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Thermodynamic Investigation Of A Biomass Felled Gasification For Combined 
Production Of Power And Refrigeration

*1  2Mohd Parvez , Tasmeem A Khan
*1Department of Mechanical Engineering, Al-Falah University, Faridabad (Haryana) India

2
Department of Mechanical Engineering, JMI New    Delhi

Email: mparvezalig@rediffmail.com

A B S T R A C T

1.0 INTRODUCTION  

Energy policy is promoting many researches both for the enhancement of utilization of renewable 

energy and low enthalpy fuels for power generation and for finding the most effective ways of using 

them. Biomass is usually considered as a renewable energy source with low or zero life-cycle CO2 

emissions, since the carbon produced in the combustion can be balanced by the formation of new. 

Therefore, in the future world energy scenario, biomass is expected to play a fundamental role for both 

greenhouse gas mitigation and traditional fossil-fuels replacement. According to the international 

energy agency, biomass currently contributes as 14% of the world energy supplies including waste. 

Biomass can be converted into electric power through several methods. The most common method is 

direct combustion of biomass material such as agriculture waste, solid waste, medical waste etc. has low 

efficiency and a high environmental impact, due to the release of particulates matter and various 

unburned hydrocarbons. Gasification of biomass is an attractive technology for power generation. The 

use of biomass gasification process is a key element in an advanced gas turbine combined cycle system 

(Deshmukh et al. 2013). In the last few years, many researchers have focused on biomass gasification
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This paper presents the findings of a thermodynamic investigation into the operation of a biomass fuelled gasification 

cogeneration cycle for the simultaneous production of refrigeration. A thermodynamic analysis through energy and 

exergy is employed to investigate the effect of gas turbine inlet temperature and steam turbine inlet pressure on 

performance of the topping integrated gasification combined cycle with ejector at the exit of steam turbine and 

bottoming ORC with an ejector. It was found that both the efficiencies increases with the employment of ejectors are 

8.5% and 5.5% as compared to combined power cycle. Therefore, introducing double ejectors into the integrated 

gasification combined cycle showed a significant improvement in its thermodynamic performance which gives a new 

way to the researchers.

Keywords—biomass, gasification, ejector refrigeration, energy, exergy



using a gas turbine, steam turbine combined cycle plant with integral biomass gasifier. Jurado et al. 

(2003) described modelling of combined cycle power plant using the waste material gasification of 

olive. Their results have been found of special importance for biomass fuelled gas turbine cogeneration 

technology. Kilmantos et al. (2009) investigated the air- blown gasification combined cycle based on 

biomass fuelled gas turbine and reported that a thermodynamic efficiency of more than 40% can be 

achieved by avoiding the exergatic losses in a pressurized high temperature condition combustion 

chamber. Bhattacharya et al. (2011) conducted a thermodynamic analysis of biomass integrated 

gasification combined cycle considering the combustion of supplementary biomass fuel using the 

oxygen available in gas turbine exhaust. There results showed that supplementary firing of the biomass 

increases the plant efficiencies of a biomass integrated gasification combined cycle (BIGCC) plant till 

the optimum level of degree of firing. Srinivas et al. (2012) predicted the thermal performance of a 

biomass based integrated gasification combined cycle (IGCC) plant and examined the effects of gasifier 

conditions on the efficiency and power generation capacity of the plant as well as their effect on NOX 

and CO2 emissions.

From the above reported investigation it is noted that all biomass materials used for combined power 

cycle generation have been gasified at ambient conditions. It is also seen that a considerable amount of 

heat is available at the exit of turbine of organic Rankine cycle, and very limited efforts have been made 

to recover this heat. In view of the above, a comprehensive thermodynamic analysis is conducted to 

observe the effect of change in biomass material and employment of ejectors between the steam turbine 

and condenser as well as in between refrigerant turbine and its condenser on first and second – law 

efficiencies of triple power cycle. Few investigations based on second – law analysis have already been 

conducted in the past for combined power and ejector refrigeration cycle (Sankarlal and Mani 2007; Dai 

et al. 2009; Khaliq 2015; Khalid et al. 2015). Recently, Habibzadeh et al. (2013) investigated the 

performance of the cycle operated on various refrigerants and found that R-601a has the highest thermal 

efficiency and lowest total exergy destruction under given operating conditions. They further observed 

that when the evaporation temperature increases the ejector entrainment ratio decreases while the total 

exergy destruction increases.  Li et al. (2013) introduced double organic Rankine cycle based on the 

ORC. Parvez (2016) also proposed combined power and refrigeration cycle, which combines the 

Rankine cycle and the double-ejector refrigeration cycle. The results show that both the efficiencies 

increase with the employment of ejectors is 6.3% and 3.15% as compared to combined power cycle.  

The main objective of this paper is to examine, from an energetic and exergetic point of view, the 

possibilities and advantages of biomass fuelled triple power and ejector refrigeration cogeneration cycle 

concept. The performance of a combined production of power and refrigeration system along with its 

each effect was evaluated by using energy and exergy analysis to identifying the process efficiencies and 

their losses.
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2.0 SYSTEM DESCRIPTION AND ASSUMPTION

The biomass is fed to the gasifier at ambient condition at 3, where syngas is produced in the presence of 

compressed air and superheat steam at state 2 and 4 as shown in Figure 1. The syngas produced in the 

gasifier after passing through a gas clean up unit goes to combustion chamber at 5. The syngas burned in 

the combustion chamber in the presence of compressed air, and the combustion products at 6 goes to gas 

turbine where they expand and produce power and exhaust gases of gas turbine at 7 enters HRSG where 

steam is generated. The superheat steam at 'a', goes to steam turbine for additional power production. 

Saturated steam at the exit of steam turbine at 'b' goes to the ejector for power production then goes to 

condenser where it gets condensed. The condensed liquid pumped back to HRSG. The stack gases at 

state 8 are routed through the evaporator where heat transfer occurs between the exhaust stream and the 

organic working fluid. The heated organic vapor is then enters in the turbine at 11 and just before final 

expansion, refrigerant vapor is extracted and enters to the ejector at 12 where it mixes with the secondary 

stream in the mixing chamber at 18 and produced refrigeration in the evaporator of ejector. Heat is 

rejected to the ambient in the condenser, and the cooled working fluid is divided into two streams one 

part throttles in the expansion valve for the ejector evaporator and rest of it pumped back to the HRVG. 

Stack gases at the exit of the HRVG discharged to the ambient at 9. 

The following assumptions have been made for the analysis of the cycle (Srinivas 2009; Dai et al. 2009).

1. Air is admitted to the compressor at atmospheric conditions (p  =1.013 bar, T  =298 K).0 0

2. Complete combustion takes place in combustion chamber.

3. The quantity of steam and fuel in gasification are taken to be as same.

4. Air fuel ratio (AFR) in the gasifier is assumed to be equal to 0.5.

5. The flow inside the ejector is in steady state and one-dimensional.

6. Velocities of streams at the inlet and outlet of the ejector could be negligible.

7. Mixing process in the mixing chamber of ejector occurs at constant pressure and complies with 

the conservation of energy and momentum.

3.0 ENERGY AND EXERGY ANALYSIS OF A COMBINED POWER AND EJECTOR 
REFRIGERATION CYCLE

In this system the following equations are used to calculate the absolute entropy of the species 'i' at 

various points reported by Moran and Shapiro (2007)
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The formulation and assumption of entrainment ratio is based on mass, momentum and energy 

equations which is recently developed by Dai et al. (2009)

The efficiencies of nozzle, mixing chamber, and diffuser are reported in Table 2 and the required 

enthalpy values are taken from   REFPROP 6.01(1998).

