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ABSTRACT 

 

Full Name : [Robhul Miah] 

Thesis Title : Development of thermo-chemical model and exergetic assessment of a 

biomass-derived syngas fueled combined cycle for cogeneration of 

power and cooling  

Major Field : [Mechanical Engineering] 

Date of Degree : [January 2017] 

 

Among all the renewable sources of energy, biomass has been found as the most promising 

one due to its abundant availability and CO2 neutral nature. The efficient and 

environmentally benign method for its conversion to the valuable gaseous product is 

gasification which is a thermo-chemical method. In this regard, the present study was 

aimed to develop a generalized thermo-chemical model for the conversion of biomass 

material to useful gaseous fuel called syngas. The model developed incorporated the 

phenomena of char conversion, tar formation and thermodynamic equilibrium concept, 

which can compute the composition of syngas. The effects of change in the operating 

variables like; compressor pressure ratio, gasification equivalence ratio (GER), steam-

biomass ratio (SBR), and pinch point of HRSG were examined on the performance 

parameters of BIGCC, and combined BIGCC-VAR cycle, like the energy and exergy 

efficiency of BIGCC, and combined cycle. It has been found that at low values of 

gasification equivalence ratio the LHV of syngas as well as the energy and exergy 

efficiency of the gasifier are high for all biomass materials. The effect of GER on the 

energy and exergy efficiencies of BIGCC is more pronounced at higher values of GER. 

Both energy and exergy efficiencies of the gasifier decrease with increase in SBR but the 
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energy and exergy efficiencies of BIGCC increases as the SBR increases. The energy and 

exergy efficiency of BIGCC increases with the increase in the gasifier pressure and 

decreases with the increase in the pinch point temperature of HRSG. Employment of LiBr-

H2O absorption refrigeration system at the exit of HRSG show an improvement in both the 

energy and exergy efficiency of the BIGCC. The inclusion of the chemical exergy of LiBr-

H2O along with the physical exergy show very interesting results and these results clearly 

reveal that computations made after taking into account the chemical exergy widely change 

the exergy efficiency of the major components of the proposed combined power and 

cooling cycle. 
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 ملخص الرسالة

 
 

 ميا ربهول :االسم الكامل

 
 الحيوية الكتلةلوقود الغاز المتزايد المستخلص من  إكسرجيوتقييم  كيميائي-وير نموذج حراريتط عنوان الرسالة:

 لتغذية الدورة المركبة من التوليد المشترك للطاقة و التبريد.

 
 ة الميكانيكيةندساله التخصص:

 
 2017يناير  :تاريخ الدرجة العلمية

 

يد لطبيعة غاز ثاني أكسوألنها متاحة بكثرة  أنجعها وذلك الحيويالوقود  ِجد أنطاقة المتجددة، و  من بين جميع مصادر ال

-راريةحهي باستخدام طريقة  لها إلى منتج غازي ثمينيلتحو ةبيئللسليمة الالة وفع  الطريقة ال المحايدة. 2COالكربون 

ية لوقود الحيو الكتلة ةادلتحويل م كيميائي-تطوير نموذج حراريإلى الحالية تهد ف الدراسة ، الصددكيميائية. في هذا 

مع مبدأ التوازن  وتشكيل القطران الفحمدمج تحويل ب ب ني   المطور . النموذجSyngas الغاز المتزايدمفيد يسمى غازي 

 ضغط :مثل –ة يالتشغيل عواملتغير في الالآثار تم اختبار الغاز المتزايد. حساب تركيز  مكننا منما ي الحركي،-الحراري

 HRSGال قرصة لـجهاز ، ونقطة SBR كتلة الحيويةر إلى البخاال، نسبة GER التحويل الغازيكافؤ ت ضاغط الهواء،

عند قيم  أنه   د  جِ . وقد و  الجودة اإلكسرجيةقة والطا كفاءة مثل ،BIGCC-VARو  BIGCCجهازي  على أداء –

و الجودة اإلكسرجية طاقة ال اءةباإلضافة إلى كفلغاز المتزايد ل  LHVأن قيمة التحويل الغازي منخفضة من نسبة تكافؤ

الجودة اقة وطكفاءة العلى تكافؤ التحويل الغازي تأثير  ، في حين أنمواد الكتلة الحيويةة لجميع للمحول الغازي عالي

الجودة اإلكسرجية للمحول الغازي كل من الطاقة وكفاءة . العاليةقيم عند ال أكثر وضوحا    BIGCCاإلكسرجية لجهاز

  BIGCCالجودة اإلكسرجية لجهاز طاقة وكفاءة ال نسبة البخار إلى الكتلة الحيوية. في المقابل نجد أن زيادةبص نقت

زيد ت  BIGCCتزيد بزيادة نسبة البخار إلى الكتلة الحيوية. أخيرا ، نجد أن كفاءة الطاقة و الجودة اإلكسرجية لجهاز

. استخدام نظام التبريد HRSGالق رصة لجهاز  درجة حرارة نقطة زيادةبنقص توالمحول الغازي يادة ضغط بز

الجودة اإلكسرجية  طاقة وكفاءة الكل من في  ظهر تحسنا  أ  HRSGجهاز عند مخرج O2H-LiBrاالمتصاصي بسائل 

نتائج مثيرة  يظهر O 2H-LiBr. إدراج الخصائص الكيميائية و الفيزيائية للجودة اإلكسرجية لسائل BIGCCلجهاز
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 علىنطاق ال واسعتغيير عن  عتبارأخذ هذه الخصائص في االبعد تمت حسابات التي الالنتائج أن  تحيث كشف ،هتماملال

 المقترحة. التبريدوة قدرال ةرودلمكونات الرئيسية لالجودة اإلكسرجية ل
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1 CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Energy plays a vital role in the development and economic growth of every nation. Due to 

a sheer increase of the population and living standards, energy demand is exponentially 

increasing which is majorly meeting out by the combustion of fossil fuels that includes oil, 

natural gas, coal and other carbon based fuels. 

 

Figure 1: Total energy consumption in the world[1] 

More than 80% of the total power in the world is produced using fossil fuels. Among them, 

crude oil (45%), natural gas (20%) and coal (15%) are the main sources of fossil fuel. 
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Though fossil fuels are the main source of energy it has some limitations 

thermodynamically and environmentally as well. The efficiency of oil fueled steam turbine 

power plant reaches up to 44%, for coal fired steam turbine it goes up to 47% and for gas 

turbine of natural gas fueled power plant is nearly 40%. The efficiency of a fossil fuel 

power plant can rise up to 58% in combined gas turbine power plants. There are huge losses 

of energy potential in burning the fossil fuels. Fossil fuels are non-renewable sources of 

energy and will be depleted once they are completely consumed. Their sources are 

inadequate and they are reducing at a faster rate as the rate of consumption of power is 

increasing day by day. Over consumption of fossil fuel raises environmental issues. It 

releases CO2, CO, NOx, SOx during burning that can have severe affect in environment. 

Formation of CO2 is the main reason behind global warming, CO is poisonous, NOx and 

SOx are the cause of acid rain due to the formation of sulphuric acid and nitric acid after 

reaction with the water vapor in the atmosphere. Global warming, ozone depletion, acid 

rain and photochemical smog are the main sources of environmental degradation and thus 

created an emergent need of utilizing the alternative sources of energy for power 

generation. Among all these renewable energy sources, biomass has been found as the most 

promising option for power generation. This is because in most of the countries biomass is 

abundantly available in the form of agricultural waste, solid waste, municipal waste etc. 

and its utilization for power generation has three-fold benefits: 

 This will minimize the problems of waste disposal 

 It is a CO2 neutral fuel means to minimize the global warming 

 Reduces the load on the power grid where electricity produced through fossils. 
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 The most beneficial fact about biomass which can be said is that it is a part of the carbon 

cycle. There is a balance in CO2 release from biomass and as it inhales during growing up. 

This energy is renewable and abundant and does not emit harmful substances. 

There are traditional and unconventional methods for the conversion of biomass into fuel 

that may be used for power generation. Direct combustion, pyrolysis and gasification are 

the most commonly used methods. Direct combustion of biomass results in the formation 

of harmful pollutants like; CO, UHC and fuel-burned NOx. This compelled the researchers 

to find clean and efficient waste to energy methods. Gasification of biomass is thermo-

chemical technology that converts the biomass into the hydrogen enriched producer gas 

called syngas while utilizing the gasifying agents. Gasification is cost-effective at every 

limit of power production abilities from 5 kWe onwards. Therefore, there is endless and 

steady attention in the production of energy from biomass through gasification. From time 

to time, several explanations are reported to describe the complex phenomena of biomass 

conversion. A time has now come to reexamine the gasification process to bring out the 

role of categorization of biomass. Depending upon the nature of the environment, inert and 

reactive, prevailing during gasification, the process is called pyrolysis for the inert 

environment and gasification for the reactive environment. 

1.2 Gasification 

1.2.1 Main Stages of Gasification 

Gasification is a thermochemical method that converts biomass into the syngas i.e. (CO, 

H2, CH4, CO2,H2O) at high temperature in the presence of gasifying agent namely air 

,oxygen, steam or mixture of these components. The temperature in the gasifier needs to 



4 

 

be raised up to 600oC to 1000oC to gasification to occur. To rise up the temperature, heat 

is added to the system. In the presence of a gasifying agent at elevated temperature, the 

large molecules of biomass converts into lighter molecules and finally to permanent gasses, 

char, tar and ash. Char and tar are present if the complete conversion does not take place. 

The overall reaction in the proceeding of gasification follows multiple reactions in the 

pathway. 

 

Figure 2: Main stages of gasification 

1.2.2 Main Reactions Occur During Oxidation and Reduction in Gasifier 

The complex process of gasification can be described as the series of oxidation and 

reduction reactions given below: 

𝐶 + 𝑂2  ↔ 𝐶𝑂2 , ∆𝐻 = −393.5 𝑘𝐽/𝑚𝑜𝑙 

𝐶 + (
1

2
) 𝑂2  ↔ 𝐶𝑂 , ∆𝐻 = −110.5 𝑘𝐽/𝑚𝑜𝑙 

𝐶 + 𝐶𝑂2   ↔ 2𝐶𝑂, ∆𝐻 = 172.4 𝑘𝐽/𝑚𝑜𝑙 

𝐶 + 𝐻2𝑂 ↔  𝐻2 , ∆𝐻 = 131.3 𝑘𝐽/𝑚𝑜𝑙 

𝐶 + 2𝐻2 ↔  𝐶𝐻4 , ∆𝐻 = −74.8 𝑘𝐽/𝑚𝑜𝑙 
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𝐶𝑂 + 𝐻2𝑂 ↔ 𝐻2 + 𝐶𝑂2 , ∆𝐻 = −41.1 𝑘𝐽/𝑚𝑜𝑙 

𝐶𝑂 + 2𝐻2 ↔  𝐶𝐻4 + 𝐻2𝑂 , ∆𝐻 = 206.1 𝑘𝐽/𝑚𝑜𝑙 

1.2.3 Types of Gasifiers 

There are four categories of gasifiers based on the fact that how the fluid inside the gasifier 

is moving. The types are shown as the configuration below [2] 

 

Figure 3: Updraft and downdraft gasifier 

Among all the gasifiers’ downdraft, updraft and circulating fluidized bed gasifier is the 

most common in commercial use. Selection of a gasifier depends on largely the purpose of 

gasification, the amount of heat need from syngas and the particle matter or the kind 

biomass that is going to be used. Fixed bed type gasifiers are mostly used in medium scale 

applications and thermal efficiency is very high for these kinds of gasifiers. Downdraft 

type gasifier is mostly recognized for tar content in the syngas. It takes large space and 

needs higher investments in generating higher energy output. Updraft type of gasifier is 

mostly used for heating purposes. Its exit gas temperature reaches up to 250oC. It can 

handle large range of particle size in feedstock 
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Figure 4: Bubbling bed and circulating bed gasifier 

Fluidized bed type gasifier required small space compare to fixed bed type. Energy 

utilization for running fluidized bed gasifier is higher as external work in fan need to be 

provided to fluidize the biomass. Its resident time is very less compared to fixed bed 

gasifier and it gives higher energy output. It provides higher output than those with a fixed 

bed. Mass and heat transfer from the fuel can be increased considerably through 

fluidization and thereby increasing heating value of the output and higher gasification 

efficiency. 

1.2.4 Gasifying Agents 

There are certain agents that are used to gasify biomass. Air, oxygen and steam or mixing 

of these three components are used to gasify biomass to get the optimum output. Although 

Air gasification is commonly used due to its economic aspects, its higher heating value is 

lower for the presence of N2 in the air. Gasification with oxygen or steam produces higher 

heating value in syngas compared to air. In industrial applications, steam injection is 
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commonly used in the presence of external heat resources to get optimum syngas 

composition. 

1.2.5 Description of Various Models Utilized to Predict the Composition of 

Syngas  

2 Mathematical models can be utilized to simulate an energy conversion process and 

analyzing its performance under varying conditions. There are mainly three kinds of 

mathematical models that are available to predict the syngas composition i.e. kinetic 

mathematical model, equilibrium model and artificial neural networks (ANN) models. 

Kinetic mathematical models are most complex and detailed descriptive model to 

predict the performance of the gasifiers. It takes into consideration the kinetic 

mechanisms of the biomass gasification process, various chemical reactions and 

transfer phenomena among phases. Equilibrium models based on chemical reaction 

equilibrium and take into account the overall mass and heat balances for the entire 

gasifier. Artificial neural networks (ANN) models co-relate the input and out data by 

using ANN function that has no prior knowledge of the process[3]. 

