 concentration 

after 700 oC can be attributed to the combined effect of all the reactions occurring in 

the reduction zone. At low temperatures, water gas shift reaction contributed to 

hydrogen production, but this reaction was hindered at high temperatures. At high 

temperatures, water gas and steam methane reforming reactions contributed majorly 

to H2 production, but steam methane reforming reaction was limited by the absence of 

reactants such as CH4 at a higher temperature. From these observations, it can be 

concluded that water gas shift reaction majorly controls the H2 production. The 

decrease in CO2 concentration with the increase in temperature can be caused by the 

boudouard reaction which utilizes CO2 to produce CO and being endothermic in nature 

is favored at high temperatures. CH4 produced in methanation reaction was favored at 

low temperature because of its exothermic nature. Thus, the decrease in CH4 

concentration with an increase in temperature. 

 
Figure  6.  Effect of gasification temperature on (a) syngas composition. (b) syngas LHV, H2/CO 

ratio, Cold gas and Thermal Efficiency 

Figure 6b shows the variation in Cold gas efficiency, thermal efficiency, LHV of 

syngas, and H2/CO ratio with increasing gasification temperature. Cold gas efficiency 

and LHV first increased abruptly from 26% at 500 oC to 57% at 700 oC and then almost 

became constant. H2/CO ratio decreased sharply from 4.5 at 500 oC to 0.7 at 700 oC 

and then decreased slightly till 1000 oC. The decrease in H2/CO ratio was because of 

an abrupt increase in CO concentration till 700 oC. After 700 oC, the increase in CO 

was very less, due to which the decrease in H2/CO ratio was also very small. LHV 

increased till 700 oC because of increase in H2, CO, and CH4 concentrations. After 700 
oC, LHV did not vary much because of decreasing H2 concentration and slightly 

increasing CO concentration. CGE also followed the LHV trend as it is the main factor 

affecting the cold gas efficiency of the gasifier. Thermal efficiency which also takes 

into account the sensible energy stored in syngas, first increased and then became 
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constant, but is higher than cold gas efficiency, because it takes into account the 

increasing syngas temperature.  

3.4. Effect of Equivalence Ratio (ER) 

Effect of equivalence ratio on syngas composition and gasification performance was 

analyzed by varying it from 0.01-0.48. It can be observed in Figure 7a that H2 and CO 

concentration decreased with an increase in ER, while CO2 and CH4 concentration 

increased with an increase in ER. ER is increased by increasing the oxygen supply in 

the oxidation zone. Increased oxygen supply enhances carbon and hydrogen oxidation 

reaction.  These two reactions utilize carbon and hydrogen to produce CO2 and H2O. 

CH4 production was very low because reactants of methanation reaction were 

consumed in hydrogen and carbon oxidation reactions. 

 
Figure  7. Effect of varying equivalence ratio on (a) syngas composition. (b) syngas LHV, H2/CO 

ratio, Cold gas and Thermal Efficiency 

 Effect of ER on H2/CO ratio, cold gas efficiency, thermal efficiency, and LHV 

was plotted in Figure 7b. It can be observed that the H2/CO ratio first decreases and 

then increases with an increase in ER. This may be because at low ER, CO 

concentration was higher as compared H2. With increasing ER, CO decreases while 

H2 increases due to which H2/CO ratio starts to increase after ER = 0.13. LHV of 

syngas decreased from 9.5 at ER = 0.06 to 2.6 at ER = 0.48. The decrease in LHV 

value was because of the decrease in H2, CO, and CH4 concentrations. Cold gas 

efficiency first increases until ER = 0.13 and then decreases until ER = 0.48. This is 

because in the beginning LHV was high but decreased rapidly with increasing ER. 

Thermal efficiency was higher than the cold gas efficiency because it takes into 

account the temperature of syngas coming out of gasifier.   

3.5. Effect of Moisture Content 

Effect of moisture content on gasification performance was studied by varying it from 

0 to 25%. Figure 8a shows the effect of moisture content on syngas composition. It 

can be observed that with the increase in moisture content H2 and CO concentration 

decreases, CO2 increases and CH4 remains constant. The decrease in CO concentration 

and increase in CO2 could be because of water gas shift reaction which was enhanced 

by the increase in moisture content, one of the reactants in the reaction. The slight 

decrease in H2 content could be because of the combined effect of all the reactions 

occurring in reduction as well as oxidation zone. 
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Figure  8. Effect of varying moisture content on (a) syngas composition. (b) syngas LHV, H2/CO 

ratio, Cold gas and Thermal Efficiency 

 Figure 8b shows the effect of moisture content on H2/CO ratio, cold gas and 

thermal efficiency, and LHV. It can be observed that with the increase in MC, H2/CO 

ratio increases while cold gas efficiency, thermal efficiency, and LHV decreases. 

H2/CO ratio increases because H2 almost remains constant while CO concentration 

decreases abruptly. LHV of syngas decreases because CO decreases with the increase 

in MC. CGE also decreases with the decrease in LHV of syngas. Thermal efficiency 

showed a constant decrease because an increase in MC reduces the temperature of 

syngas. 

3.7. Biochar (Unconverted Carbon) generation from the gasification model 

Biochar is the by-product of the gasification process and it comprises of unconverted 

carbon. Effect of gasification temperature, moisture content, and equivalence ratio on 

biochar production was evaluated. Only gasification temperature and equivalence ratio 

affected the biochar production. Figure 9a shows the change in the amount of 

unconverted carbon with increasing temperature. It can be observed that the amount 

of unconverted carbon decreases with increase in temperature and becomes zero at 700 
oC. The reason for this could be the combined effect of boudouard and water gas 

reactions that convert carbon into carbon monoxide. They are endothermic and are 

favored at high temperatures. 

 
Figure  9. Biochar production (kg/hr) w.r.t (a) temperature (oC). (b) equivalence ratio 

Effect of Equivalence ratio on unconverted carbon is shown in Figure 9b. It can be 

observed that with the increase in equivalence ratio amount of unconverted carbon 

decreases and becomes zero around ER = 0.14. The reason for this recession in 

unconverted carbon with ER could be the availability of more O2 to convert C into 

CO2 and CO at the oxidation stage.  

4. Conclusion 
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• A detailed four-step downdraft gasification process is modeled. Oxidation and 

reduction zones are modeled using the Gibbs free energy minimization approach. All 

chemical reactions reach equilibrium at the operating temperatures, respectively.  

• The modeled process is validated with the experimental study conducted by 

Wei et al. on wood-fed gasifier. Simulation results showed an RMS error of 2.533. 

• Parametric analysis was performed by varying gasifying agent composition, 

reduction zone temperature, equivalence ratio and, moisture content.  

• The maximum value of cold gas efficiency (74%) was achieved at 750 oC. 

Thermal efficiency and low heating value at 750 oC were 84% and 5.66 MJ/Nm3, 

respectively. The main reaction controlling the H2 yield was water gas reaction 

because of its endothermic nature. 

• Cold gas and thermal efficiency reach to a maximum of 88 and 96%, 

respectively at ER = 0.14. Efficiencies continue to decrease with increase in moisture 

content.  

• It is evident that for efficient gasification; operating temperature range of 

reduction zone should be 700-1000 oC, equivalence ratio between 0.1-0.2, and 

moisture content not exceeding 10%.  

• Biochar production becomes zero when the gasification temperature reaches 

700 oC and equivalence ratio becomes 0.14. The gasifier is to be operated below this 

temperature and equivalence ratio for the biochar production. 
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