The energy conservation equation for the adiabatic and steady primary flow is given as

The diffuser efficiency is given as
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The compressor delivery pressure p is evaluated using the cycle pressure ratio (r ), which is fixed at 2 p

12 bar. The temperature of air at the exit of compressor is obtained by using the isentropic relation 

as

The actual power input to the compressor of admitted air (Wc) is calculated by using the relation

The composition of biomass materials is reported in Table 1and coefficient of syngas is given in Table 3. 

The complete combustion equation for syngas in gas turbine combustion chamber with complete air is

The isentropic efficiency of gas turbine and pressure ratio across the turbine as
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4.0 RESULTS AND DISCUSSION

The parametric study is carried out to identify the effect of some influenced parameters on the 

performance of the integrated gasification combustion chamber and double-ejector refrigeration cycle. 

Following parameters have been chosen in the typical range of its operation: gas turbine inlet 
0 0temperature (1000 C–1200 C) and turbine inlet pressure (30 bar to 70 bar), whereas values of other 

parameters are kept constant at the level of base case values. Manure and solid waste were the biomass 

materials taken into consideration due to their significant variation of calorific values. The 

thermodynamic properties of R141b of ejector refrigeration cycle were calculated by REFPROP 6.01 

(1998).

Figures 2-3 shows the energetic and exergetic efficiencies of biomass gasification based on triple power 

cycle with and without considering the ejector refrigeration system with the change in turbine inlet 

temperature. In general, exergetic efficiencies of both triple power and combined power and ejector 

refrigeration cycles are slightly lower than their energetic efficiencies. This is due to the fact that the 

chemical exergy of fuel (biomass) which is considered as the input in exergy analysis is slightly higher 

than the calorific value of the fuel which is considered as the input in the energy analysis. On comparing 

the performance of triple power cycle with and without ejector refrigeration system, energetic 

efficiency has improved considerably while exergetic efficiency of the triple power cycle increased 

marginally with the employment of ejector refrigeration system. This is due to the reason that amount of 

exergy associated with the refrigeration capacity of the ejector is considerably lower than the energy of 

the refrigeration capacity. In general, it is observed that employment of ejector in triple power cycle 

enhances its energetic efficiency in the range (8.5% - 8.75%) for both the biomass materials considered. 

On the other hand second – law efficiency of the same cycle increased between (5.5%-5.9%) due to the 

reasons explained above. It also shown that energetic and exergetic efficiencies of manure fuel is higher 

than the energetic and exergetic efficiencies of triple power cycle of solid waste fuel triple power cycle. 

This is because the energy and exergy contents of solid waste fuelled are considerably higher than the 

energy and exergy contents of manure fuelled.

Figures 4-5 shows the variation of energetic and exergetic efficiencies of triple power cycle with the
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change in steam turbine inlet pressure. It is found that both energetic and exergetic efficiencies 

decreases slightly with the increase in steam turbine inlet pressure. The reason for this is that increase in 

turbine inlet pressure results in lower mass flow rate of steam produced in the heat recovery steam 

generation which in turn reduces the steam turbine output and hence decreases the overall efficiency of 

the cycle. Since the contribution of gas turbine towards overall generation is much higher and its three 

times larger than the contribution of the steam turbine, and change in steam turbine pressure only effects 

the steam turbine output not the gas turbine output, therefore energetic efficiency of triple power cycle 

slightly drops with the increase in steam turbine inlet pressure. For the similar reasons exergetic 

efficiency also drops slightly with the same. An effect of ejector employment in triple power cycle for 

different steam turbine inlet pressures on both energetic and exergetic efficiencies is also shown in the 

above figures. It is further observed energetic and exergetic efficiencies of triple power cycle are 

showing the trend similar with respect to steam turbine inlet pressure. Due to the higher energy and 

exergy contents of solid waste fuel are higher than the energy and exergy contents of manure fuelled 

triple power cycle.

5. CONCLUSION

The biomass based integrated gasification combined cycle plant with ejector refrigeration cycle is 

examined with gasifier condition. A novel combined power and ejector refrigeration is proposed, which 

combines the Rankine cycle and ejector refrigeration cycle. Energetic and exergetic analyses are 

performed to evaluate the thermodynamic improvement for this newly cycle. From the above 

discussion it can be concluded that:

Ÿ Both energetic and exergetic efficiencies of combined power and ejector refrigeration cycle 

increases with the increase in gas turbine inlet temperature.

Ÿ There is on average 8.75%gain in energetic efficiency and 5.9% gain in exergetic efficiency of 

triple power cycle when ejectors are employed.

Ÿ Slight variation in both energetic and exergetic efficiencies were obtained when the biomass 

fuels are changed from manure to solid waste is observed. 

Ÿ Both energetic and exergetic efficiencies of combined power and ejector refrigeration cycle 

slightly decrease when steam turbine inlet pressure increased from 30 to 70 bar.

Ÿ Manure fuelled cogeneration provides higher energetic and exergetic than Solid waste fuelled 

cycle due to the considerable difference in their energy and exergy contents.

Results presented here could be used for simulation and design of biomass gasification and combustion 

of syngas for power generation. Effective exploitation of biomass and waste heat heat recovery can be
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achieved with the employment of proposed cogeneration cycle.

Nomenclature
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Table1. Thermo-chemical properties of biomass materials

Property Units Manure Solid Waste

C Wt% daf 50.20 51.03

H Wt% daf 6.50 6.77

O Wt% daf 34.60 39.17

N Wt% daf 5.20 2.64

Lower Heating Value kJ/kg,daf 25203.85 25021.51

Moisture Content Wt% 13.00 16.00

Ash Wt% 0.90 5.00

Exergy Ratio   1.01 1.04

Table2. Properties and operating variables for the analysis of the proposed

Combined power and refrigeration cooling cycle configuration
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Table3. Composition of synthetic gas produced after gasification and exhaust gas after composition for one kmol 

of biomass at pressure ratio (r =12)p

Manure Solid Waste

Concentration (kmol) Concentration (kmol)

CH4 b1=0.17 b1=0.16

CO b2=0.47 b2=0.52

CO2 b3=0.33 b3=0.32

H2 b4=0.77 b4=0.84

H2O b5=0.89 b5=0.94

N2 b6=0.47 b6=0.44

CO2 b7=1 b7=1

H2O b8=2 b8=2.1

N2 b9=6.251 b9=6.08

O2 0.5475 0.5

a7 1.5375 1.5

Constituent

Syngas

Combustion Product
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Fig.1 Schematic diagram of biomass fuelled combined power and refrigeration cooling cycl
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Fig.4 Variation of energetic efficiency of combined and triple power cycle with steam turbine inlet pressure at 
(TIT=1100 0C)

Journal of Electrical Engineering & Modern Technology (Volume- 12, Issue - 1  January -April 2024 )                                                             Page - 13



Journal of Electrical Engineering & Modern Technology (Volume- 12, Issue - 1  January -April 2024 )                                                             Page - 14
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on Ice Slurries and Scraped Surface Ice Slurry Generator
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A B S T R A C T

1. INTRODUCTION  

Ice slurry has a great potential for the future due to wide range of industrial applications varying from 

comfort cooling and commercial refrigeration to industrial production processes medicine and in the 

milk production where high peak loads are to be adjusted. Ozone depletion and global warming forced 

the refrigeration and air-conditioning industry to reexamine the utility of 'old' and industrially viable 

refrigerants (such as methane, ethane, propane etc) to be attractive, because of their zero ODPs. In the 

1930s these have been replaced by new chemical compounds, namely CFCs and HCFCs. The prime 

advantages of these synthetic materials were nontoxicity and nonflamability, whereas the disadvantage 

is their impact on environment. Besides this the leakage of toxic or/and flammable 'old' refrigerants 

require leakage free systems or as an alternative a secondary circuit with a special cooling fluid for heat 

abstraction. It was precisely this development, mainly responsible for the utility of the ice slurry 

technology in the present scenario.