1.3 Integrated Gasification Combined Cycle (IGCC) 

 Integrated gasification combined cycle (IGCC) is considered as one of the most 

important power generation systems for future coal/biomass utilizations and is being 

promoted throughout the world as it provides power at enhanced efficiency while 

decreasing the emissions. An efficiency of more than 40% can be achieved through the 

use of biomass-fired IGCC which is the integration of Brayton and Rankine power 

cycles. The gasification of biomass materials necessitates marginal fuel processing and 

its application in combined cycle plants deliver a sustainable power generation [4][5]. 
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 Syngas produced from biomass has a very low amount of carbon content which enters 

the gas turbine combustor that produces clean emissions. Exhaust gas from gas turbine 

runs through heat recovery steam generator (HRSG) which produces high-pressured 

steam to run a steam turbine. Part of the steam is extracted to take as input in biomass 

gasifier and rest of it produces electrical power. In the combined cycle, heat losses have 

been taken care of using HRSG and emission has been controlled using the much pure 

gas. Utilization of waste heat enhances the cycle efficiency and reduces the emissions 

associated with the flue gasses of waste heat. The drawback of this kind of power plant 

is the initial cost as it is high when it is compared with pulverized coal power plants 

and natural gas power plants. But in the long run, if the Green House Gas (GHG) 

emission is taken into account then IGCC is best in hand. 

  

Figure 5: Schematic of a typical IGCC plant based on coal[6] 



9 

 

1.4 LiBr-H2O Absorption Cooling System  

Vapor absorption refrigeration systems using water-lithium bromide-water pair are 

extensively used in large capacity air conditioning systems. The fundamental absorption 

refrigeration system contains a generator, an absorber, a condenser, an evaporator, a pump, 

expansion valves and a solution heat exchanger (SHE). Heat is added to absorption 

refrigeration system generator to release the refrigerant water from the solution. In the 

condenser, the superheated refrigerant that comes from a generator, is condensed. Saturated 

liquid at condenser pressure passes through throttling valve to generate saturated liquid at 

reduced pressure i.e. the pressure of the evaporator. Saturated vapor after receiving heat 

from evaporator enters into the absorber. The mixture of LiBr and H2O passes through 

solution heat exchanger and the cooled solution then passes through the throttling valve to 

mitigate pressure i.e. absorber pressure. Absorption temperature is kept at 35oC at 

evaporator pressure. Two streams mix at absorber and form a new mixture which is 

pumped back through the pump and then heated in the solution heat exchanger before goes 

back to the generator. The cooling produces at the evaporator of the absorption system at 

the expense of waste heat at the exit of HRSG is the additional energy/exergy output of the 

cycle considered. This configuration is named as a combined power and cooling cycle 

operated on biomass gasifier. The recovery of waste heat results in the considerable 

increase of the energetic output of the cycle. Since a lesser amount of exergy is associated 

with the cooling output, therefore, enhancement in the exergetic output of the cycle is 

insignificant. 
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 CHAPTER 2 

LITERATURE REVIEW 

2.1 Biomass Material 

Biomass has been considered as an alternative source of energy for clean power generation 

and has been a key topic of research in the last few decades.  Biomass covers a variety of 

materials such as agricultural wastes, forestry waste, and waste from paper, pulp, and sugar 

industry. Its utilization for power generation has the benefits of waste minimization, 

mitigating the global warming potential, and excess electricity to the grid. Its use for power 

generation has been found quite effective in CO2 abatement [7][8]. Incineration and land 

filling are more commonly used techniques of biomass material handling than recycling 

and composting [9]. Due to its abundantly available nature, renewability, and having a 

neutral CO2 potential, biomass is being widely utilized for power generation [10]. 

2.2 Biomass Conversion to Energy (Waste to Energy) 

Waste to energy leads to the adoption of the technology that can convert biomass into the 

biofuels in the form of liquid or gaseous products via thermo-chemical or biochemical 

processes  [11][12]. The most common technology for biomass conversion to higher value 

product is its direct combustion which is showing a tremendous potential for the utilization 

of biomass at large scale in the coming future  [13]. Search for more effective and 

environmentally benign method of biomass utilization for power generation leads to the 

discovery of biomass gasification where the waste material is gasified in the presence of 
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agents and converted into the syngas which mainly consists of hydrogen and carbon 

monoxide. Gasification found to be potentially more efficient and clean compared to 

combustion, for power generation [14]. Gasification of biomass gained a wide popularity 

as a waste to energy conversion method and began in the 1800s. Since then various biomass 

gasification systems have been developed worldwide[15]. Mark and Mike[16] studied the 

biomass gasification process for its application in gas turbine cycle operates in combined 

cycle mode. Savola [17] utilized the optimization tools for simulating a cogeneration plant 

of 1-20 MW for combined production of power and heating. Margaret and Pamela [18] in 

their investigation found that very low level of NOx and PM comes out from biomass 

system during conversion of waste to energy. Literature is considerably classified on the 

methods of gasification through the use of gasifying agents. Some common routes of 

biomass conversion to higher value fuel were syngas from the oil processing [19], syngas 

from biomass derived char [20][21], and syngas from the reforming of biomass energy 

conversion [22]. Panigrahi et al.[19] utilized the concept of steam gasification of biomass-

derived oil for syngas production. Different gasifying agents were tried like a mixture of 

CO2 and N2, H2. The commonly used gasifying agents are; oxygen, air, air and steam 

together. The gasifying agent is chosen as per the requirement of the gas composition and 

the economics of the process. Air has been considered as the economically viable and 

effective gasifying agent and is commonly used for gasification in power generation 

[23][15][24]. It is noticed that air gasification has the demerits of producing the highly 

nitrogen-diluted and poor quality gas product with (8-14%) contents of hydrogen and 

heating value (4-7 MJ/m3) which is not suited to second generation biofuels 

[25][26][27][28]. Narvaez et al. [29] studied bubbling fluidized bed air gasification of 
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sawdust and examined the effect of change of the gasification equivalence ratio on the 

energy contents of produced gas. Gasification equivalence ratio has been found as the most 

effective parameter as it determines the degree of reaction as well as the temperature and 

governs the processes of char conversion and tar formation. Utilization of pure oxygen as 

an agent provide a higher quality nitrogen-free gas with a LHV of 10-14 MJ/m3 which is 

considerably higher than pure air gasification [26]. The use of oxygen found to be 

expensive as it requires the air separation unit, particularly for small scale applications up 

to 50 MW[30]. The air-steam biomass gasification process has been considered as the most 

promising option for the production of syngas from biomass material and received a 

considerable attention in the last couple of decades which resulted in its wide 

publications[31][32][33][34]. 

2.3 Syngas Utilization for Useful Energy Production 

The syngas produced through gasification of biomass has been tremendously used for 

power generation. There are few commonly used power systems like; spark ignition 

engine, compression ignition engine, and gas turbine engine which utilizes the biomass-

derived syngas as a fuel. Spark ignition engines are mostly studied for use with synthesis 

gas: work by Coronado et al. [35] and Shah et al. [36] are evident of this. Compression 

ignition engines are more complex because auto-ignition of the synthesis gas must be 

assured. The auto-ignition potential of syngas improves when the syngas contains more 

hydrogen and less nitrogen [37]. Chacartegui et al.[38] addressed the use of synthesis gas 

in heavy duty gas turbines; Fagbenle et al [39] studied a combustion chamber conditions 

and performance when using synthesis gas as fuel. Integrated gasification combined cycle 

has been considered broadly for power generation from biomass-derived syngas and a 
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considerable amount of literature is available on their performance investigations. De Kam 

et al. [40] used biomass IGCC technology to generate process heat and significant amounts 

of electricity at dry-grind ethanol facilities of co-products by utilizing the ethanol process 

along with other biomass sources. Wu et al [41] investigated the operating features of 1.2 

MW  power generation plant that run through the gasification of rice husk. Finckh and 

Pfost [42] investigated the power and efficiency limits and the possibilities for enhancing 

efficiency. The effects of gasification conditions on the performance of IGCC plants have 

studied well and a much is reported in this regard [43] [24][44]. 

2.4 Equilibrium model for a thermo-chemical gasification of biomass 

The biomass gasification process [45] has been studied in two different approaches: kinetic 

modeling and equilibrium modeling [46]. Kinetic modeling is a complex process to model, 

though it is possible to predict more precise outcomes from it. An equilibrium model is 

simpler than the kinetic model and can provide good approximations for gasifiers like 

downdraft gasifiers that operate almost in equilibrium conditions. Moreover, process 

parameters in the gasifier can be easily studied with thermodynamic equilibrium modeling 

as the calculations are free from gasifier design [46]. Many investigations are reported on 

thermodynamic equilibrium model development for computing the composition of syngas 

produced through biomass gasification. Zainal et al. [47] developed an equilibrium model 

to predict the composition of syngas in a downdraft gasifier. They discussed the effect of 

moisture content and the temperature of the gasifier on the calorific value of the syngas. 

Prins et al. [48] studied the effect of air and steam as gasifying agents separately and 

compared the results using both first and second law of thermodynamics. They concluded 

that the air gasification prompts the production of CO and H2 whereas steam gasification 



14 

 

increases the quantity of CH4 in syngas. Li et al. [31] developed a non-stoichiometric model 

to predict the syngas composition and verified the results with a circulating fluidized bed 

gasifier. They discussed the effect of O/C ratio of biomass and temperature of gasification. 

Their experiment showed that the ash circulation increased the carbon conversion and 

steam injection made the quality of the gas better. Jarungthammachote and Dutta [49] 

presented a thermodynamic equilibrium model and varied with previously done 

experimental results. Venkata et al. [50] conducted experiments on downdraft gasifier 

using cash chew shell as biofuel. Their results were in good collaboration with the model 

they developed. Srinivas et al. [43] studied a fluidized bed gasifier where both air and steam 

were utilized as the gasifying agents. The interesting part of their study was they supplied 

the compressed air not the ambient one. They assumed the syngas free from char and tar 

and developed a thermo-chemical model for gasification of biomass which paved the way 

for computation of the equilibrium composition of syngas produced. Huang et al. [51] 

designed a biomass-fueled tri-generation system for building and analyzed their 

thermodynamic performance. Azzone et al. [52] developed a thermo-chemical model for 

the simulation of gasification conditions of agricultural residues. They evaluated the 

quality and quantity of syngas produced by gasification of a biomass material without the 

consideration of tar and char and also made their comparison with the data reported in the 

literature. Rupesh et al. [53]carried out a comprehensive investigation of a thermo-

chemical model for the gasification of coconut shell as a biomass and predicted the 

equilibrium composition of syngas produced. Their composition considered being as more 

realistic than the previously reported because they incorporated the phenomena of char 

conversion and tar formation. Rupesh et al.[54] compared the gasification performance of 
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different biomass materials in terms of gas yield and heating value of syngas. They 

examined the effects of gasification equivalence ratio and steam to biomass ratio on the 

energy contents of syngas produced after feeding a given biomass material. Above studies 

carried out on biomass gasification show that air-steam fluidized bed gasifiers are more 

attractive than the other conventional gasifiers due to their better heat and mass transfer 

characteristics, favorable solid-gas contact, and temperature controllability. In view of the 

aforementioned advantages of air-steam gasification, in the current study, it was aimed to 

develop a thermo-chemical model for gasification of a biomass under air-steam gasification 

process occurs in the fluidized bed gasifier. A computer program was made in MATLAB 

Software to predict the approximate equilibrium composition of syngas produced after 

biomass gasification with the consideration of char conversion and tar formation. The 

developed model provided the quantity of syngas produced in terms of the number of moles 

the key constituents of syngas like; CO. H2, CH4, CO2. N2 also appears in the syngas but it 

showed inert behavior. Further, both the energy and exergy contents of the syngas were 

calculated as a gasifier output and subsequently the energy and exergy efficiencies of the 

gasifier were evaluated for various biomasses at different operating conditions. 

2.5 Biomass Integrated Gasification Combined Cycle (BIGCC) for 

Power Generation 

Integrated gasification combined cycles have been studied widely and a much is reported 

in the literature on their performance analysis. Mark and Mike [16] studied the IGCC with 

a special consideration on biomass gasifier. They observed the effect of gasifier pressure 

on the power output of the gas turbine. Savola [17] in their study on IGCC suggested some 

methods of increasing the power output of the cycle. Kim et al.  [55]studied the IGCC 
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technology for cogeneration applications where they considered the process heat and 

electricity as cycle outputs. Srinivas et al. [43]investigated the performance characteristics 

of IGCC based on rice husk gasification under the use of steam and air at different operating 

conditions. They computed the power generation capacity of IGCC, plant efficiency, and 

gas generation per kg of biomass supplied to the gasifier. The basic limitation with their 

wonderful study on IGCC was the elimination of the process tar formation and char 

conversion during the production of syngas. Therefore, in the current study, it was targeted 

to propose and analyze the IGCC operates on syngas produced after gasification of the 

biomass supplied under air-steam gasification with the consideration of char conversion 

and tar formation. Along with the calculations of the gasifier’s individual performance, the 

thermodynamic performance of IGCC was analyzed for its power generation and 

efficiency. In view of observing its qualitative performance, the exergy efficiency of IGCC 

was also evaluated along with its energy efficiency. The performance evaluated for the 

configuration of IGCC considered in the current study under the specified gasification 

conditions of biomasses is more reliable and flexible as it considered the most general and 

real operating conditions. 

2.6 Syngas Utilization for Combined Power and Cooling production 

In some of the industrial and residential sectors, the demand for cooling exists along with 

the requirement of electric power. In general, the cooling demand meets out with the use 

of vapor compression cooling cycle which requires electricity and CFC’s for their 

operation and becomes a source of the fast depletion of fossil fuel reserves and environment 

degradation. A little is reported on the proposal and analysis of biomass-derived syngas 

fueled combined cycles utilized for simultaneous generation of electric power and cooling. 
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Since a significant amount of heat is wasted as flue gasses to the environment at the exit of 

the heat recovery steam generator (HRSG) of IGCC, therefore, the employment of waste 

heat driven vapor absorption refrigeration system could be a promising option to produce 

the cooling required. Moreover, vapor absorption refrigeration systems utilized a working 

fluid as a solution which is eco-friendly and available cheaply and easily. Though they 

provide a low value of COP compared to vapor compression systems. Khaliq and Parvez  

[56]carried out a study on the thermodynamic investigation of a cycle where IGCC was 

integrated with the waste heat drove absorption refrigeration system. Their cycle meet out 

the demand of electric power and cooling simultaneously in an efficient and environment-

friendly manner. Their investigation was limited to the formation of syngas without char 

conversion and tar formation. Therefore, in the present work a biomass-derived syngas 

fueled combined power and cooling cycle was considered where the syngas formation with 

the consideration of tar and char was considered and the cycle’s performance was examined 

thermodynamically from both energy and exergy point of views. The results obtained in 

the current study found to be more authentic and reliable due to the most generalized 

process of gasification of biomass. 

As indicated above, many researchers have carried out investigations on the process of 

biomass gasification and the subsequent computation of syngas composition through the 

application of a thermo-chemical model. A research on the energy and exergy analysis of 

a biomass-derived syngas fueled IGCC is equally reported for various operating conditions. 

However, detailed and updated literature review reveals some research gaps in the related 

area of work which may be reported as: 
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1. A scope of research was found for the development of a thermo-chemical model 

for the air-steam fluidized gasification of biomass with the consideration of char 

and tar. 

2. Qualitative and quantitative performance evaluation of the gasifier in terms of its 

both energy and exergy efficiency at variable equivalence ratio and gasifier 

pressure was found as another scope of research in the area. 

3. Utilization of waste heat of BIGCC through the employment of absorption 

refrigeration system which is expected to produce cooling in an environment-

friendly manner was another scope in terms of waste heat recovery. 

4. Exergy analysis which identifies and quantifies the sources of losses to determine 

the degree of imperfection of the system performance to advanced thermodynamic 

cycle provided the further scope of research in the area chosen. 

2.7 Overall Objective of the Thesis 

The overall objective of the thesis which is fulfilled in the present research work can be 

summarized as: 

1. A general thermochemical model for the computation of syngas composition was 

developed. 

2.  The qualitative and quantitative performance of the gasifier has been tested under 

different variable operating conditions. The parameters are gasification equivalence 

ratio (0.3-0.6), steam to biomass ratio (0.5-1.2) and compressor pressure ratio (8-

16). 

3. Both energetic and exergetic assessment of a BIGCC has been made for the above 

parameters along with pinch point in HRSG (10K-50K) 
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4. Combined BIGCC-VAR cycle was examined from energy and exergy point of 

views. Special attention was focused on chemical exergy of LiBr-H2O in order to 

make a true exergetic assessment of the proposed cycle. 
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 CHAPTER 3 

SYSTEM DESCRIPTION AND METHODOLOGY 

3.1 System Description  
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Figure 6: Schematic diagram of a biomass derived combine cycle power plant 

  

 Schematic of the proposed biomass derived combined cycle is depicted figure 6. The 

biomass is supplied to gasifier at ambient conditions. High-pressure air and 

superheated steam enter the gasifier as the gasifying agents. Biomass-derived syngas 

produced after gasification delivered to the combustion chamber at 5. Tar formation 

and char presence are shown at the gasifier exit which needs a cleaner to purify the gas 
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produced. The tar formation and char conversion are included in the formulation of a 

thermo-chemical model. Combustion products are formed at 6 after utilizing the syngas 

as a fuel and high-pressure air as an oxidizer. Combustion products expanded over the 

turbine to deliver the gas turbine power output. Turbine exhaust at higher temperature 

enters the HRSG and produces the superheated steam. The superheated steam at “9” 

delivered to the steam turbine for secondary power generation. A part of superheated 

steam was bled after partial expansion in the turbine at “4” and goes back to the gasifier 

for biomass gasification. Saturated steam leaving the steam turbine at “10” goes to the 

condenser where it is condensed at “11”. The water is then pumped to HRSG at “13”. 

 Attention focused on combined cycle power plant clearly reveals that a considerable 

amount of losses in terms of energy and exergy occurs at the exit of HRSG which leads 

the inefficiency of the plant and environmental degradation. Therefore, in order to 

improve the performance of the plant from both thermodynamic and environment point 

of view, it is highly desirable to recover this waste heat (via flue gasses) through the 

use of waste heat operated energy conversion system. In this regard, a LiBr-H2O 

absorption refrigeration system is employed as a bottoming cycle which is derived from 

the waste heat of HRSG. In the proposed cycle, a single effect LiBr-H2O system is 

deployed at the exit of HRSG to produce refrigeration for space conditioning or cabin 

cooling. This type of cogeneration cycle can simultaneously produce both power and 

cooling with a single source of biomass supply and hence may result in the efficiency 

enhancement and emissions reduction. 

 The configuration of the biomass gasification combined cycle integrated with the LiBr-

H2O refrigeration system is shown in the figure given below: 
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Figure 7: BIGCC with LiBr-H2O absorption refrigeration system 

3.2 Methodology  

A mathematical model based on the quasi-equilibrium thermodynamic approach and some 

empirical relations have been developed to predict the composition of syngas produced 
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after air-steam gasification of biomass in fluidized bed gasifier with the consideration of 

char conversion and tar formation. In the model, the gasifier has been taken as a black box, 

which is the key component of the BIGCC where compressed air and superheated steam 

enters along with the biomass feed and syngas leaves as a product. The values of 

equivalence ratio (GER) in the gasifier, steam biomass ratio (SBR), compressor pressure 

ratio and pinch point in HRSG is varied to analyze the performance of the plant. 

3.3 Model Formulation 

A mathematical model based on equilibrium along with some empirical relations has been 

developed to predict the composition of syngas produced in the gasifier, incorporating the 

process of char conversion and tar formation. In the model, the gasifier has been taken as 

a black box, where the compressed air and steam flows in as the gasifying agents and the 

syngas flows out of the gasifier.  

As biomass gasification consists of multiple complex reaction processes, making a 

theoretical model needs to take into account certain assumptions. The assumptions are as 

follows 

1) C, H, O, N and Ash were taken into account in biomass ultimate dry analysis. N 

and Ash assumed to be inert and they do not take part in the reaction. 

2) Benzene and graphite carbon are considered as Tar and Char. 

3) Ideal gas formulas have been used i.e. all gasses were taken as ideal gasses 

4) CH4, CO, CO2, H2, N2, H2O, C6H6 (tar) and C (char) are the products coming out 

from the gasifier. 
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5) The gasification took place under the adiabatic, isobaric and steady state conditions. 

6) Dried biomass was taken as input i.e. no moisture content present in the biomass 

which is supplied as a primary energy input to the system considered. 

 

Figure 8: Basic principle of an air-steam biomass gasifier 

 

The composition of biomasses considered in the analysis mainly consists of Ca1Ha2Oa3Na4  

where 𝑎1 = 1 , 𝑎2 =
𝐻 𝑀𝐻⁄

𝐶 𝑀𝐶⁄
 , 𝑎3 =

𝑂 𝑀𝑜⁄

𝐶 𝑀𝐶⁄
 , 𝑎4 =

𝑁 𝑀𝑁⁄

𝐶 𝑀𝐶⁄
 

A chemical formula for a selected biomass may be given as Ca1Ha2Oa3Na4 where a1 was 

taken as unity and a2, a3, a4 were taken as the mole ratios of H, O and N with C. 

The properties of biomasses tested in this study are in the following table. 

Table 1: Biomass properties 

Biomass C% H% O% N% 
Molecular 

Weight 
(kg/kmol) 

LHV 
(kJ/kg) 

Chemical 
Exergy 
(kJ/kg) 

Saw Dust 52.28 5.2 40.85 0.47 22.68 18710.69 24393.098 

Coconut 
Shell 

45.61 5.61 48.16 0.26 
26.22 

15969.4 22391.558 
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Rubber 
Seed 

41.11 6.6 49.88 2.13 
29.11 

15262.81 22005.74 

Corn Stalk 43.8 6.4 49.8 0 
27.40 

15887.01 22627.824 

 

The global reaction for air-steam biomass gasification may be reported as follows 

Ca1Ha2Oa3Na4 + a5 (O2+3.76N2) + a6H2O = b1CH4 + b2 CO + b3 CO2 + b4H2+ b5H2O+ 

b6 N2 + btarC6H6 +  (1-α)C                                ( 1 ) 

‘a5’ and ‘a6’ represents the number of moles of air and steam supplied to the gasifier, as 

agents of gasification, respectively. The values of ‘a5’ and ‘a6’ can be calculated by using 

the relations below for given values of gasification equivalence ratio (GER) and SFR. 

𝒂𝟓 = 𝑮𝑬𝑹(𝟏 + 𝟎. 𝟐𝟓𝒂𝟐 − 𝟎. 𝟓𝒂𝟑)                                ( 2 ) 

𝒂𝟔 = 𝑺𝑭𝑹                               ( 3 ) 

𝑺𝑭𝑹 =
𝑴𝒃𝒊𝒐

𝑴𝒔𝒕𝒆𝒂𝒎
𝑺𝑩𝑹                               ( 4 ) 

Molecular weight of biomass is given by 

𝑴𝒃𝒊𝒐 = 𝟏𝟐𝒂𝟏 + 𝟏. 𝟎𝟎𝟖𝒂𝟐 + 𝟏𝟔𝒂𝟑 + 𝟏𝟒𝒂𝟒                               ( 5 ) 

Carbon conversion factor which governs the char conversion is taken as α and can be 

deduced after using relation below [31] 

𝜶 = 𝟎. 𝟗𝟎𝟏 + 𝟎. 𝟒𝟑𝟗(𝟏 − 𝒆(−𝑮𝑬𝑹+𝟎.𝟎𝟎𝟎𝟑𝑻𝒈))                               ( 6 ) 

Quantity of Tar formation may be calculated after using the equations mentioned below 

[57] 
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𝑻𝒂𝒓𝒘𝒕% = 𝟑𝟓. 𝟗𝟖𝒆−𝟎.𝟎𝟎𝟐𝟗𝟖𝑻𝒈                               ( 7 ) 

𝒎𝒕𝒂𝒓 =
𝑻𝒂𝒓𝒘𝒕%

𝟏𝟎𝟎
(𝟏 + 𝑺𝑩𝑹 + 𝒂𝟓)                               ( 8 ) 

𝒃𝒕𝒂𝒓 =
𝒎𝒕𝒂𝒓

𝑴𝒕𝒂𝒓
                               ( 9 ) 

There are six unknowns in Eq. (1) but the atomic balance of C, H, O and N, gives four 

equations.  

𝒂𝟏 = 𝒃𝟏 + 𝒃𝟐 + 𝒃𝟑 + 𝟔𝒃𝒕𝒂𝒓 + 𝒃𝒄(𝟏 − 𝜶)                                ( 10 ) 

𝒂𝟐 + 𝟐𝒂𝟔 = 𝟒𝒃𝟏 + 𝟐𝒃𝟒 + 𝟐𝒃𝟓 + 𝟔𝒃𝒕𝒂𝒓                               ( 11 ) 

𝒂𝟑 + 𝟐𝒂𝟓 + 𝒂𝟔 = 𝒃𝟐 + 𝟐𝒃𝟑 + 𝒃𝟓                               ( 12 ) 

𝒂𝟒 + 𝟕. 𝟓𝟐𝒂𝟓 = 𝟐𝒃𝟔                               ( 13 ) 

Therefore, two more equations are required to be developed which may be formulated 

through two equilibrium reactions in the system and they are 

Water shift reaction:   

CO + H2O = CO2 +H2 

Hydrogasification reformation:  

C+2H2=CH4 

The corresponding equilibrium constant for these two equations can be written as 

𝒌𝟏 =
𝒃𝟑𝒃𝟒

𝒃𝟐𝒃𝟓
                               ( 14 ) 
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𝒌𝟐 = 𝒏𝒕𝒐𝒕
𝒃𝟏

𝒃𝟒
𝟐                               ( 15 ) 

The values of k1 and k2 were found by using the following relations [47] 

𝒌𝟏 = 𝒆𝒙𝒑 ((
𝟓𝟖𝟕𝟖

𝑻𝒈
) + (𝟏. 𝟖𝟔 𝒍𝒐𝒈(𝑻𝒈)) − (𝑻𝒈 𝟎. 𝟐𝟕 ⨯ 𝟏𝟎−𝟑) − (

𝟓𝟖𝟐𝟎𝟎

𝑻𝒈
𝟐 ) − 𝟏𝟖)       ( 16 ) 

𝒌𝟐 = 𝒆𝒙𝒑 ((
𝟕𝟎𝟖𝟐.𝟖𝟒𝟐

𝑻𝒈
) − (𝟔. 𝟓𝟔𝟕 𝒍𝒐𝒈(𝑻𝒈)) + (𝑻𝒈𝟑. 𝟕𝟑𝟑𝟓 ⨯ 𝟏𝟎−𝟑) − (𝟎. 𝟑𝟔𝟏𝟐 ⨯

𝟏𝟎−𝟔 𝑻𝒈
𝟐 ) + (𝟎. 𝟎𝟕𝟎𝟐 ⨯

𝟏𝟎−𝟓

𝟐𝑻𝒈
𝟐 ) + 𝟑𝟐. 𝟓𝟒𝟏)                     ( 17 ) 

In order to increase the prediction accuracy of the model, the equilibrium constants k1 and 

k2 are  multiplied with c1 and c2 which are a function of GER of the gasifier [58] 

𝒄𝟏 = 𝒑𝟏 𝒆𝒙𝒑(𝒑𝟐 ⨯ 𝑮𝑬𝑹)                              ( 18 ) 

𝒄𝟐 = 𝒑𝟑 − 𝒑𝟒 ⨯ 𝑮𝑬𝑹                               ( 19 ) 

p1 to p4 are constant numbers. 