Recent developments in the ice slurry generator technology and advanced design concepts have made 

this technology a industrially viable alternative to existing conventional secondary refrigeration

A scraped surface ice slurry generator has been designed, developed and fabricated with a focus on collection of 

experimental data related to ice crystallization mechanism in the microscopic scale, heat transfer and fluid mechanics 

involving agitation and phase change in the macro scale for the ice slurry (green secondary refrigerant) production. 

Experimental study shows that at different concentrations of antifreezes (PG and MEG), initially the freezing 

temperature reduces sharply with time (stage 1), then there is sudden rise in temperature for very short duration of time 

(stage 2) and finally it slowly reduces whereas freezing temperature reduces with increase in antifreeze mass fraction. 

Freezing temperature is inversely proportional to antifreeze mass fraction.

Keywords—ice slurry, depressants, scraped surface generator, performance study.
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systems. Presently, the major research work for development of ice slurry generator has taken place only 

in developed countries due to very high fixed cost.  The scraped surface ice slurry generator is 

commercially the most technologically developed and widely accepted ice slurry generation process 

over the last two decades. From the literature review it is clear that the basic understanding of the 

governing ice slurry crystallization mechanism is rather limited and is still speculative. Further, at 

present the design of ice slurry generation system are purely in the hands of ice slurry manufacturer who 

keep detailed operating data proprietary. Therefore there is an urgent need for better understanding of 

basic crystallization and heat transfer mechanisms to optimize and develop relatively compact, efficient 

and less costly ice slurry generators.

 Ice slurry is a phase-changing secondary fluid consisting of both a liquid state fraction and a solid–state 

fraction. Depending on the type of additive and additive concentration, the operating temperature for ice 

slurry can be chosen from 0 to at least -35ºC [1,2]. Beyond the advantages of the traditional indirect 

systems for lowering the emissions of refrigerants and refrigeration plants, ice slurry is a more efficient 

secondary fluid than single-phase fluids. Using ice slurry with accumulation increases the possibility to 

build indirect systems without increasing the energy consumption. 

The time required for ice to cover the unscraped cooling surface; the thermal response of the 

supercooled solution at the onset of phase change; the heat transfer coefficient on the scraped surface 

with/without phase change, and the growth kinetics of ice film spreading along the cooling surface was 

studied by Frank et al. [4]. Continuous heat extraction is important for the process of freeze 

concentration of aqueous solutions, in which water is removed as solid ice. Three typical heat-transfer 

patterns were identified during the process of freeze concentration in an SSHE. These correspond to the 

stages of chilling, nucleation, and crystallization, respectively [5]. Heat transfer is an unsteady process 

in the initial period of ice nucleation or phase transition from aqueous solution. Using the Laplace and 

inverse transform, and incorporating the initial condition of ice nucleation, an analytical solution of this 

model is obtained by Frank et al. [6].

Heat transfer phenomena in two types of eutectic crystallizers have been analyzed by Vaessen et al. [7]. 

Application of the analytical solution leads to the predictions of the growth rate of ice films on different 

materials, and the temperature distribution in the solid slab right underneath the growing front of the ice 

film [8]. For ice slurries to become more widely accepted, however, more engineering information is 

required on fluid flow and heat transfer characteristics. In a practical application, for a given thermal 

load this would lead to greater than 60% reduction in flow rate and pressure drop compared to chilled 

water cooling systems [9]. In recent years, a lot of important work has been carried out in order to gather
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knowledge of the fundamental behaviour of ice slurry in piping systems and heat exchangers [10].

An experimental study was carried out on a scraped surface heat exchanger used for freezing of 

water–ethanol mixture and aqueous sucrose solution. The influence of various parameters on heat 

transfer intensity was established [11]. A performance assessment of four main types of ice storage 

techniques for space cooling purposes, is conducted by David and Dincer [12]. The results show that 

energy analyses alone do not provide much useful insight into system behavior, since the vast majority 

of losses in all processes are a result of entropy generation which results from system irreversibility.

A successful way to enhance the thermal capacity of secondary fluid systems is by incorporating 

microencapsulated phase change material (MPCM) slurry. However, a full understanding of the 

physical properties and heat transfer characteristics of MPCM slurry in the 2–8 0C range still is lacking. 

The experimental data show that MPCM slurry can provide considerable heat capacity in heat transfer 

applications [13].The characteristics of three different principles of pumps-centrifugal, side-channel 

and screw were investigated [14]. The heat transfer coefficient and the power consumption of a 

laboratory scraped-surface heat exchanger (SSHE) were measured when it was used for freezing a 10 

wt. % sugar solution. Experimental results show that the heat transfer coefficient with phase change (ice 

formation) was about three to five times greater than that without phase change [15]. Effect of poly vinyl 

alcohol (PVA) in inhibiting an increase in ice crystal size in isothermal ice slurries was investigated, and 

then compared with the effect of an antifreeze protein (AFP), NaCl [16].

A new type of sensor for in-line measurements of antifreeze mass fraction in aqueous solutions is 

described by Vincet et al. [17]. Latent heat of fusion of ice in aqueous solutions was measured to 

understand latent heat of fusion of ice slurries. Propylene glycol, ethylene glycol, ethanol, NaCl and 

NaNO3 solutions were used as aqueous solutions. [18]. The study by Matsumotoa [19] focuses on an 

emulsion as a new thermal storage material for ice storage. This study by Guilpart et al. [20] compares 

the performance of several commonly used organic and inorganic ice slurry secondary refrigerants. For 

ice slurry calculations and modeling, it is important that they are performed with accurate thermo 

physical property values of the aqueous solution and of ice. For ice slurry applications there is a need for 

accurate freezing point data and for more basic thermo physical property data at low concentrations [21]

In the present experimental study 'scraped surface ice slurry generator' of 5 litre capacity has been 

designed, developed and fabricated with a focus on collection of experimental data related to ice 

crystallization mechanism in the microscopic scale, and heat transfer and fluid mechanics involving 

agitation and phase change in the macro scale for the ice slurry production [15].  The main components
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of ice slurry circuit are: Scraped surface ice slurry generator with a scraper, condensing unit, pump and a 

storage tank. The scraped surface ice slurry generator consists of a circular shell and coil type heat 

exchanger cooled by an evaporating refrigerant flowing in a spiral shape coil around the outer shell side. 

The inner cooled surface of the shell is scraped by spring loaded rotating blades to prevent crystal 

depositions. This scraping action is required to prevent the formation of an ice layer on the ice generator 

walls. Turbulence is mechanically induced into the ice slurry   flow by the action of the rotating scraper 

blades mounted in the centre of the generator, thus greatly enhances the heat transfer rates and thus 

facilitating the production of a homogeneous ice slurry mixture. This unit supplies the refrigerant to the 

coil of the ice slurry generator (referred as evaporator in the refrigeration cycle) where evaporating 

refrigerant at lower pressure withdraws heat from the binary solution which is finally converted into ice 

slurry. Experimental studies have been performed using water and various depressants such as 

propylene glycol, methyl alcohol, ethyl alcohol in different proportions. Performance studies have been 

conducted for wide range of operating variables.