The model developed in this study for solid waste is tested by comparing the results with 

the published data of other researchers. Table 3 shows the comparison of the present results 

at the similar conditions RAFR=0.3 with the literature results. The comparison is good and 

agreed with previously modeled and experimented results. 
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Table 2: The comparison of results of gas composition related to biomass with the data 

from researchers 

Syngas 
Composition 

(dry basis, 
mole %) 

Jayah et 
al.[59] 

Srinivas et 
al.[43] 

Altafini et al. 
[60] 

Rupesh et 
al.[54] 

Present 
Model 

CH4 1.2 0.01 0 4.01 2.43 

CO 18.9 20.3 19.7 19.4 19.47 

CO2 8.5 9.5 10.15 13.7 13.16 

H2 12.5 19.5 20.05 17.8 18.01 

N2 58.9 50.69 50.1 45.09 46.92 
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The above-formulated system of equations was solved by the following method 

 

The producer gas constituents and gasification temperature are iterated using energy 

balance applied over the gasifier which is mentioned in Eq. (34) along with other equations 

mentioned above. 
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The lean combustion equation for the combustion chamber of the gas turbine cycle utilizing 

compressed air as an oxidizer can be stated as 

𝒃𝟏𝑪𝑯𝟒 + 𝒃𝟐𝑪𝑶 + 𝒃𝟑𝑪𝑶𝟐 + 𝒃𝟒𝑯𝟐 + 𝒃𝟓𝑯𝟐𝑶 + 𝒃𝟔𝑵𝟐 + 𝒂𝟕(𝑶𝟐 + 𝟑. 𝟕𝟔𝑵𝟐) →

𝒃𝟕𝑪𝑶𝟐 + 𝒃𝟖𝑯𝟐𝑶 + 𝒃𝟗𝑵𝟐 + 𝒃𝟏𝟎𝑶𝟐                               ( 20 ) 

b7 to b10  and combustion temperature (T6) are obtained using molecular balance and energy 

balance for the above equation [56] 

3.4 Thermodynamic Analysis 

3.4.1 Energy Analysis 

The energy associated with working substance at a given state shown in Figure 3.1 can be 

defined as the following  

𝑯 = ∑ 𝒏𝒊(�̅�𝒇𝒊

𝒐 + 𝜟�̅�𝒊)                               ( 21 ) 

Where h̅fi

o  the formation enthalpy and Δℎ̅i is may be defined as 

𝜟�̅�𝒊 (𝑻) = ∫ �̅�𝒑𝒊
(𝑻)𝒅𝑻

𝑻

𝑻𝒐
                               ( 22 ) 

𝐶�̅�i
(𝑇) for every element that has been taken into account are summarized in the given 

table [61] 

Elements Equations 

CO2 −3.7357 + (3.0529𝑇0.5) − (0.041𝑇) + (2.4198 ⨯ 10−6 𝑇2) 

CO 69.145 − (0.0227𝑇0.75) − (2000.77𝑇−0.5) + (5589.642𝑇−0.75) 



31 

 

  

3.4.2 Exergy Analysis 

The exergy may be defined as the maximum amount of work produced during the 

reversible transformation of the system from its given state to the dead state where it is in 

complete thermodynamic equilibrium with the environment. It can be further explained 

well with the figure below. 

 

Figure 9: Exergy in stages 

CH4 −672.87 + (139.058𝑇0.25) − (0.7866𝑇0.75) + (3238.8𝑇−0.5) 

H2O 143.05 − (58.0404𝑇0.25) + (8.2751𝑇0.5) − (0.036989𝑇) 

N2 39.06 − (512790𝑇−1.5) + (10.727 ⨯ 106𝑇−2) − (820.4 ⨯ 106𝑇−3) 

O2 37.432 + (2.0102 ⨯ 10−5𝑇1.5) − (178570𝑇−1.5) + (2.3688 ⨯ 106𝑇−2) 

H2 56.505 − (22222.59𝑇−0.75) + (116500𝑇−1) − (560700𝑇−1.5) 

C6H6 −0.206 + (39.064 ⨯ 10−3𝑇) −  (13.301 ⨯ 10−6 𝑇2) 

C 1.771 + (0.771 ⨯ 10−3𝑇) − (0.867 ⨯ 105𝑇−2) 



32 

 

When the system is in a given state (figure 9), it contains physical and chemical exergy and 

it is due to the change of temperature, pressure and chemical compositions. When the 

system is in restricted dead state it in thermos-mechanically equilibrium with environment, 

but still it has chemical potential in it. At the ultimate dead state the system is in complete 

equilibrium with environment. 

Mathematically, the expression for physical exergy may be stated as 

𝒆𝒑𝒉 = (𝒉 − 𝒉𝒐) − 𝑻𝒐(𝒔 − 𝒔𝒐)                               ( 23 ) 

Where ‘e’ is the specific flow exergy of the system means it is physical exergy per unit 

mass. 

In the energy transformation processes like gasification and combustion, where the 

chemical composition of the working substance changes, incorporation of chemical exergy 

is must into the exergy analysis. This is because physical exergy deals only with the 

transformation of an invariable chemical composition system from given state to restricted 

dead state. 

Thermodynamically, the chemical exergy may be defined and stated as the maximum 

amount of work produced during the reversible transition of a system from the restricted 

dead state to the ultimate dead state, and it can be expressed as 

�̅�𝒄𝒉,𝒎𝒊𝒙 = ∑ 𝒚𝒊 �̅�𝒄𝒉 + �̅�𝑻𝒐 ∑ 𝒚𝒊 𝒍𝒏𝒚𝒊                               ( 24 ) 

‘yi’ is the mole fraction of the ‘i’ component of the mixture. �̅� is the universal gas constant 

in kJ/kmol–K. 
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Chemical exergy for at reference state for a component are taken from the table below [62]: 

 

Table 3: Chemical exergy of different elements 

Species CH4 CO CO2 H2 H2O(g) O2 N2 C 

Chemical 

exergy 

(ech)(kj/kmol) 

836,510 275,430 20,140 238,490 11,710 3970 690 410,802 

 

The total exergy of the working substance per unit mass, which is a property of the 

substance and the surroundings, is the sum of physical and chemical exergy and is given 

by 

𝒆𝒕𝒐𝒕𝒂𝒍 = 𝒆𝒑𝒉 + 𝒆𝒄𝒉                               ( 25 ) 

Due to the unavoidable phenomena of irreversibility, exergy destruction is associated with 

every component of the system which can be calculated after making an exergy balance 

over the component concerned. The exergetic balance applied to a fixed control volume 

operates under steady state is given by 

𝑬𝑫 = 𝑬𝒊𝒏 − 𝑬𝒐𝒖𝒕                               ( 26 ) 

Where Edest is the exergy destruction or the irreversibility of the system, Ein is the exergy 

input to the system and Eout is the exergy out from the system. Exergy like energy is 

transferred via heat, mass, and work from and to the system. 

𝑬𝒊𝒏 = ∑ 𝒎 𝒆𝒊𝒏 +  ∑ 𝑸𝒋 (𝟏 −
𝑻𝒐

𝑻𝒋
)                               ( 27 ) 

𝑬𝒐𝒖𝒕 = 𝑾 + ∑ 𝒎 𝒆𝒐𝒖𝒕                               ( 28 ) 
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Where ‘Qj’ is the heat transfer to the system, ‘W’ is the mechanical work supplied by the 

system, ‘e’ is the exergy transfer associated with the stream of matter and ‘m’ is the mass 

containing the energy. ’e’ can be designated as Eq. (25) 

3.5 Analysis of Individual Component of BIGCC 

3.5.1 Compressor 

Atmospheric air enters at 1 in the compressor at the compression pressure ratio rc and 

compressor isentropic efficiency ɳc 

The actual temperature of air at the compressor exit can be computed after using the 

equation [63] 

𝑻𝟐 = 𝑻𝟏 + (
𝑻𝟏

ɳ𝒄
) ((𝒓𝒄

𝜸−𝟏

𝜸 ) − 𝟏)                               ( 29 ) 

Work supplied to compressor 

𝑾𝒄 = 𝑯𝟐 − 𝑯𝟏                               ( 30 ) 

Exergy destruction in compressor 

𝑬𝑫𝒄𝒐𝒎
= 𝑬𝟏 + 𝑾𝒄 − 𝑬𝟐                               ( 31 ) 

Second law efficiency of compressor 

(𝑬𝟐−𝑬𝟏)

𝑾𝒄
                               ( 32 ) 

3.5.2 Gasifier 

The energy balance equation for the gasifier can be stated as 



35 

 

𝑯𝒃𝒊𝒐 +  ∑ 𝒂𝒊𝒉𝒊
𝟔
𝒊=𝟓 −  ∑ 𝒃𝒊

𝟔
𝒊=𝟏 𝒉𝒊 = 𝟎                               ( 33 ) 

a1to a6 and b1to b6 are described in Eq. (1) 

The energy content in biomass is given by the equation [58] 

𝑯𝒃𝒊𝒐 = (
𝒂𝟐

𝟐
) 𝑯𝒇𝑯𝟐𝑶𝒈

+ 𝑯𝒇𝑪𝑶𝟐
+ 𝑳𝑯𝑽𝒃𝒊𝒐                                 ( 34 ) 

The lower heating value of biomass can be determined after using the equation [64] 

𝑳𝑯𝑽𝒃𝒊𝒐 = (𝟑𝟒. 𝟖𝟑𝟓𝑪 + 𝟗𝟑. 𝟖𝟕𝑯𝟐 − 𝟏𝟎. 𝟖𝑶𝟐 + 𝟔. 𝟐𝟖𝑵𝟐)                                 ( 35 ) 

Where C, H, O and N are the mass percentage of the corresponding element 

The lower heating value of syngas may be computed from the following equation [61] 

𝑳𝑯𝑽𝒔𝒚𝒏 =
𝟐𝟖𝟐𝟗𝟗𝟑𝒏𝑪𝑶+𝟖𝟎𝟐𝟑𝟎𝟑𝒏𝑪𝑯𝟒

+𝟐𝟒𝟏𝟖𝟐𝟕𝒏𝑯𝟐

𝑴𝒔𝒚𝒏
                               ( 36 ) 

The molecular weight of syngas was calculated using the following equation 

𝑴𝒔𝒚𝒏 =  𝟐𝟖𝒏𝑪𝑶 +  𝟏𝟔𝒏𝑪𝑯𝟒
+ 𝟐. 𝟎𝟎𝟖𝒏𝑯𝟐

                               ( 37 ) 

Exergy balance applied over the adiabatic and steady flow gasifier give rise the expression 

for destruction in gasifier 

𝑬𝑫𝒈𝒂𝒔𝒊
= 𝑬𝟑 + 𝑬𝟐𝒂 + 𝑬𝟒 − 𝑬𝟓                               ( 38 ) 

Second law efficiency of a gasifier can be defined after [54] 

𝑬𝟓

𝑬𝒃𝒊𝒐+𝑬𝟒
                               ( 39 ) 

The exergy of the biomass can be deduced using the following formulae [43] 
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𝑬𝒃𝒊𝒐 = 𝟒𝟏𝟎𝟖𝟐𝟎𝒂𝟏 + 𝟏𝟏𝟗𝟐𝟒𝟔𝒂𝟐 + 𝟏𝟗𝟖𝟓𝒂𝟑 + 𝟑𝟒𝟓𝒂𝟒                                             ( 40 ) 

3.5.3 Combustion chamber 

Producer gas from fluidized bed gasifier (5) enters the combustion chamber and combusted 

in the presence of compressed air at 2b. Energy balance of the combustion chamber with 

the combustion efficiency, ɳcc may be shown as[65] 

𝑯𝟓 + 𝑯𝟐𝒃 = 𝑯𝟔 + (𝟏 − ɳ𝒄𝒄)𝑯𝟓                               ( 41 ) 

Where H5 comprises of the summation of enthalpy of all the element present in the producer 

gas and H6 consists of the combustion products in the Eq. (20) 

Exergy destruction in combustion chamber can be determined as 

𝑬𝑫𝒄𝒄
= 𝑬𝟓 + 𝑬𝟐𝒃 − 𝑬𝟔                               ( 42 ) 

Second law efficiency of the combustion chamber 

𝑬𝟔

𝑬𝟓
                               ( 43 ) 

3.5.4 Gas Turbine 

Exhaust gas temperature from gas turbine can be found after  using the equation [66] 

𝑻𝟕 = 𝑻𝟔 − 𝑻𝟔ɳ𝒈𝒕 (𝟏 − (
𝟏

𝒓𝒆𝒙
)

𝜸−𝟏

𝜸
)                               ( 44 ) 

Work was done by the gas turbine 

𝑾𝒈𝒕 = 𝑯𝟔 − 𝑯𝟕                               ( 45 ) 

Exergy destruction in gas turbine 
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𝑬𝑫𝒈𝒕
= 𝑬𝟔 − 𝑾𝒈𝒕 − 𝑬𝟕                               ( 46 ) 

Second law efficiency of gas turbine 

𝑾𝒈𝒕

𝑬𝟔−𝑬𝟕
                               ( 47 ) 

3.5.5 Heat Recovery Steam Generator 

HRSG considered in the current study is comprised of economizer, evaporator and super 

heater. Exhaust gas from gas turbine enters the super heater and passes through evaporator 

and economizer and leaves at 8 as stack gas.  

Economizer Evaporator Superheater

7

a

b

d
c

9Pinch 
Point

8

13

 

Figure 10: Pinch point temperature in HRSG 

The pressurized water enters at 13 to economizer where the temperature reaches to 

saturation temperature at the corresponding pressure. Then it passes through the evaporator 

where water evaporates and temperature remains the same. The saturated steam gets 
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superheated from ‘c’ to 9. The waste gas temperature at point ‘b’ can be expressed in terms 

of pinch point and saturation temperature as  

𝑻𝒃 = 𝑻𝒅 + 𝑷𝑷                               ( 48 ) 

Where 𝑇𝑑 is the saturation temperature at corresponding pressure after economizer at 

point‘d’. And PP is pinch point of HRSG. 

The mass flow rate of steam generated in HRSG and the stack gas temperature are 

calculated after using the following equations 

𝒎𝟏𝟑(𝒉𝒅 − 𝒉𝟏𝟑) = 𝑯𝒃 − 𝑯𝟖                               ( 49 ) 

𝒎𝟏𝟑𝒉𝒇𝒈 = 𝑯𝒂 − 𝑯𝒃                               ( 50 ) 

𝒎𝟏𝟑(𝒉𝟗 − 𝒉𝒄) = 𝑯𝟕 − 𝑯𝒂                               ( 51 ) 

Exergy destruction in the HRSG can be known after applying the exergy balance over the 

same and it gives 

𝑬𝑫𝑯𝑹𝑺𝑮
= 𝑬𝟕 + 𝑬𝟏𝟑 − 𝑬𝟖 − 𝑬𝟗                               ( 52 ) 

Second law efficiency of HRSG can be expressed as 

𝑬𝟗+𝑬𝟖

𝑬𝟕+𝑬𝟏𝟑
                               ( 53 ) 

3.5.6 Steam Turbine 

Work done by steam turbine where a part of steam is extracted to take to gasifier as a 

gasifying agent can be determined after using the expression 

𝑾𝒔𝒕 = (𝒎𝟏𝟑 − 𝒂𝟔𝑴𝑯𝟐𝑶)(𝒉𝟗 − 𝒉𝟏𝟎)                               ( 54 ) 



39 

 

Exergy destruction in the steam turbine is known after applying 

𝑬𝑫𝒔𝒕
= 𝑬𝟗 − 𝑾𝒔𝒕 − 𝑬𝟏𝟎 − 𝑬𝟒                               ( 55 ) 

Second law efficiency of steam turbine 

𝑾𝒔𝒕

𝑬𝟗−𝑬𝟏𝟎
                               ( 56 ) 

3.5.7 Steam Condenser 

The cooling media flows as stream of water at 14 carries away the heat out from the 

saturated vapor and results in condensation of steam at 11. 

𝒎𝟏𝟎(𝒉𝟏𝟎 − 𝒉𝟏𝟏) = 𝒎𝟏𝟒(𝒉𝟏𝟓 − 𝒉𝟏𝟒)                               ( 57 ) 

Exergy destruction in steam condenser 

𝑬𝑫𝒔𝒕𝒎,𝒄𝒐𝒏𝒅
= 𝑬𝟏𝟎 + 𝑬𝟏𝟒 − 𝑬𝟏𝟏 − 𝑬𝟏𝟓                               ( 58 ) 

Second law efficiency of steam condenser 

𝑬𝟏𝟓+𝑬𝟏𝟏

𝑬𝟏𝟎+𝑬𝟏𝟒
                               ( 59 ) 

3.5.8 Feed Pump 

Feed pump pressurized the water up to the selected pressure to feed to HRSG where the 

stream vaporizes and superheated and enters the steam turbine. 

Work input to the feed pump 

𝑾𝒇𝒑 = 𝒎𝟏𝟑(𝒉𝟏𝟑 − 𝒉𝟏𝟐)                               ( 60 ) 

The enthalpy at the exit of a pump can be found using the following equation 
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𝒉𝟏𝟑 = 𝒉𝟏𝟐 + (𝒗𝟏𝟐(𝑷𝟏𝟑 − 𝑷𝟏𝟐)
𝟏𝟎𝟐

ɳ𝒇𝒑
)                                 ( 61 ) 

Exergy destruction in the feed pump is known after applying 

𝑬𝑫𝒇𝒑
= 𝑬𝟏𝟐 + 𝑾𝒇𝒑 − 𝑬𝟏𝟑                               ( 62 ) 

Second law efficiency of feed pump 

𝑬𝟏𝟐

𝑾𝒇𝒑
                               ( 63 ) 

3.6 Absorption Refrigeration Cycle 

The exhaust gas after passing from HRSG goes through the generator (from point 8 to 16) 

where it boils the LiBr- H2O solution and separate LiBr and H2O. The strong solution of 

LiBr-H2O enters the generator at point 23 and after boiling off LiBr and H2O weak solution 

goes back from point 24 and released water vapor that goes from point 17. The superheated 

water vapor condensed and saturated liquid leaves at 18 at condenser pressure. The rejected 

heat of condenser is carried away by external water entering 27 and leaving at 28. The 

condensed water passes through an expansion valve (from 18 to 19) before going to the 

evaporator. The pressure and temperature go down in this process and the enthalpy remains 

same. The refrigerant (H2O) reaches the saturation temperature of the evaporator pressure. 

The cooling effect occurs in the evaporator and that is the output of the absorption 

refrigeration cycle. The two-phase refrigerant passes through the evaporator (19 to 20) and 

takes heat from the external water (29 to 30) that becomes cool. From 19 to 20 the 

refrigerant water becomes vapor as the pressure of the evaporator is very low. The 

evaporated refrigerant then goes to the absorber and mixes with a weak solution of LiBr 

and H2O that comes from point 26. This newly mixed solution is passed to solution pump 
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(21 to 22) to raise the pressure and through the solution heat exchanger to the generator (22 

to 23). The refrigerant vapor gets energy by the cooling water (31 to 32) at the absorber 

that causes the incoming vapor from the evaporator to absorb heat. The solution heat 

exchanger performs to increase the temperature of the strong solution from 22 to 23. It 

takes the heat from the weak solution that leaves the generator at a high temperature and 

passes the solution heat exchanger from 24 to 25. The following assumptions are taken to 

analytically calculate the cooling effect of the system 

1) The temperature in generator, condenser, evaporator and absorber were kept 

constant for throughout the analysis. 

2) The refrigerant (H2O) rich solution is considered as strong solution and vice 

versa 

3) The system was taken as a steady one. 

4) The pressure in each component of the system is the vapor pressure of the 

working fluid corresponding to the temperature of the fluid in the component. 

5) Pressure drop was taken negligible in all the pipeline and components of the 

system 

6) Expansion process in expansion valve was taken as constant enthalpy process. 

7) Cooling media in condenser and absorber and heating media in evaporator 

was taken as water. 

8) The mass flow rates of streams at various states of the system follows 

𝒎𝟏𝟕 = 𝒎𝟏𝟖 = 𝒎𝟏𝟗 = 𝒎𝟐𝟎 = 𝒎𝒓                               ( 64 ) 

𝒎𝟐𝟏 = 𝒎𝟐𝟐 = 𝒎𝟐𝟑 = 𝒎𝒔𝒔                               ( 65 ) 
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𝒎𝟐𝟒 = 𝒎𝟐𝟓 = 𝒎𝟐𝟔 = 𝒎𝒘𝒔                               ( 66 ) 

The energy balance of each component of the system results in the equations shown 

below 

3.6.1 Generator 

The heat input to the generator is the stack gas at the exit of HRSG and can be given as 

𝑸𝒈𝒆𝒏 = 𝑯𝟖 − 𝑯𝟏𝟔                               ( 67 ) 

Energy balance in the generator is as follows 

𝑸𝒈𝒆𝒏 + 𝒎𝒔𝒔𝒉𝟐𝟑 = 𝒎𝒘𝒔𝒉𝟐𝟒 + 𝒎𝒓𝒉𝟏𝟕                               ( 68 ) 

Where 𝑚𝑤𝑠 and 𝑚𝑠𝑠 is the weak and strong solution mass flow rate and can be 

formulated as follows. [67] 

𝒎𝒘𝒔 =
𝒎𝒓𝒙𝒔𝒔

𝒙𝒘𝒔−𝒙𝒔𝒔
                               ( 69 ) 

𝒎𝒔𝒔 =
𝒎𝒓𝒙𝒘𝒔

𝒙𝒘𝒔−𝒙𝒔𝒔
                               ( 70 ) 

In the equations before 𝑥𝑠𝑠 and 𝑥𝑤𝑠 are the mass fraction of strong and weak solution. 𝑥𝑠𝑠 

and 𝑥𝑤𝑠 are the functions of 𝑇𝑔𝑒𝑛, 𝑇𝑐𝑜𝑛𝑑, 𝑇𝑒𝑣𝑎𝑝, Tabs and can be written as [67] 

𝒙𝒔𝒔 =
𝟒𝟗.𝟎𝟒+𝟏.𝟏𝟐𝟑𝑻𝒂𝒃𝒔−𝑻𝒆𝒗𝒂𝒑

𝟏𝟑𝟒.𝟔𝟒+𝟎.𝟒𝟕𝑻𝒂𝒃𝒔
                               ( 71 ) 

𝒙𝒘𝒔 =
𝟒𝟗.𝟎𝟒+𝟏.𝟏𝟐𝟑𝑻𝒈𝒆𝒏−𝑻𝒄𝒐𝒏𝒅

𝟏𝟑𝟒.𝟔𝟒+𝟎.𝟒𝟕𝑻𝒈𝒆𝒏
                               ( 72 ) 
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Enthalpies of strong and weak solutions are a function of mass fraction and temperature at 

that point [68]. The enthalpy of vapor leaving the generator can be found using the 

temperature and pressure of that point [69] 

Exergy destruction in the generator may be calculated after using 

𝑬𝑫𝒈𝒆𝒏
= 𝑬𝟖 + 𝑬𝟐𝟑 − 𝑬𝟏𝟕 − 𝑬𝟏𝟔 − 𝑬𝟐𝟒                               ( 73 ) 

Second law efficiency of generator is given by 

𝑬𝟏𝟔+𝑬𝟏𝟕+𝑬𝟐𝟒

𝑬𝟖+𝑬𝟐𝟑
                               ( 74 ) 

3.6.2 Refrigerant Condenser 

The energy balance of the refrigerant condenser is as follows 

𝒎𝒓𝒉𝟏𝟕 − 𝒎𝒓𝒉𝟏𝟖 = 𝒎𝟐𝟖𝒉𝟐𝟖 − 𝒎𝟐𝟕𝒉𝟐𝟕                               ( 75 ) 

Exergy destruction in refrigerant condenser 

𝑬𝑫𝒓𝒆𝒇,𝒄𝒐𝒏𝒅
= 𝑬𝟏𝟕 + 𝑬𝟐𝟒 − 𝑬𝟏𝟖 − 𝑬𝟐𝟖                               ( 76 ) 

Second law efficiency of refrigerant condenser is given by 

𝑬𝟐𝟖−𝑬𝟐𝟕

𝑬𝟏𝟕−𝑬𝟏𝟖
                               ( 77 ) 

3.6.3 Expansion valve-1 

Energy balance of expansion valve-1 leads to 

𝒉𝟏𝟖 = 𝒉𝟏𝟗                               ( 78 ) 

Exergy destruction in expansion valve-1 may be calculated after using 
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𝑬𝑫𝒆𝒙𝒗−𝟏
= 𝑬𝟏𝟖 − 𝑬𝟏𝟗                               ( 79 ) 

Second law efficiency of expansion valve-1 

𝑬𝟏𝟗

𝑬𝟏𝟖
                               ( 80 ) 

3.6.4 Evaporator 

Energy balance equation in the evaporator can be given as 

𝑸𝒆𝒗𝒂𝒑 = 𝒎𝒓(𝒉𝟐𝟎 − 𝒉𝟏𝟗) = 𝒎𝟐𝟗(𝒉𝟐𝟗 − 𝒉𝟑𝟎)                               ( 81 ) 

Exergy destruction in evaporator 

𝑬𝑫𝒆𝒗𝒂𝒑
= 𝑬𝟐𝟎 + 𝑬𝟑𝟎 − 𝑬𝟏𝟗 − 𝑬𝟐𝟗                               ( 82 ) 

Second law efficiency of evaporator 

𝑬𝟏𝟗−𝑬𝟐𝟎

𝑬𝟐𝟗−𝑬𝟑𝟎
                               ( 83 ) 

3.6.5 Absorber 

Energy balance equation in absorber 

𝒎𝒓𝒉𝟐𝟎 + 𝒎𝒘𝒔𝒉𝟐𝟔 − 𝒎𝒔𝒔𝒉𝟐𝟏 = 𝒎𝟑𝟏(𝒉𝟑𝟐 − 𝒉𝟑𝟏)                               ( 84 ) 

Exergy destruction in absorber 

𝑬𝑫𝒂𝒃𝒔
= 𝑬𝟐𝟎 + 𝑬𝟐𝟔 + 𝑬𝟑𝟏 − 𝑬𝟑𝟐 − 𝑬𝟐𝟏                               ( 85 ) 

Second law efficiency of absorber 

𝑬𝟐𝟏+𝑬𝟑𝟏−𝑬𝟑𝟐

𝑬𝟐𝟎+𝑬𝟐𝟔
                               ( 86 ) 
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3.6.6 Solution pump 

Work input to the solution pump can be known after applying 

𝑾𝒔𝒑 =
𝒎𝒔𝒔𝜸(𝑷𝒉𝒊𝒈𝒉−𝑷𝒍𝒐𝒘)