2. RESULTS AND DISCUSSIONS

In continuation to our previous work [22] 'Development of Scraped Surface Ice Slurry Generator' 

experiments were carried out. The aqueous solution of antifreezes, Propylene Glycol (PG) and Mono 

Ethylene Glycol (MEG) with water at different weight percentages 10%, 20% and 30% of antifreezes 

and 90%, 80% and 70% of water respectively were subjected to the freezing process. The coolant 

temperatures were measured with RTD. Recorded temperatures of aqueous solution of Antifreezes (PG 

and MEG) at various concentrations are plotted (Figs.1,2,3,4,5 and 6) with respect to freezing time of ice 

slurry for PG and MEG, respectively. With antifreeze PG, the lowest ice slurry temperatures achieved 
0 0 0

are  -2.9 C, -6.4 C and -11.0 C  at  10%, 20% and 30% concentrations respectively, whereas with 
0 0 0antifreeze MEG, lowest ice slurry temperatures achieved are  -3.4 C, -7.1 C and -11.9 C at 10%, 20% 

and 30% concentrations respectively. Freezing temperatures vs. antifreeze mass fraction is shown in 

Fig. 7. A photograph of ice slurry formation is shown in Fig. 8.

Historical time curves (recorded temperatures of aqueous solution of antifreezes, refrigerant 

temperatures at evaporator inlet and outlet, refrigerant temperatures at condenser inlet and outlet, ice 

slurry temperatures at different concentrations), and freezing temperatures vs. antifreeze mass fraction 

are plotted. Recorded temperatures of aqueous solution of antifreezes, refrigerant temperatures at 

evaporator inlet and outlet, refrigerant temperatures at condenser inlet and outlet at different 

concentrations are plotted (Figs. 1 to 3 for PG and Figures 4 to 6 for MEG) with respect to freezing time. 

From the present experimental ice slurry generation data it can be observed that ice slurry generation
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process can be divided into three stages- cool down or chilling period, nucleation or unstable ice slurry 

generation period and stable ice generation period.   The first stage (cool down period) starts t0 to t1, 

where t0 is the starting time of the experiment and t1 is the time at the end of the chilling period which is 

the on-set of the super-cooling phenomenon. During the chilling period volumetric ice concentration is 

zero. As observed in Figs 1 to 3, the freezing temperature reduces with increase in antifreeze mass 

fraction for PG solution initially chilled continuously without phase change in stage 1. First phase time 

duration is 1500, 1600 and 2000 seconds respectively for 10%, 20% and 30% concentration of  PG. 

Similar trend was observed for MEG (Figures 4 to 6) but first phase time duration was relatively higher 

as compared to PG. During this stage the average evaporator temperature decreases sharply which 

causes increase in the refrigeration capacity and compressor work. Therefore, the condenser inlet 

temperature increases due to higher heat rejection quantity. Volumetric ice concentration is zero during 

the chilling period. During this stage the average evaporator temperature decreases sharply due to 

unsteady state nature of heat transfer through the shell of ice slurry generator. The outlet temperature of 

evaporator outlet is stabilized when the nucleation period starts.

The second stage (nucleation period) starts from t  to t , where the ice seeds after the super cooling 1 2

phenomenon is observed and the volumetric ice concentration increases till its maximum value at the 
0end of this period (at t ). In stage 2, nucleation of ice particles occurs and it is characterized by 0.5 to 1 C 2

jump in temperature of the process fluid due to the release of the fusion heat of ice. Finally the third stage 

(ice slurry generation period) starts from t  to the end of the experiment, at t . During this stage the ice 2 f

concentration is maintained constant at its maximum value. During stage 3 the heat transfer is affected 

by the release of the latent heat of water freezing.

Freezing temperatures vs. antifreeze mass fraction is shown in Fig. 7. Here, freezing temperature is 

inversely proportional to antifreeze mass fraction. When water freezes out after the temperature of the 

liquid mixture has passed below the freezing point, the concentration of the additive increases in the 

liquid-phase. The increased additive concentration implies that the freezing point of the remaining 

liquid-phase is further lowered and in order to freeze out more ice the temperature of the mixture has to 

be further lowered below the current freezing point of the liquid. The result is that the fluid has a freezing 

range rather than a definitive freezing point. Thus by plotting the freezing point as a function of the 

additive concentration, one obtains a freezing point curve as a function of the additive mass 

concentration of different freezing point depressants (Fig. 7). Lowering of the temperature of the ice 

slurry is independent of the effect of the latent heat from the phase change, but dependent on the sensible 

heat of the mixture. Since it is the advantage of the latent heat in ice slurry that is desired, one desires a 

liquid mixture where the latent heat dominates. To minimize the influence of the sensible heat, a fluid
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with a relatively low first derivative of the freezing point curve (flat freezing point curve) is to be 

preferred.

               Fig.1. Freezing temperature vs time for PG at 10 % concentration

Fig.2. Freezing temperature vs time for PG at 20 % concentration

                  Fig.3. Freezing temperature vs time for PG at 30 % concentration
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Fig.4. Freezing temperature vs time for MEG at 10 % 
concentration

Fig.5. Freezing temperature vs time for MEG at 20 % 

concentration

Fig.6. Freezing temperature vs time for MEG at 30 % 
concentration

Fig.7. Freezing curve of water-PG and water- MEG 
mixture

0
Fig. 8. Photograph of Ice Slurry of -11.9 C formation in SSISG using MEG

Journal of Electrical Engineering & Modern Technology (Volume- 12, Issue - 1  January -April 2024 )                                                             Page - 21



3. CONCLUSIONS

From the present experimental data it can be concluded that at different concentrations of antifreezes 

(PG and MEG), initially the freezing temperature reduces with time (stage 1), then there is sudden rise in 

temperature for very short duration of time (stage 2) then reduces. It is observed that the freezing 

temperature reduces with increase in antifreeze mass fraction for PG and MEG solution initially chilled 

continuously without phase change in stage 1. In stage 2 of very short duration, nucleation of ice 

particles occurs and it is characterized by a distinct jump in temperature of the process fluid due to the 

release of the fusion heat of ice. During stage 3 the heat transfer is affected by the release of the latent 

heat of water freezing and freezing temperature is inversely proportional to antifreeze mass fraction [20, 

24].
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A B S T R A C T

1.0 INTRODUCTION  

The focus in reducing the global warming of our planet has led to consider the synthetic refrigerants with 

more uncertainty. Whilst in recent decades there has been considerable interest in rediscovering the use 

of natural fluids, in most real applications still dominate the synthetic fluids such as the hydro - fluoro-

carbons (HFCs). These fluids, greeted with a considerable enthusiasm at the end of the last century for 

their zero ODP (Ozone Depletion Potential), now are considered particularly damaging to the 

environment because of their GWP (Global Warming Potential), which can be more than 1000 times 

that of carbon dioxide. In recent years, there have been some legislative procedures restricting the use of 

HFCs. In Europe, the phase-out of HFCs has already been scheduled and initiated on 1st of January, 

2015 [7], banning the use of fluids with a GWP greater than 150 for the household refrigerators. Similar 

measures have been adopted in Japan while they are being studied in Canada, the United States and 

Mexico, where it is expected the beginning of the phase-out of HFCs as of January 1 of 2019 [8]. 

Therefore, an impending world needing to replace these refrigerants with others having low GWP 

The article presents the analysis of exergy for Vapour Compression Refrigeration System (VCRS) influenced by 

evaporator temperature. The analysis of the process and cycle is based on exergy destruction due to irreversibilities. 

The present work analyzed the behaviuor of four refrigerants of Vapour Compression Refrigeration System (VCRS) 

with variation in evaporator temperature. The analysis is influenced by the varied evaporator temperature and found 

that the capillary has unusual decreasing exergy destruction compared to the other devices. The result shows that as we 

decrease the temperature difference between the condenser and evaporator or for the fixed condenser temperature and 

increase in evaporator temperature, there is a gradual decrease in exergy destruction or improve in second law 

efficiency. The performances of these refrigerants are almost same with a little variation of R-12 and R-134a with R-

1234ze and R1234yf. From our analysis, the performance of R-12 and R-134a are better than R-1234ze and R1234yf 

but refrigerant R-12 and R-134a are highly toxic and have high GWP (Global Warming Potential).

Keywords—Exergy destruction ,  Second law efficiency, Automobile refrigeration system,
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In some field, such as domestic refrigeration, it has already been proposed to replace HFC134a, 

reference fluid used from the 90s [9], with isobutane (R600a). However, although this solution has 

already been accepted by the European market, it involves some technical difficulties related to the high 

flammability of R600a. While the reduced amount of charge present in a domestic refrigerator for the 

European market is not of particular concern, the manufacturers of the household refrigerator had to 

redesign some areas of their production plant.

(i.e. warehouse storage of refrigerant, and charging stations), causing massive investments for the 

companies involved. Of no lesser importance is the adoption of specific components (i.e. the 

compressors) able to operate with HCs (Hydro-carbons). Also, as evidenced by Bansal et al. [10] the use 

of R600a may have high barriers to the American market (US market) because of more stringent 

standards for fire prevention (UL Standard 250), as well as other markets might be reluctant to such a 

solution. An alternative solution has been put forward with the introduction into the market of the fourth 

generation refrigerants: the hydro-fluoro-olefins (HFO) characterised by GWP values close to 1, such 

as HFO1234ze and HFO1234yf. The HFC/HFO mixtures have also been investigated and proposed as a 

possibility to perform a drop-in replacement HFC134a [11–14].

DuPont and Honeywell proposed the HFO-1234yf as the substitute for HFC-134a in MAC. And 

thermodynamic properties of HFO-1234yf were estimated by Thomas [5] using M-H EOS and the 

modeling results of the comparison between HFO-1234yf and HFC-134a showed that it behaved very 

similarly as HFC-134a did in refrigeration system. Its compatibility with motor, sealing materials and 

POE lubricants, the toxicity and the flammability properties was also investigated by Thomas. Park [6] 

studied the nucleate boiling heat transfer coefficients of HFC-134a and HFO-1234yf on a flat plain and 

low fin surfaces for the design and manufacture of high efficiency evaporators for HFO-1234yf. Four 

blends, AC-1, DP-1, JDH and fluid H possessing low GWP and using HFO-1234yf as ingredient [7], 

used to be considered as the substitutes for HFC-134a, but further consideration was ended because of 

their toxicity.

An interesting low GWP substitute for HFC134a is HFC152a, the unique HFC refrigerant with a GWP 

lower than 150 showing working pressures suitable for use in household appliances. Bolaji (2010) 

experimentally investigated the substitution of HFC134a with HFC152a and HFC32 in domestic 

refrigerators. The performance of HFC152a was constantly better than those of HFC134a and HFC32 

both under cooling capacity and COP point of view. The HydroFluoroOlefin (HFOs) refrigerants, 

especially HFO1234yf and HFO1234ze(E), are other suitable candidates for HFC134a replacement in 

domestic and small refrigerators. Yana Motta et al. (2010) found that both HFO1234yf  and
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HFO1234ze(E) were suitable for drop-in replacement of HFC134a in small refrigerators. Karber et al. 

(2012) experimentally investigated the performance of HFO1234yf and HFO1234ze(E) as drop-in 

replacements for HFC134a in domestic refrigerators. HFO1234yf exhibits COP and cooling capacity 

similar to HFC134a, whereas HFO1234ze(E), although it performs favourably in term of COP, has a 

cooling capacity significantly lower than HFC134a and therefore it is unsuitable for direct drop-in 

replacement of HFC134a. Leighton et al. (2012) developed a simulation model of a commercially 

available HFC134a household refrigerator to evaluate the drop-in performance of several low GWP 

alternative refrigerants. HFO1234yf seems to be the most promising direct drop-in replacement for 

HFC134a in domestic refrigeration. This paper presents the comparative performance analysis of the 

low GWP refrigerants HFO1234yf, HFO1234ze(E) and HC600a inside a commercial roll-bond 

evaporator for household refrigerators.

2.0.LITERATURE REVIEWS

A literature review was conducted in the specific area of analysis related to VCRS using R 1234yf and 

R1234ze. The literature available can be broadly classified as:

Ÿ Performance parameter

Ÿ Efficiency

Ÿ Exergy analysis

2.1  Performance parameter:

Mahajan and Borikar find out that the performance of HC-12a in the domestic refrigerator condenser 

temperature and evaporator temperature, COP, refrigerating effect, condenser duty, work of 

compression and heat rejection of water  are better than those of R134a throughout all the operating 

conditions. Venkataiah and Rao thermodynamically analysed R22, R134a, R404A, R407C, R410A, 

R507A, R290 and R600a using COOLPACK software .It focuses on fixed condenser temperature but 

with variable evaporator temperatures. Tashtoush et.al experimented on the replacement of R12 in 

domestic refrigerators by new hydrocarbon/ hydrofluorocarbon refrigerant mixtures. The results show 

that butane / propane / R134a mixtures provide excellent performance parameters, such as coefficient of 

performance of refrigerator, compression power, volumetric efficiency, condenser duty, compressor 

discharge pressure and temperature, relative to a 210 g charge of R12. ShengJun et.al evaluated the non-

azeotropic mixtures containing HFOs as potential refrigerants in refrigeration and high-temperature 

heat pump system and found that it has higher COP than that of HFC-134a and served as a good 

environment friendly refrigerant. Righetti. Et.al compared the performance analysis of low GWP
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refrigerants HFO 1234yf,HFO1234ze and HC600a inside a roll-bond evaporator and found that 

HFO1234yf has similar performance to HFC134a at the same mass flow rate.

2.2 Efficiency:

Yadav and Nagalakshimi explore performance and efficiency variations of a refrigeration system using 

R12 and R134a refrigerant. Raja et.al  did an analysis of energy and exergy on a traditional Vapor 

Compression Refrigeration Cycle using R152a, R290, R600, R600a, R123 and R717. The result 

deduced that these alternative refrigerant R600, R600a, R717 and R152a had higher COP and exergetic 

efficiency than R134a for evaporative temperature which range from 248 K to 283 K and condensation 

temperature 318 K with superheating 10 K and subcooling 5 K. Tare. et.al did the comparative study of 

exergy loss of refrigerants during condensation process of vcr cycle and a relationship between exergy 

drop and COP is established to optimize second law analysis of the system for different refrigerants for 

constant pressure condensation process in a vapour compression refrigerant cycle.

2.3 Exergy analysis :

Xu and Clodic introduced an exergy analysis method on Vapour Compression Refrigeration Cycle in 

order to compare the performance between 3 refrigerators using R12, R134a and R290 as the 

refrigerants. The refrigerator of R134a is almost efficient than for R12. But freezers for R134a and for 

R290 are less efficient than R12 freezer. Zakirov and Karimov evaluated the efficiency of evaporators 

with rolled-up pipes by the exergy analysis method. Reddy et.al did an exergy analysis of a Vapour 

Compression Refrigeration Cycle with selected refrigerants and found that R134a has the better 

performance in all respect, whereas R407C refrigerant has poor performance. Lee et.al presents 

numerical analysis of exergy for air-conditioning influenced by ambient temperature. The result shows 

that reducing exergy loss of the capillary influenced by the ambient temperature is the key for improving 

working efficiency of an air-conditioning system.Yataganbaba. et.al done the exergy analysis of 

R1234yf and R1234ze as R134a replacement in a two evaporator vapour compression system and found 

that the lowest total exergy destruction is obtained by using R134a as a refrigerant while obtaining the 

highest ones with R1234yf in the refrigeration system

After reviewing it was found that there is a gap in work carried out in the field of total exergy destruction 

and second law efficiency and so it is proposed in this paper.