ɳ𝒔𝒑
                               ( 87 ) 

Energy balance equation applied to solution pump gives 

𝒎𝒔𝒔𝒉𝟐𝟏 + 𝑾𝒔𝒑 = 𝒎𝒔𝒔𝒉𝟐𝟐                               ( 88 ) 

Exergy destruction in the solution pump can be calculated from 

𝑬𝑫𝒔𝒑
= 𝑬𝟐𝟏 + 𝑾𝒔𝒑 − 𝑬𝟐𝟐                               ( 89 ) 

Second law efficiency of solution pump 

𝑬𝟐𝟐

𝑾𝒔𝒑+𝑬𝟐𝟏
                               ( 90 ) 

3.6.7 Solution heat exchanger 

Energy balance equation in solution heat exchanger gives 

𝒎𝒔𝒔(𝒉𝟐𝟑 − 𝒉𝟐𝟐) = 𝒎𝒘𝒔(𝒉𝟐𝟒 − 𝒉𝟐𝟓)                               ( 91 ) 

Exergy destruction in solution heat exchanger can be determined after applying 

𝑬𝑫𝑺𝑯𝑬
= 𝑬𝟐𝟐 + 𝑬𝟐𝟒 − 𝑬𝟐𝟑 − 𝑬𝟐𝟓                               ( 92 ) 

Second law efficiency of solution heat exchanger 

𝑬𝟐𝟑+𝑬𝟐𝟓

𝑬𝟐𝟐+𝑬𝟐𝟒
                               ( 93 ) 
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3.6.8 Exergy of LiBr-H2O Solution 

Though LiBr-H2O is not an ideal solution its exergy can be calculated with the summation 

of physical exergy and chemical exergy. The enthalpy and entropy of the LiBr-H2O 

solution have been found for a different mass fraction of LiBr in the solution. In this study 

the method used are the widely accepted method of Patek and Klomer [68] where the 

enthalpy and entropy of the solution can be found from 0 to 100 % of the mass fraction of 

LiBr. The chemical exergy of the LiBr-H2O solution can be divided into two parts: standard 

chemical exergy and exergy destruction at the time of dissolution.  

𝒆𝒙𝒄𝒉 = 𝒆𝒙𝒄𝒉,𝑶 + 𝒆𝒙𝒄𝒉,𝒅𝒆𝒔𝒕                               (94 ) 

Standard chemical exergy of the solution can be found by the mole fraction, Molality of 

the solution and standard chemical exergy of each pure substance and is represented as 

follows 

𝒆𝒙𝒄𝒉,𝑶 = 𝟏/𝑴𝒔𝒐𝒍(𝒚𝑯𝟐𝑶𝒆𝑯𝟐𝑶 + 𝒚𝑳𝒊𝑩𝒓𝒆𝑳𝒊𝑩𝒓)                               (95 ) 

Molecular weight of solution (𝑀𝑠𝑜𝑙), mole fractions (𝑦𝐻2𝑂 and 𝑦𝐿𝑖𝐵𝑟 ) can be found with 

the following equations 

𝒚𝑯𝟐𝑶 =
(𝟏−𝒙)𝑴𝑳𝒊𝑩𝒓

(𝟏−𝒙)𝑴𝑳𝒊𝑩𝒓+𝒙.𝑴𝑯𝟐𝑶
                                   (96 ) 

𝒚𝑳𝒊𝑩𝒓 = 𝟏 − 𝒚𝑯𝟐𝑶                               (97 ) 

Where x is the mass fraction of LiBr in the solution 

𝑴𝒔𝒐𝒍 = 𝒚𝑯𝟐𝑶. 𝑴𝑯𝟐𝑶 + 𝒚𝑳𝒊𝑩𝒓. 𝑴𝑳𝒊𝑩𝒓                               (98 ) 

𝑀𝐻2𝑂 = 18.02 𝑘𝑔/𝑘𝑚𝑜𝑙 
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𝑀𝐿𝑖𝐵𝑟 = 86.85 𝑘𝑔/𝑘𝑚𝑜𝑙 

Exergy destruction of the solution is the function of activity of the each pure substance and 

can be written as follows[70] 

𝒆𝒙𝒄𝒉,𝒅𝒆𝒔𝒕 =
�̅� 𝑻𝒐

𝑴𝒔𝒐𝒍
(𝒚𝑯𝟐𝑶. 𝒍𝒏(𝒂𝑯𝟐𝑶) + 𝒚𝑳𝒊𝑩𝒓. 𝒍𝒏(𝒂𝑳𝒊𝑩𝒓))                               (99 ) 

Where 𝑎𝐻2𝑂 and 𝑎𝐿𝑖𝐵𝑟 is the activities of water and LiBr. The following equations are the 

steps to find the activities.  

𝒍𝒏(𝒂𝑯𝟐𝑶) = −ɸ. 𝝂. 𝒎. 𝑴𝑯𝟐𝑶                               (100 ) 

𝒍𝒏(𝒂𝑳𝒊𝑩𝒓) = − 𝝂. [𝒍𝒏(𝒎) + ∑
𝒊+𝟐

𝒊

𝟔
𝒊=𝟏 (𝒂𝒊 + 𝒊.

𝒑.𝒃𝒊

𝟐.𝝂
) . 𝒎𝒊/𝟐]

𝒎

𝒎𝒔𝒂𝒕

                              (101 ) 

‘ν’ is the dissociation number for the solute. 

ɸ is the osmotic coefficient and can be found using [71] 

ɸ = 𝟏 + ∑ 𝒂𝒊𝒎
𝒊/𝟐𝟔

𝒊=𝟏 +
𝒑

𝟐𝝂
∑ 𝒊. 𝒃𝒊

𝟐
𝒊=𝟏 . 𝒎𝒊/𝟐                               (102 ) 

𝑎𝑖 and 𝑏𝑖 can be found using the following equations 

𝒂𝒊 = ∑ 𝒂𝒊𝒋. 𝑻−𝒋𝟐
𝒋=𝟎                              (103 ) 

𝒃𝒊 = ∑ 𝒃𝒊𝒋. 𝑻−𝒋𝟐
𝒋=𝟎                               (104 ) 
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𝑎𝑖𝑗 and 𝑏𝑖𝑗 are mentioned in the table below: 

Table 4: Values of 𝒂𝒊𝒋 and 𝒃𝒊𝒋 

 j=0 j=1 j=2 

𝑎1𝑗 -21.96316 4.937232⨯103 -6.5548406⨯105 

𝑎2𝑗 -3.810475⨯103 2.611535⨯106 -3.6699691⨯108 

𝑎3𝑗 1.228085⨯105 -7.718792⨯107 1.039856⨯1010 

𝑎4𝑗 -1.471674⨯106 9.195285⨯108 -1.189450⨯1011 

𝑎5𝑗 7.765821⨯106 -4.937567⨯109 6.317555⨯1011 

𝑎6𝑗 -1.511892⨯107 9.839974⨯109 -1.27379⨯1012 

𝑏0𝑗 -4.417865⨯10-5 3.11490⨯10-2 -4.36112260 

𝑏1𝑗 3.074⨯10-4 -1.86321⨯10-1 27.38714 

𝑏2𝑗 -4.080794⨯10-4 2.1608⨯10-1 -25.175971 

 

The molality of the solution of LiBr/H2O can be calculated as 

𝒎 =
𝒚𝑳𝒊𝑩𝒓

(𝟏−𝒚𝑳𝒊𝑩𝒓)𝑴𝑯𝟐𝑶
                               (105 ) 

𝑚𝑠𝑎𝑡 is the molality of the solution at saturated state and was taken as 0.01897 kmol/kg 

3.7 Energy and Exergy Efficiency of the Combined Power and 

Cooling Cycle 

The energetic efficiency of the gasifier can be defined as follows 

ɳ𝒈𝒂𝒔𝒊 =
𝑳𝑯𝑽𝒔𝒚𝒏

𝑳𝑯𝑽𝒃𝒊𝒐+𝑯𝟒
                               (106 ) 
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The energy efficiency of the combined power cycle (BIGCC) may be defined as the ratio 

of energetic output to the energy of fuel supplied and may be stated as 

𝜼𝑰 =
𝑾𝒈𝒕+𝑾𝒔𝒕−𝑾𝑪−𝑾𝒇𝒑

𝑳𝑯𝑽𝒃𝒊𝒐
                               (107 ) 

The first law or energy efficiency of BIGCC with cooling output can be represented as 

𝜼𝑰 =
𝑾𝒈𝒕+𝑾𝒔𝒕+𝑸𝒆𝒗𝒂𝒑−𝑾𝑪−𝑾𝒇𝒑−𝑾𝒔𝒑

𝑳𝑯𝑽𝒃𝒊𝒐
                               (108 ) 

Second law efficiency or exergy efficiency of BIGCC is defined as the ratio of total work 

output to the exergy supplied via biomass. 

𝜼𝑰𝑰 =
𝑾𝒈𝒕+𝑾𝒔𝒕−𝑾𝑪−𝑾𝒇𝒑

𝑬𝒃𝒊𝒐
                              (109 ) 

Second law efficiency of BIGCC cycle combined with absorption cooling system can be 

represented as 

𝜼𝑰𝑰 =
𝑾𝒈𝒕+𝑾𝒔𝒕+𝑸𝒆𝒗𝒂𝒑−𝑾𝑪−𝑾𝒇𝒑−𝑾𝒔𝒑

𝑬𝒃𝒊𝒐
                               ( 110 ) 
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 CHAPTER 4 

 RESULTS AND DISCUSSION 

 The biomass-derived syngas fueled combined power cycle (BIGCC) was analyzed for 

evaluating its thermodynamic performance for given operating conditions. In addition, 

a combined power and cooling cycle where an absorption refrigeration system is 

employed at the bottom of BIGCC to produce cooling along with power is also 

proposed and investigated. To ascertain a parametric effect of changing the operating 

conditions of the cycle on its thermodynamic performance, one parameter used to vary 

while keeping other parameters constant. The range of selected operating parameters 

for the chosen BIGCC are; gasification equivalence ratio (GER) 0.3- 0.6, steam to 

biomass ratio (SBR) 0.5-1.2, compressor pressure ratio 8-16, pinch point temperature 

in the HRSG (PP) 10K- 50K. Along with these parameters, biomass was also changed 

as a fuel. From the literature review, it was evident that these parameters effect the 

system most for a dried biomass. 

4.1 Effect of Change in Gasification Equivalence Ratio 

 Since gasifier is the most important component of the cycle considered and it can be 

said as a heart of BIGCC, therefore, the effect of gasification conditions on the gasifier 

itself and BIGCC as well as on combined power and cooling cycle are examined in 

detail. 
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 Figure 11 depicted, show the effect of a change in the gasification equivalence ratio on 

the LHV of syngas produced in the gasifier. It is found that the LHV of syngas 

produced decreases significantly with the increase in GER. Among the biomasses 

selected, a percentage decrease of 28.94% in the LHV of syngas was observed in the 

case of rubber seed and 27.32% in case of coconut shell, respectively. The LHV 

decreases with the increase in GER due to the reason that the amount of CO2 and N2 in 

the syngas increases as GER increases. Further, it is noticed that at a given equivalence 

ratio the maximum LHV of syngas is in the case of rubber seed and minimum in case 

of sawdust. This is due to the fact that different biomasses have different chemical 

composition.  

  

  

Figure 11: Effect of gasification equivalence ratio on the LHV of producer gas 

  

 The variation in the energy efficiency of gasifier with the change in GER is shown in 

figure 12. It is seen that the energy efficiency decreases considerably with the increase 

in GER. This trend is observed in parallel to the trend observed for LHV of syngas. 
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Since gasifier efficiency is the ratio of LHV of syngas to the LHV of biomass and 

energy content of H2O, therefore any decrease in the LHV of syngas causes a 

corresponding decrease in the efficiency of gasifier. It is further observed that in case 

of saw dust as a biomass increase in GER from 0.3 to 0.6 causes a decrease in the 

efficiency of gasifier from 44% to 27.5%. In case of rubber seed, the gasifier efficiency 

decreases from 39% to 25.5% when GER increases from 0.3 to 0.6. 

  

  

Figure 12: Effect of equivalence ratio on the energy efficiency of gasifier 

  

 Figure 13 shows the trend for variation of the exergetic efficiency of the gasifier with 

the change in GER. It is found that the exergetic efficiency follows the trend of 

energetic efficiency and it also decreases considerably with the increase in GER.  

 Exergetic efficiency of the gasifier depends on the exergy that is going into the gasifier 

and the exergy coming out of the gasifier. Biomass and superheated steam are taken as 

input to the gasifier. Biomass has only chemical exergy as it enters at ambient 
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conditions and this chemical exergy of biomass along with the physical and chemical 

exergy of steam takes part into the production of syngas quality which is the chemical 

and physical exergy of syngas. The exergy efficiency of gasifier decreases from 51% 

to 34% when the GER increases from 0.3 to 0.6 for sawdust. For corn stalk it decreases 

from 45% to 30% for the same range of GER i.e from 0.3 to 0.6. The outlet of the 

gasifier is syngas that also has chemical and physical exergy. Since the exergetic output 

of gasifier which is the sum of physical and chemical exergy of syngas is more than 

the LHV of syngas, therefore, the exergy efficiency of the gasifier is greater that its 

corresponding energy efficiency at a given GER. The production of CO, H2 and CH4 

decreases with the increase in temperature in the gasifier. 

  

  

Figure 13: Effect of equivalence ratio on the exergy efficiency of gasifier 

  

 The topping cycle (BIGCC) energy output is produced from gas turbine and steam 

turbine and energy input to this cycle is the compressor and feed pump in HRSG. The 
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LHV of the biomass is converted into energy that is used in the whole cycle. The 

efficiency of the cycle is found using the total output energy which is a summation of 

the gas turbine, steam turbine work and subtraction of compressor and feed pump work. 