3.0 METHODOLOGY

In the present analysis analytical method is used for comparison among automobile sector refrigerants 

on VCR system to analyze exergy destruction and second law efficiency.
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3.1 Cycle description:

The vapor compression refrigeration cycle is the majorly applied refrigeration cycle, which consists of a 

compressor, condenser, throttling device and an evaporator with controls and interconnections. Fig. 1 

exhibits the schema of a basic VCRS, which is a general irreversible cycle model.

Fig. 1 Block Diagram of Basic Vapour Compression   Refrigeration Cycle

The figure show the different components of the vapour compression refrigeration cycle and the flow 

direction of the refrigerant cycle from the begin with suction of compressor, which is convenient to 

explain the procedure. In process, the refrigerant is firstly sucked and compressed by the compressor. At 

the exit of the compressor, refrigerant is with extremely high pressure and superheated. The compressed 

refrigerant will influx into the condenser to be condensed and takes place the heat exchange with the 

surroundings. The emitted heat of refrigerant during condensing in the condenser is transferred into the 

surroundings through the forced convection. The condensed refrigerant in the condenser outlet is direct 

lead to the inlet of the throttling device and runs through the throttle device into the evaporator. The 

process of the evaporation for refrigerant in the evaporator will receive heat from the cooling space. 

After the evaporation of refrigerant in the evaporator, the refrigerant vapour is sucked again by the 

compressor and built the refrigeration cycle.

3.2  Refrigerant chosen and its properties:

For our analysis we have chosen 3 refrigerant, namely:

Ÿ R-1234yf

Ÿ R-1234ze

Ÿ R-134a

Ÿ R-12
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3.2.1  R-1234 yf

Ÿ It is compatible with motor and sealing materials.

Ÿ It has good miscibility in POE (Polyolester) lubricants.

Ÿ It has good thermal stability

Ÿ It has Zero ODP(Ozone depletion potential) and GWP (Global Warming Potential) 4-6.

Ÿ It has significant environmental benefits.

3.2.2  R-1234ze:

Ÿ Its flammability limits depends on the humidity of air. HFO1234ze which is non flammable in 

dry air but becomes flammable if humidity becomes larger than 10%.

Ÿ It is suitable for high temperature applications rather than in typical air conditioners.

Ÿ It has Zero ODP(Ozone depletion potential) and GWP (Global Warming Potential) 4-6.

3.2.4  R-12

Ÿ R-12 was the first fluorocarbon refrigerant developed and used commercially and is still a 

standard for comparing other refrigerant

Ÿ It has many properties especially suitable for use in refrigeration, such as good stability, little 

effect on elastomer and plastics, good solubility in lubricating oil and a reasonable 

compression ratio.

Ÿ Non-flammability, low toxity, inertness and stability were also recognised as essential 

refrigerant property

3.2.5  R-134a:

Ÿ It  produces high global warming potential.

Ÿ HFC – 134a is widely used as a replacement for CFC 12. It is used in various applications, such 

as domestic, commercial and industrial refrigeration and air-conditioning.

Ÿ The performance characteristics of HFC134a are similar to those of CFC 12. 

3.3   Exergy Analysis.

The Exergy analysis bases on the basic vapour compression refrigeration system shown in Fig. 1. 

Numerical Modulation discussed the complete system and its four main devices separately. The applied 

vapour compression refrigeration system is defined to fit the following four assumptions:

3.3.1  Assumptions:

These are the assumptions for the vapour compression refrigeration system :
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Ÿ Steady state, steady flow operation,

Ÿ Negligible pressure drops in the evaporator, condenser, and intersections,

Ÿ Adiabatic compression process,

Ÿ Isenthalpic expansion in expansion device,

Ÿ Negligible kinetic and potential energies.

Table 1 exhibits design parameters of the applied system. The efficiency of a vapour compression 

refrigeration cycle is indicated by the coefficient of performance (COP), which is defined by the amount 

of cooling energy per supplied work. The COP of a vapour refrigeration cycle is expressed as equation

    COP = Q / W

Where Q is Cooling Energy and W is work input.  

Table 1 Design parameters of the applied vapour compression refrigeration system

Parameter Value

Refrigeration capacity 3.51 kW

Condenser Temperature 313K

Evaporator Temperature Range 243K ~ 293K

Refrigerants R-12, R-1234yf, R-1234ze,   R-134a

Ambient Temperature 298K

Isothermal efficiency 85%

Mechanical efficiency 84%

Electrical  efficiency 90%

Referring to the main cycle loop in Fig. 1 from the first law of thermodynamics and a general relation for 

a cyclic process can be written as equations.

4.0  EXERGY ANALYSIS :
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5.0 EES (ENGINEERING EQUATION SOLVER) 

Engineering Equation Solver (EES) is a well known software  used for solution of systems of 

simultaneous non-linear equations. EES performs the iterative solving, eliminating the tedious and 

time-consuming task of acquiring thermodynamic properties with its built-in functions. EES also 

includes parametric tables that allow the user to compare a number of variables at a time. Parametric 

tables can also be used to generate plots. 

EES32 has been used to find enthalpy, entropy and pressure at different state points for R-1234ze and R-

1234yf. An example for R-1234ze has been shown in Fig.2 and Fig.3.
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5.0  RESULTS: 

5.1 Variation of exergy destruction with  Evaporator temperature

Fig. 4. Variation of exergy destruction with  Evaporator temperature

5.2 Variation of second law efficiency with Evaporator temperature.

Fig.5.Variation of second law efficiency with Evaporator temperature.

6.0 CONCLUSION

As we decrease the temperature difference between the condenser and evaporator or for the fixed 

condenser temperature and increase in evaporator temperature , there is a gradual decrease in exergy 

destruction or improve in second law efficiency for different refrigerant (i.e.R-12, R-134a, R-1234ze 

and R-1234yf) as obvious from clausius statement. The performance of these refrigerant are almost 

same with a little variation of R-12 and R-134a with R-1234ze and R-1234yf. From our analysis, the
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the performance of R-12 and R-134a are better than R-1234ze and R-1234yf but refrigerant R-12 and R-

22 are highly toxic and have high GWP (Global Warming potential).
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A B S T R A C T

INTRODUCTION  

Of all the FACTS controllers researched, which included the first and the second generation of these 

devices, the SVC was chosen based on the following simple reasons: [3]

Ÿ It is capable of providing continuous and rapid control of reactive power and voltages.

Ÿ It can enhance several other aspects of transmission line performance such as:

(i) Control of temporary (power frequency) over voltages

(ii) Prevention of voltage collapse

(iii) Enhancement of transient stability

(iv) Enhancement of damping of system oscillation

At the sub-transmission and distribution system levels, SVCs are used for balancing the unbalanced 

three phase system supplying unbalanced loads. They are also used to minimize fluctuations in supply 

The Power Factor Correction (PFC) capability of Static Var Compensator (SVC) in a.c. transmission line is presented. 

SVC P.F.C capability is very important because it can help to adjust the line reactive power to control the system 

voltage. This is implemented by using a circuit configuration of self-commutated Pulse Width Modulation (PWM) 

converter system consisting of Thyristor Controlled Reactor (TCR) and Fixed Capacitors (FC). The end result is that 

the line current tracked the voltage, thus improving the system PF significantly to about 98%.

Keywords—a.c. transmission line, SVC, PFC, PWM converters, Flexible AC Transmission System (FACTS).
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voltage caused by repetitive-impact loads e.g. the dragline loads of mining plants, rolling mills and arc-

furnaces [6].

Development of the SVS Model

From power system operation viewpoint, the static var system (SVS) is equivalent to a shunt capacitor 

and a shunt inductor both of which can be adjusted to control voltage and reactive power at its terminals 

or nearby bus in a prescribed manner. Figure 2.1 is an idealized static var system model [1].

Fig. 2.1: Idealized static var system model

An ideal SVS should hold constant voltage, possess unlimited var generation/absorption capability with 

no active or reactive power losses [6].

However, the realistic or practical SVS is composed of a controllable reactor and a fixed capacitor. The 

resulting characteristics are essentially applied to a wide range of practical SVS configurations.  Figure 

2.2 illustrates the derivation of the characteristics of an SVS, made up of a controllable reactor and a 

fixed capacitor (FC). The component characteristic is derived by adding the individual characteristics of 

the components as shown [1].
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Figure 2.2 composite characteristics of an SVS

The basic elements of a Thyristor Controlled Reactor (TCR) are a reactor in series with a bidirectional 

thyristors switch (Fig. 2.3). The thyristors conduct on alternate half-cycles  of supply frequency 

depending on the firing angle a measured from a zero crossing of voltage.

Let s be the conduction angle, related to a by

s  =  2(p - a)� ………..� 2.1 [1]. 
Fourier analysis of the current waveform gives the fundamental components.

In effect, the TCR is a controllable susceptance. The effective susceptance as a function of the firing 

angle a is given by:

Figure 2.3: Basic Elements of TCR

Journal of Electrical Engineering & Modern Technology (Volume- 12, Issue - 1  January -April 2024 )                                                             Page - 37



SVC Power Factor Correction (PFC) Capability in Power System

Power factor correction (PFC) can be defined as a way of counteracting the undesirable effects of 

electric load that create power factor less than unity [3]. To determine the SVC PFC capability in a 

system is very important because it helps to adjust the reactive power to control the system voltage. To 

implement this, a circuit configuration with a resistive load consisting of TCR +FC, obtained from 

self-commutated PWM converter system was used.

Analysis of the Circuit

(a) S  S  closed (current decreasing):1 2

Current loop: V ® L ® D® V ® D ® Vs l o 2 s
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(b) S  S  closed (current increasing):3 4

Current loop: V  ®L ® S ® V ® S ® V  s 4 0 3 s

Equation:
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Simulation Results

The circuit equations were loaded with the parameters defined below

V  = 220� , ωt = 2πft, switching period 4kHz. Assume ac and dc input power filters as L =s

5mH, C = 0.6F, and load resistance of R = 20Ω. And the four equations were solved in MATLAB using 

Runge-Kuta; thus the plot of the output voltage and current waveforms are shown in figure 3.2.:

4. CONCLUSION

The computer simulated curves for Figure 3.2 showed that current had tracked the voltage thus, 

improved the power factor significantly to about 98%. Note that a high load power factor brings about 

an overall system balance in addition to the following:

(i) Improvement of voltage regulation

(ii) Enhancement of transmission system efficiency

(iii) Elimination of current harmonic components in a system. Hence, power factor correction 

is an important tool to control the reactive power and improve the system voltage.
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A B S T R A C T

SELF HEATING EFFECTS IN SOI TECHNOLOGY:

The presence of buried oxide could make the temperature of the channel rise more than in a classical 

transistor on Bulk, especially in the case of continuous current flow e.g. in analog biasing circuits is 

defined as self heating in SOI. Due to thermal isolation of substrate by the buried insulator in an SOI 

transistor, removal of excess heat generated by the Joule effect within the device is less efficient than in 

bulk, which leads to substantial elevation of device temperature. The excess heat mainly diffuses 

vertically through the buried oxide and laterally through the silicon island into the contacts and 

metallization. Due to the relatively low thermal conductivity of the buried oxide, the device heats up to 

50ºC to 150ºC. This increase in device temperature leads to a reduction in mobility and current drive, 

thus degrading the device performance over a period of time.

For more than three decades, it has been searching for a way to enhance existing silicon technology to speed up the 

computer performance. The Silicon on Insulator (SOI) technology results in faster computer chips with low frequency 

noise that also require less power a key requirement for extending the battery life of small, hand-held devices that will 

be pervasive in the future. SOI is a major breakthrough because it advances chip manufacturing one to two years ahead 

of conventional bulk silicon. It provides a step-by- step look at the developments leading up to the development of SOI 

technology. Increased demand for High Performance, Low Power and Low Area among microelectronic devices is 

continuously pushing the fabrication process to go beyond ultra deep sub-micron (UDSM) technologies such as 

45nm, 32nm and so on. Currently, chips are being designed in 55nm, 45nm and 32nm process nodes. The performance 

and power goals for certain applications in these advanced nodes couldn't be achieved with conventional silicon bulk 

Complementary Metal oxide semiconductor (CMOS) process leading to an alternative, Silicon on Insulator SOI 

process. Silicon on Insulator fabrication process helps in achieving greater performance and offers less power 

consumption compared to the Bulk Process.

Keywords—Self-heating, impact ionization, kink effect, thermal conductivity, TCAD
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Impact Ionization: If kink effect is attributed entirely to impact ionization effects then Ids= Idso +Ikink 

with Ikink = MIdso where Idso is the current that would be obtained if impact ionization effects were 

absent. When impact ionization is present, it provides a source of current and the electron current 

equation has the modified form impact  ionization source is usually modeled by GI−I = −αnJn with αn = 

An exp(−βn / F) with n α strongly dependent on the electric field strength F.

Floating Body and Parasitic Bipolar Effects

Figure 1.1 Parasitic bipolar transistor of the SOI MOSFET

The presence of a floating volume of silicon beneath the gate is at the origin of several effects unique to 

SOI, generically referred to as floating body effects. There exists a parasitic bipolar transistor in the 

MOS structure. If we consider an n-channel device, the N+ source, the P-type body and the N+ drain 

indeed form the emitter, the base, and the collector of an NPN bipolar transistor, respectively. In a bulk 

device, the base of the bipolar transistor is usually grounded by means of a substrate contact. But, due to 

the floating body in an SOI transistor, the base of the bipolar transistors is electrically floating. This 

parasitic bipolar transistor in figure 1.1 is origin of several undesirable effects in SOI devices.

SELF HEATING EFFECT

These effects arise in SOI devices because the device is thermally insulated from the substrate by the 

buried oxide BOX. Consequently, removal of excess heat generated within the device by device 

switching is not removed as efficiently in SOI devices as it is in bulk devices. This leads to a substantial 

elevation of temperature within the SOI device 50º- 150ºC as shown in figure 1.2. This self-heating 

effect only appears when power is being dissipated within the device that is when the transistor is on, 

conducting current through its channel. This only occurs in CMOS circuits when a logic stage is 

switching state, not when it is in a stand-by state e.g., holding logic high or low state.
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Figure 1.2 Self heating effects in SOI transistor

These effects certainly will not prevent the widespread adoption of SOI for CMOS ICs, but they must be 

taken into account by thoughtful device and circuit design approaches that specifically address the 

peculiarities of the SOI CMOS transistor vs. the bulk or epitaxial wafer CMOS transistor. Obviously, 

the process simulation, device simulation, circuit simulation, and layout Technology Computer Aided 

design (TCAD) tools employed by designers must accurately model the peculiarities and advantages of 

SOI CMOS to achieve optimal device design, circuit design, layout and processing approaches for 

CMOS Ics fabricated with SOI wafers. CMOS transistors designed for use with SOI wafers are 

classified by the thickness of the device-quality single-crystal silicon layer at the surface above the 