The input of the system is considered as the LHV of the biomass feedstock. Syngas 

produced in the gasifier is the fuel of the whole cycle. The heating value of syngas 

produced in the gasifier combusted in the presence of air and supplied to the gas 

turbine. And the exhaust gas from gas turbine passes through a HRSG to produce steam 

that runs a steam turbine and a fraction of that returns to the gasifier. The effect of 

change of GER is shown in Figure 14 where it is found that a little increase in GER 

initially increases the efficiency and then further increase in GER rapidly decreases the 

energy efficiency of the cycle. This is because during the initial rise of GER the number 

of moles of syngas of syngas produces increases which are a fuel to the combustion 

chamber. More amount of syngas produced with a little amount of air results in the 

increases of the mass of combustion products which in term increases the power output 

of gas turbine that enhances the efficiency of the combined cycle. Later on the LHV of 

the syngas decreases and as a result efficiency goes down as well. 
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Figure 14: Effect of gasification equivalence ratio on the energy efficiency of BIGCC 

  

 In Figure 15, the effect of GER on the exergetic efficiency of topping cycle (BIGCC) 

is shown where it is seen that exergetic efficiency of the BIGCC increases slightly in 

the beginning at the increase of GER in the gasifier and then it after reaching at its peak 

it starts decreasing. The chemical exergy of the biomass feedstock is a primary input 

to the BIGCC. Since the energy content of syngas decreases as the GER increases and 

the syngas is a fuel supplied to the combustion chamber of BIGCC for power 

generation, therefore any means of reduction in the energy content of syngas causes a 

simultaneous decrease in power output of the cycle and hence the exergy efficiency. 

The reason behind the initial increase is described in the discussion of figure 14. 
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Figure 15: Effect of gasification equivalence ratio on the exergy efficiency of BIGCC 

  

 A bottoming cycle (vapor absorption refrigeration cycle) is integrated with the BIGCC 

which is waste heat driven and runs with the exhaust gas coming out from the HRSG 

of the BIGCC cycle. Simultaneous production of cooling and electric power at the 

expense of only biomass as a primary fuel enhances the efficiency of BIGCC. 

Comparison of figures 16 and 14 show that integration of VAR with the BIGCC 

enhances the efficiency of power generation cycle by more than a percent. The pattern 

of the graph follows the same as figure 14. 
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Figure 16: Effect of equivalence ratio in energy efficiency of BIGCC with LiBr-H2O 

cooling system 

  

 The figure drawn on 17 represents that the exergetic efficiency of BIGCC integrated 

with VAR decreases with the increase of GER. Invisible increase in the exergetic 

efficiency of BIGCC is observed after the employment of VAR while the energetic 

efficiency of BIGCC increases by more than a percent. The reason for a slight gain in 

the exergy efficiency of BIGCC i.e. less than a percent is that amount of exergy 

associated with the cooling capacity of VAR is considerably less than the cooling 

capacity itself. Since exergetic effect of cooling appears in the numerator along with 

the power output in the expression of the exergetic efficiency of the combined cycle 

therefore this trend is observed. 
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Figure 17: Effect of equivalence ratio in Exergy Efficiency of BIGCC with LiBr-H2O 

cooling system 

  

4.2 Effect of Change in Steam to Biomass Ratio (SBR)  

  

 Figure 18 show the variation of the LHV of syngas with the increase of steam-biomass 

ratio (SBR). It is observed that increase in SBR increases the LHV of syngas. This is 

because injection of superheated steam as a gasifying agent along with the compressed 

air results in the increase of H2 and CH4 content of the syngas whose LHV’s are 

considerably higher than other species of syngas like; CO, CO2 and N2. With the 

increase of SBR the concentration of H2 and CH4 increases in syngas. More amount of 

steam and less amount of heat facilitates partial oxidation in the gasifier. It is observed 

that a rise in SBR from 0.5 to 1.2 causes an increase of 11% in the LHV of syngas 

produced after gasification of Rubber seed and 14.5% is observed in case of Sawdust 

gasification. 
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Figure 18: Effect of SBR on the LHV of the producer gas 

  

 The variation in the energy efficiency of gasifier with the change of SBR was also 

examined and shown in figure 19. It is seen that a rise in the SBR from 0.5 to 1.2 shows 

a decrease of the energy efficiency of gasifier from 43% to 32%. Since the energy 

efficiency of the gasifier is the ratio of the LHV of syngas and the sum of the LHV of 

biomass and steam therefore, any increase in the amount of steam results in the 

decrease of the energy efficiency of the gasifier. The energy efficiency is a measure of 

the overall thermodynamic performance of the gasifier assessed on the basis of the first 

law of thermodynamics. 
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Figure 19: Effect of steam to biomass ratio on the energy efficiency of gasifier 

  

 The effect of change in SBR was also seen on the exergy efficiency of gasifier and it 

is shown that the exergy efficiency like energy efficiency of the gasifier also decreases 

with the increase of SBR. Though the decrease in the exergy efficiency is not so steep 

as the decrease in energy efficiency. It is seen that increase in SBR from 0.5 to 1.2 

causes a decrease in the exergy efficiency of gasifier from 44.8% to 42.75. A 

considerable deviation is observed in the exergy efficiency of the gasifier when the 

type of biomass is changed. If the biomass supply is changed from saw dust to rubber 

seed then the exergy efficiency changes from 44.8% to 39.5%. The exergy efficiency 

coconut shell and corn stalk are closer to rubber seed. 
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Figure 20: Effect of steam to biomass ratio on the exergy efficiency of gasifier 

  

 The effect of change in steam to biomass ratio was also examined on the energy 

efficiency of BIGCC which show that an increase in the SBR causes a considerable 

increase in the efficiency of BIGCC. It is noticed that the energy efficiency of coconut 

shell fueled BIGCC increases from 50.90% to 52.52%. A considerable variation in the 

efficiency of BIGCC is observed with the change of biomass supplied to the gasifier. 

As the change in biomass from coconut shell to rubber seed increases the energy 

efficiency of BIGCC from 50.58% to 51.59%. The variation in energy efficiency of 

BIGCC for different biomasses is more pronounced at lower values of SBR. By 

increasing the SBR the LHV of the syngas increases and thus the power output 

increases as well. The steam is extracted from the steam turbine at high pressure. So 

with the increase of injection of steam in the gasifier reduces the power output of the 

steam turbine but at the same time gas turbine power output increases. Overall with the 
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increase of steam to biomass ratio the power output of BIGCC increases which in turn 

increased its efficiency. 

  

Figure 21: Effect of steam to biomass ratio on the energy efficiency of BIGCC 

  

 The effect of a change in steam to biomass ratio on the exergy efficiency of BIGCC is 

observed in Figure 22. It is found that exergy efficiency of BIGCC like energy 

efficiency increases with the increase of SBR. The exergy efficiency of BIGCC for 

coconut shell biomass increases from 40.4% to 42.7% when the SBR increases from 

0.5 to 1.2. Change in type of biomass material also causes an appreciable variation in 

the exergy efficiency of BIGCC at a given SBR. Almost a constant change is observed 

in the exergy efficiency of BIGCC with the change in biomass material at all SBR 

values from 0.5 to 1.2. The exergy efficiency of BIGCC for saw dust increases from 

42.9% to 45.2% when the SBR changed from 0.5 to 1.2. 
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Figure 22: Effect of steam to biomass ratio on the exergy efficiency of BIGCC 

 

Effect of employing the VAR system at the bottom of BIGCC for its efficiency 

enhancement is shown in Figure 23. The efficiency of combined BIGCC-VAR cycle varies 

considerably with the change in SBR. It is found that for dust fueled configuration the 

efficiency rises from 51.5% to 54.2% when the SBR changes from 0.5 to 1.2 while in the 

case of coconut shell the efficiency rises from 52.2% to 54.7% for the same increase of 

SBR. Change in biomass material causes a considerable change in the efficiency of 

combined BIGCC-VAR cycle. Though the trend of increase in efficiency of combined 

cycle appears the same as for BIGCC but enhancement in the efficiency of BIGCC after 

the integration of VAR is not significant which is due to the fact that the amount of cooling 

capacity of VAR is quite insignificant compared to the power output of BIGCC. Among 

all the output components the gas turbine output dominates over the steam turbine and 

evaporator of VAR. 
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Figure 23: Effect of steam to biomass ratio in energy efficiency of BIGCC with LiBr-

H2O cooling system 

 

The variation of exergy efficiency of combined BIGCC-VAR cycle with the change of 

SBR is also investigated and shown in Figure 24. It is observed that for rubber seed fueled 

cycle the efficiency of combined cycle increases from 39.8% to 41.5% when the SBR 

increases from 0.5 to 1.2. Change in biomass from rubber seed to sawdust causes an 

increase of the combined cycle exergy efficiency from 39.8% to 43% at the SBR of 0.5. 

The change in biomass material for the exergy efficiency of combined cycle is more 

pronounced at higher SBR. The exergy efficiency of combined cycle is significantly less 

compared to its energy efficiency for the given operating conditions and biomass. The 

rubber seed fueled combined cycle at the SBR of 0.5 attained the exergy efficiency of 

39.8% only compared to its energy efficiency of 53.5%. This is due to the reason that the 

amount of exergy associated with the cooling produced at the evaporator of VAR is 

considerably less than its cooling capacity. 
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Figure 24: Effect of steam to biomass ratio in exergy efficiency of BIGCC with LiBr-

H2O cooling system 

 

4.3 Effect of Change in Compressor Pressure Ratio 

 

 The effect of a change in the gasifier pressure on the LHV of syngas is shown in Figure 

25. It is seen that the LHV of syngas decreases when the compressor pressure ratio 

increases. For the corn stalk gasification, the LHV of syngas reduces from 14600 kJ/kg 

to 14400 kJ/kg when the pressure ratio changes from 8 to 16. The effect of a change in 

biomass material on the LHV of syngas is almost equally pronounced at all values of 

compressor pressure ratio (8-16). The increase in compressor pressure ratio results in 

the increase of gasifier temperature which causes a decrease in the concentration of 

hydrogen and methane in syngas and hence its LHV. Overall a small reduction in the 

values of the LHV of syngas is observed when the compressor pressure ratio increased 

and this trend is almost same for all the selected biomasses of the study. 
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Figure 25: Effect of compressor ratio on the LHV of producer gas 

  

 The effect of change of compressor ratio on the energy efficiency of gasifier is shown 

in Figure 26. A small variation in the energy efficiency of gasifier is found for a large 

change of compressor ratio. For saw dust gasification the energy efficiency of the 

gasifier changes from 37% to 36.7% when the compressor pressure ratio changes from 

8 to 16. Change in biomass material has a significant effect on the gasifier efficiency 

and it is seen that the energy efficiency of gasifier changes from 33.7% to 37% at 

gasifier pressure of 8 bar when the biomass changes from rubber seed to sawdust. Corn 

stalk, rubber seed, and coconut shell almost show the trend and values of the efficiency 

of gasifier at all values of the compressor pressure ratio. This is due to their similarity 

in the composition of syngas produced by gasification of these biomasses. 
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Figure 26: Effect of compressor pressure ratio on the energy efficiency of gasifier 

  

 The variation of exergy efficiency of the gasifier with the change in gasifier pressure 

is also examined and shown in Figure 27. It is found that change in gasifier pressure 

has a very little effect on its exergy efficiency as in case of saw dust gasification it is 

observed that the exergy efficiency decreases from 44% to 43.8% when the compressor 

pressure ratio changes from 8 to 16. In contrary to the energy efficiency of gasifier a 

visible change in the exergy efficiency of the gasifier is observed for corn stalk, rubber 

seed and coconut shell almost at all gasifier pressures. The exergy efficiency of saw 

dust gasification is considerably higher than other three biomasses. The production of 

the elements that constitutes the syngas decreases with the increase of gasifier pressure 

which results in lower exergy of syngas at the outlet of gasifier and hence the exergy 

efficiency. 
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Figure 27: Effect of compressor pressure ratio on the exergy efficiency of gasifier 

  

 The energy efficiency of BIGCC increases with the increase of compressor pressure 

ratio as shown in Figure 28. It is seen that the energy efficiency of BIGCC increases 

from 50% to 52.8% when the compressor pressure ratio increased from 8 to 16 in the 

case of sawdust fueled BIGCC. Almost a same kind of trend is observed for all selected 

biomasses and the effect of a change in biomass on the energy efficiency of BIGCC is 

equally pronounced at all pressure ratios. The reason for increase in the energy 

efficiency of BIGCC with the increase of compressor pressure ratio can be stated as 

higher compressor pressure ratio increases means the higher gasification temperature 

which results in the increase of the energy contents of the streams of air and syngas 

which are input to the combustion chamber and the energy applied to combustion 

chamber reveals that the energy content of the combustion products would increase 

which is an inlet to gas turbine and hence its power output increased. The efficiency is 

increasing throughout but in the beginning, the effect of compressor pressure ratio is 

more pronounced and it is found that when the pressure ratio changes from 8 to 12 the 
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efficiency changes linearly and beyond 12 the increase in efficiency slow down and 

continue till 14 and increases afterward linearly. This is because the increase in 

compressor pressure ratio increases the energy consumed by the system and from 12 

to 14 it is found more dominant that effects the efficiency. Since the LHV of syngas 

decreases with the increase of compressor pressure ratio which means a further increase 

of compressor pressure ratio more amount of syngas may be required in the combustion 

for a given power output. 