BOX relative to the depths of the source-drain junction and channel depletion layers in the device with 

the operating voltages applied. An SOI CMOS transistor is classified as “partially depleted” (PD) if the 

silicon surface layer is thicker than the depth of the depletion region in the transistor's channel. The SOI 

CMOS transistor is classified as “fully depleted” (FD) if the silicon surface layer is equal to the depth of 

the depletion region in the transistor's channel. The transistor will be partially depleted or fully depleted 

depending on the silicon layer thickness above the BOX and the doping concentration in the channel. To 

form a fully depleted SOI transistor, the channel doping concentration must be low enough the gate 

depletion region extends throughout the entire thickness of the silicon layer. When the silicon surface 

layer is thicker than about 200nm, the transistor will typically be partially depleted, unless the channel
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doping concentration is reduced to such low values that the threshold voltage is too low for practical 

CMOS applications less than 100mV. If the silicon layer thickness is reduced to about 100nm, the 

transistor will be fully depleted, even when the channel doping concentration is increased to produce 

threshold voltages of 300-400mV. If the silicon layer thickness is reduced further 70nm, the transistor 

will remain fully depleted even if the channel doping concentration is increased to produce even higher 

threshold voltages 700mV.

There are significant differences in partially depleted and fully depleted SOI CMOS transistors. For 

example, the threshold voltage of the fully depleted device is very sensitive to the silicon surface film 

thickness. This results in an addition source of manufacturing variance in the fabrication of FD SOI 

CMOS. Typically, this is in the order of 10mV in threshold voltage per nanometer of variation in the 

silicon film over the BOX. The fabrication of commercial CMOS on SOI typically employs partially 

depleted PD devices. However, careful device design and optimizing the channel implant process can 

reduce this sensitivity in FD devices. The variation of drain saturation current does not have the same 

sensitivity to film thickness as the threshold voltage in FD SOI CMOS. There are significant advantages 

for FD transistors over PD transistors, and the trend in SOI CMOS is toward the use of fully depleted 

devices. A fundamentally important point is that in FD SOI CMOS the sub threshold slope can be very 

low less than ~65 mV/decade i.e., a 65 mV increase in gate voltage will result in a tenfold increase in the 

sub threshold drain current. The differential equation describing heat transfer is:

These effects arise in SOI devices because the device is thermally insulated from the substrate by the 

buried oxide (BOX). Consequently, removal of excess heat generated within the device by device 

switching is not removed as efficiently in SOI devices as it is in bulk devices. This leads to a substantial 

elevation of temperature within the SOI device 50º- 150ºC.
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The insulation layer of the SOI wafer creates a potential temperature delta between devices called local 

(self) heating. Self-heating is evident at the high power regions. It May not have huge impact on Digital 

circuits; however this effect must be considered for analog type of circuits. As CMOS technology scales 

down to deep sub-micron dimensions, power density increases accordingly, thus resulting in 

remarkable temperature increases in the active devices. This problem has become even more critical 

with the introduction of SOI technologies, where the low thermal conductivity of the insulation layer 

below the top silicon film inhibits an efficient heat flow through the substrate as in standard bulk CMOS 

technologies. Semiconductor components are really sensitive to temperature variations. The impact of 

raised operating temperatures in both analog and digital circuits increases self heating effect. Self 

heating in SOI can cause device and interconnect temperatures to raise more than 10º-12ºC.

The self Heating effects can be summarized as follows:

Ÿ Degraded carrier mobility which leads to a reduced on-current of transistors and thus slower 

speed

Ÿ Higher interconnect metal resistivity which yields longer delays

Ÿ Increased failure rate

Ÿ Reduced reliability of electronic devices, with secondary effects such as interconnect 

electromigration

Self-heating phenomena are studied from room down to near liquid helium temperatures in fully 

depleted N channel thin film SIMOX MOS devices. A simple theoretical analysis of the self-heating 

effect is worked out. A method for the extraction of the thermal resistance and the device 

temperature rise directly from the static output characteristics is derived. Also direct self heating 

transient measurements are conducted.

SOI MOS devices are well known to suffer from self-heating phenomena arising from the low thermal 

conductivity of the buried oxide compared to Si substrate. At sufficiently high current levels, this result 

in the occurrence of negative output conductance in the saturation region. Self-heating effect is studied 

from room down to near liquid helium temperatures on fully depleted N channel thin film SIMOX MOS 

devices. Moreover, a simple self-heating model is proposed enabling the extraction of the thermal 

resistance and the average temperature rise of the device directly from the static output characteristics.

SOI devices suffer from the self-heating because of the existence of buried oxide BOX. Velocity 

overshoot should be considered to evaluate the self-heating effect in deep sub micrometer region. Drain 

current degradation due to the self heating effect in sub-0.1µm SOI MOSFETs is investigated, focussing
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on the comparison with bulk devices. It is revealed that the velocity overshoot can reduce the self-

heating effect as well as the difference of the current degradation between SOI and bulk device.

In the bulk technologies, heat generated by charge transfer in the transistor is readily transferred out of 

the chip backside through silicon substrate. This transfer of heat is quick enough so that local device 

transconductance changes due to self-heating are negligible. For bulk devices with six or more layers of 

interconnect, the stacked inter-layer dielectrics ILDs present substantial thermal resistance. However, 

in the current generation of submicron technology bulk devices, these thermal issues are being 

addressed with the use of reduced dielectric constant dielectrics and higher conductivity metallization 

based on copper interconnect. In SOI technology, silicon dioxide comprises the BOX layer, so that the 

SOI transistor is encased in a perfect little insulated region of its own. As a result, the average junction 

temperature of SOI devices can be somewhat higher than for an identical bulk device, reducing the 

device transconductance. Since SOI transistors are thermally insulated from the substrate by the buried 

insulator, the removal of excess hear generated by the Joule Effect, within the device is less efficient 

than in the bulk devices. The excess heat has several conduction paths, diffusing vertically through the 

buried oxide and laterally through the silicon island into the contacts and the metallization.

Thus, SOI MOSFETs are susceptible to the local thermal heating generated in the channel due to less 

thermal conductivity of the buried oxide, which is approximately 100 times lower than thermal 

conductivity of silicon. The self-heating causes a reduction of the carrier mobility, shifts the threshold 

voltage, and results in a negative differential conductance at high gate and drain voltages. The negative 

resistance, which can be seen in the output characteristics of SOI Metal oxide semiconductor Field 

Effect Transistors (MOSFETs) is due to a mobility reduction effect caused by device self heating. This 

effect can compromise reliability of the part when the part is operating at low and ultra low temperatures 

due to thermo-mechanical stresses and possible formation of structural defects and microcracks.

CONCLUSION:

In SOI devices, self-heating effect can be minimized by using a thin buried oxide film; thus, decreasing 

the bottom layer thermal resistance. Another advantage of this approach is the reduction of short 

channel effect for the back transistor. However, the back channel transistor threshold voltage is reduced 

if the doping level at the back channel interface is not increased. This, in combination with a floating 

body effect, can lead to a worst case behaviour. The self-heating effect is more pronounced in fully-

depleted structures due to thinner silicon films, which means a thinner buried oxide will be required to 

minimize it. The limitation for thinning the buried oxide is imposed by the variations of the threshold 
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voltage with the backgate bias. Fully depleted devices exhibit a different electrical behaviour from the 

partially depleted devices. The threshold voltage varies with the backgate bias for enhancement mode 

and accumulation mode devices due to the  coupling effect between the front and the back gates when 

the silicon film is fully depleted. As a result of this coupling effect, the threshold voltage of fully 

depleted devices becomes a function of the silicon and buried oxide thicknesses.
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