  

Figure 28: Effect of compressor pressure ratio on the energy efficiency of BIGCC 

 

The exergy efficiency of the BIGCC is also investigated with the change of compressor 

pressure ratio and is shown in Figure 29. It is observed that the exergy efficiency of BIGCC 

increases with the increase of pressure ratio but a little rise in the exergy efficiency appears 

for a large change of pressure ratio. The change in biomass has a considerable effect on the 

exergy efficiency of BIGCC and is almost equally pronounced at all selected values of 

gasifier pressure. The reason for the increase in the exergy efficiency of BIGCC is similar 
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to that explained in the discussion of Figure 28. The exergy contents of syngas are more 

that its energy contents but due to the highly irreversible nature of combustion chamber the 

exergy of combustion products is less than their energy contents due to which increase in 

exergy efficiency of BIGCC are comparatively less than its energy efficiency. 

  

Figure 29: Effect of compressor pressure ratio on the exergy efficiency of BIGCC 

  

 The effect of a change in compressor pressure ratio was also investigated on the energy 

efficiency of BIGCC combined with the VAR and is shown in Figure 30 where it is 

seen that combined cycle’s energy efficiency increases with the increase of pressure 

ratio. For the coconut shell fueled combined cycle the energy efficiency rises from 

51.2% to 54.1% when the compressor pressure ratio increased from 8 to 16. The effect 

of a change in biomass on the energy efficiency of combined cycle also appears and 

the deviation in efficiency is almost same at all selected values of gasifier pressure. 

Comparison of Figure 28 and 30 show a slight increase in the efficiency of BIGCC 

with the employment of VAR system. This is due to the fact the cooling output of VAR 
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is significantly less than the power output of BIGCC. The trend of the figure is 

described in the discussion of figure 28. 

  

Figure 30: Effect of compressor pressure ratio in energy efficiency of BIGCC with LiBr-

H2O cooling system 

 

The exergy efficiency which is considered to be more perfect than the energy efficiency of 

the cycle is also examined for the combined cycle and its variation with the compressor 

pressure ratio is shown in Figure 31. It is found that the exergy efficiency of the combined 

cycle like its energy efficiency increases with the increase of compressor pressure ratio. 

The reason for the increase in its exergy efficiency is same as discussed for the trend 

obtained in Figure 30. Increase in compressor pressure ratio from 8 to 16 results in the 

small increase of the exergy efficiency of gasifier from 40% to 40.5% in case of rubber 

seed derived syngas fueled combined cycle. Change in biomass from rubber seed to saw 

dust increases the exergy efficiency of combined cycle from 40% to 43.5% at the 

compressor pressure ratio of 8. 
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Figure 31: Effect of compressor pressure ratio in exergy efficiency of BIGCC with LiBr-

H2O cooling system 

 

  

4.4 Effect of Change in Pinch Point Temperature at HRSG 

 

 Pinch point temperature difference at the HRSG of BIGCC was taken as another 

operating variable of the system and its effect on its energy efficiency was investigated 

which is shown in Figure 32. It is observed that increase in pinch point from 10 to 50 

causes a decrease in the energy efficiency of corn stalk fueled BIGCC from 54.2% to 

49.3%. Change in biomass material show a little impact on the energy efficiency of 

BIGCC at a given pinch point temperature.  Since the exhaust gas temperature at the 

exit of HRSG increases with the increase of pinch point temperature which results in 

the reduced production of steam in HRSG and hence the reduced steam turbine output 

which in turn decrease the efficiency of BIGCC. A sharp reduction in the efficiency of 
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BIGCC with the increase in pinch point is observed due to more heat loss at the exit of 

HRSG. 

  

Figure 32: Effect of pinch point temperature at HRSG on the energy efficiency of BIGCC 

  

 The effect of pinch point temperature on the exergy efficiency of BIGCC is also 

examined and shown in Figure 33 where it is found that the exergy efficiency decreases 

with the increase in pinch point. This is due to the reasons explained for Figure 32. It 

is further seen that the decrease in exergy efficiency is not so steep as the energy 

efficiency which is due to the fact that the amount of exergy associated with steam 

produced at HRSG is considerably less than its energy quantity. The change in biomass 

from rubber seed to saw dust show a change in exergy efficiency of BIGCC from 

40.8% to 44.5% at the pinch point of 10. The change in biomass material on exergy 

efficiency of BIGCC is almost equally pronounced for all selected values of pinch point 

temperature. 
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Figure 33: Effect of pinch point temperature at HRSG on the exergy efficiency of BIGCC 

 

The effect of a change in pinch point temperature on the energy efficiency of combined 

cycle is also shown and displayed in Figure 34 where it is seen that energy efficiency of 

combined BIGCC-VAR cycle decreases with the increase of pinch point. This is due to the 

reason that increase in pinch point causes a reduction in the production of steam at HRSG 

due to the increase in temperature of flue gasses at the exit of HRSG. The reduced steam 

flow rate to the turbine gives a lesser power output and hence the efficiency. The increase 

in pinch point increases the temperature of gasses goes out from the generator of VAR to 

the ambient which also contributes towards the decrease in the efficiency of combined 

cycle. The change in biomass material also has an impact on the efficiency of combined 

cycle. 
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Figure 34: Effect of pinch point in HRSG in energy efficiency of BIGCC with LiBr-H2O 

cooling system 

 

The exergy efficiency of the combined BIGCC-VAR system was examined for the change 

in pinch point temperature at HRSG and shown in Figure 35 where it seen that the exergy 

efficiency of combined cycle also decreases with the increase in pinch point temperature. 

It is further noticed that increase in the energy efficiency of combined cycle is greater than 

the decrease in the exergy efficiency of the combined cycle at a given pinch point 

temperature for all biomasses. This is due to the fact that the exergy destroyed due to heat 

transfer a finite temperature difference at HRSG is considerably less than the heat transfer 

itself which results in the decrease of the exergy of steam going to turbine. The effect of 

change in biomass material is equally pronounced for the change of exergy efficiency of 

combined cycle at all pinch point temperatures selected for the analysis. 
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Figure 35: Effect of pinch point of HRSG in exergy efficiency of BIGCC with LiBr-H2O 

cooling system 

  

4.5 Exergy Efficiency of Every Component 

Exergy efficiency of a component which is the measure of its true thermodynamic 

performance is also investigated and the exergy efficiency of each component of the 

proposed BIGCC is shown in Figure 36. It is found that largest exergy destruction happens 

at the gasifier which is due to the occurrence of the simultaneous reactions of partial 

oxidation and reduction at the gasifier. The occurrence of chemical reaction in the energy 

conversion system is the biggest source of exergy destruction from a second law point of 

view. Due to this reason, maximum exergy destroyed at the gasifier and second largest 

exergy destruction occurs in the combustion chamber of BIGCC which resulted in the 

exergy efficiency of gasifier around 40% and of combustion chamber around 80%, 

respectively. In other components of BIGCC where the invariable chemical composition 

of the working substance exists during the energy conversion from given one to the desired 

one, a very high value of exergy efficiency is observed because only changes in physical 

40.00

40.50

41.00

41.50

42.00

42.50

43.00

43.50

44.00

44.50

45.00

10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00

Ex
er

gy
 e

ff
ic

ie
n

cy
 o

f 
B

IG
C

C
 w

it
h

 c
o

o
lin

g

PP

Sawdust Corn Stalk Coconut Shell Rubber Seed



77 

 

exergy of the working fluid will take place during these processes. Figure 36 reveals that 

almost 100% is the exergy efficiency of compressor gas turbine, and steam condenser. This 

is due to the fact that the phase of working fluid is gaseous throughout and 

compression/expansion approaches to isentropic. Due to the existence of small temperature 

difference at the HRSG and steam turbine which carries the little entropy generation some 

exergy is destroyed in HRSG and steam turbine that leads to the exergy efficiency of these 

components less than 100%. The change in biomass material has very little impact on the 

exergy efficiency of every component of BIGCC. 

  

Figure 36: Exergy efficiency of the components of the BIGCC at mean operating 

condition 

 

Exergy efficiency of the components of bottoming cycle were also computed after taking 

into accounts only the physical exergy which is displayed in Figure 37 where it is found 

that the exergy efficiency of the VAR components is comparable to the components of 

BIGCC other than the gasifier and combustion chamber. Results show the exergy 
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efficiency of generator around 70%, solution heat exchanger 84%, absorber 90%, 

condenser around 95%, evaporator close to 100%, and solution pump also close to 100%. 

The reason for having a less exergy efficiency of generator is the entropy generation due 

to splitting of solution into the refrigerant and absorbent as well as the entropy generation 

due to the heat transfer at a finite temperature difference. At solution heat exchanger, a 

considerable temperature difference exists that leads to higher entropy generation via heat 

transfer and a lesser exergy efficiency. Mixing of the refrigerant and absorbent and finite 

temperature difference heat transfer at the evaporator leads to a considerable amount of 

entropy generation and hence a lesser exergy efficiency of the component concerned. Since 

the amount of exergy associated with the cooling effect at the evaporator and the rise in 

pressure at the solution pump are small therefore, the exergy efficiency of these two 

components approaches to 100%. 

  

Figure 37: Exergy efficiency of each component with physical exergy in VAR 
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The most interesting part of the results obtained is the evaluation of the exergy efficiency 

of the component of the combined BIGCC-VAR cycle with the incorporation of the 

chemical exergy of LiBr-H2O mixture. The exergy efficiency of each component of the 

combined cycle is computed at the mean operating conditions of the cycle and shown in 

Figure 38. Comparison of Figure 37 and 38 clearly show that the exergy efficiency of the 

components of VAR cycle reflects differently after the inclusion of the chemical exergy of 

the solution. The exergy efficiency of the generator, absorber, and solution heat exchanger 

changes from 70% to 95%, 90% to 93.78%, and 84% to 99%, respectively. This significant 

deviation in the values of the exergy efficiency of the key components of the VAR reveals 

the importance of chemical exergy inclusion in the computation of results. Therefore the 

exergy analysis done alone with the incorporation of physical exergy is inadequate and 

hence the inclusion of chemical exergy is desired for the assessment of the true exergetic 

performance of the combined power and cooling cycle. 

  

Figure 38: Exergy efficiency of every component with physical and chemical exergy in 

VAR 
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 CHAPTER 5 

 CONCLUSION AND RECOMMENDATIONS 

The model developed in the current study was tested to compute the syngas composition 

and the energetic and exergetic performance of the gasifier, BIGCC and BIGCC-VAR were 

evaluated. Based on the research work carried out and results obtained, following may be 

considered as the concluding remarks of the present study: 

1. The energy efficiency of gasifier decreases from 44% to 28% and its exergy 

decreases from 52% to 34% when the gasification equivalence ratio increases from 

0.3 to 0.6. 

2. The LHV of syngas also affected considerably with the GER and it is seen that 

increase in GER from 0.3 to 0.6 decreases the LHV from 17 MJ to 12.5 MJ for saw 

dust gasification. 

3. The change in biomass material has a little impact on the energetic and exergetic 

performance of the gasifier and it shows the same trend for all parameters for all 

selected biomasses with little deviation. 

4. The energy and exergy efficiency of the gasifier varies from 43% to 32% and 45% 

to 42.9%, respectively when the SBR increases from 0.5 to 1.2. 
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5. The energy and exergy efficiency of biomass integrated combined cycle (BIGCC) 

varies from 50.3% to 52.2% and from 42.9% to 45.4%, respectively when the SBR 

changes from 0.5 to 1.2. 

6. Change in compressor pressure ratio from 8 to 16 raises the energy efficiency of 

BIGCC from 49.9% to 52.2% and exergy efficiency from 43.4% to 44.9%, 

respectively. 

7. Change in pinch point temperature at HRSG from 10K to 50K decreases the energy 

efficiency of BIGCC from 53.5% to 48.5% and exergy efficiency from 44.5% to 

43.75%, respectively. 

8. Integration of VAR system with the BIGCC give rise an improvement in both the 

energy and exergy efficiency of the cycle and it is seen that at SBR of 0.5 for saw 

dust biomass the energy efficiency of the BIGCC increased from 50.3% to 51.5% 

and its exergy efficiency increased from 42.9% to 43% when it is integrated with 

VAR. The increase in exergy efficiency is lesser than energy efficiency for obvious 

reasons. 

9. The exergy destruction in the components of BIGCC-VAR was also computed in 

order to rank the cycle components from a performance point of view. The exergy 

efficiency of each component of the combined cycle was evaluated and this follow 

the ascending order of gasifier 44.2%, generator 75.98%, combustion chamber 

80.55%, feed water pump 82.23%, solution heat exchanger 88.83%, absorber 

91.65%, HRSG 95.33%, refrigerant condenser 94.29%, steam turbine 95.65%. The 

exergy efficiency of the other combined cycle components approaches to 100%. 
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This figure of results reveals when only physical exergy of LiBr-H2O taking into 

accounts. 

10.  Inclusion of chemical exergy in the exergetic analysis of the combined cycle along 

with the physical exergy changes the percentage of the exergy efficiency of cycle 

components and follow the given ascending order gasifier 44.24%, combustion 

chamber 80.55%, feed water pump 82.23%, refrigerant condenser 91.11%, 

absorber 93.78%, generator 95.19%, HRSG 95.33%, steam turbine 95.65%. 

11. The efficiency of BIGCC along with VAR is found to be optimum at GER ranges 

from 0.35 to 0.4, SBR from 0.85 to 1, compressor pressure ratio of 16 and pinch 

point of HRSG at 10 K for different biomasses. 

The thermo-economic analysis which combines the laws of thermodynamics with 

the basic principles of economics is recommended as a future scope of the present 

study through which both the performance assessment and cost evaluation of the 

components and the concerned cycle can be made and hence the thermodynamic 

limits and the economic viability of the proposed cycle can be predicted. 
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