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Abstract:In this paper, thewaste heat recovery technologies in internal combustion (IC) engines were reviewed 

and discussed. The efficiency of a traditional IC engine to convert the heat supplied through fuel is just 15-30%, 

while the rest heat is expelled to the environment in the form of cooling systems, exhaust gases and other 

unaccountable losses. This results into entropy rise and formation of greenhouse gases, which indeed lead to 

environmental pollution.In this scenario, the recovery and proper utilization of waste heat from any source not 

only conserves the fuel, but also helps in managing and reducing environmental compliances.Several methods 

for waste thermal energy recovery from internal combustion engine (ICE) have been studied by using 

supercharger or turbocharger and /or combined.This study also presents an innovative approach to power 

generation from waste heat of IC engine based on coolant and exhaust. The Rankine cycle used in the exhaust of 

engines and turbochargers is the most thermal efficient system.Through the study of Rankine cycle it is proved 

that it is the more perspective than other techniques. Fuel consumption of IC engine could be improved 

significantly by harvesting waste thermal energy. 
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1. INTRODUCTION

Nowadays, diesel engines are widely used 

due to their abilities and advantages in industries 

for producing energy, electricity, transportation, 

etc., but a large amount of their fuel energy is 

wasted through the exhaust [1-5]. Researchers 

confirm that more than 30–40% of fuel energy gets 

wasted from the exhaust and just 15–30% of the 

fuel energy converts to useful work [6-9]. On the 

other hand, statistics show that the production of a 

large number of internal combustion engines 

increases the presence of harmful greenhouse gases 

(GHG). So, researchers are motivated to recover 

the heat from the waste sources and increase 

overall efficiency in engines by using applicable 

ways [10-16]. Heat recovery not only reduces the 

demand of fossil fuels, but also reduces the GHG 

and helps to save energy by the use of advanced 

materials [17-20]. 

In spite of the existence of modern 

technologies for machining of equipments used to 

improve the working processes in internal 

combustion engines such as turbocharger systems, 

direct fuel injection, downsizing, low temperature 

combustion processes (CAI and HCCI), variable 

compression ratio, etc., the future requirements for 

internal combustion engines will be difficult to be 

met [21-26]. For that reason, waste heat recovery is 

a good way to increasing the overall engine 

efficiency, reducing the fuel consumption and CO2 

emissions. 

2.WASTE HEAT 

RECOVERYTECHNOLOGIES IN ENGINES 

In the current status of the world the 

requirement of energy is increasing, especially for 

transportation applications, so the usage of fossil 

fuels and consequently harmful greenhouse gases 

(GHG) will increase. Researchers attempted to 

reduce the need of fossil fuels by using the waste 

heat recovery from the engines. By that some 

advanced technologies can be applied to improve 

waste heat recovery efficiency. 
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2.1 Turbocharging 

A turbocharger is a supercharger driven 

with the exhaust gases energy and increases the 

engine power by compressing the inlet air to engine 

(Shown in Fig. 1). A turbocharged engine is more 

powerful and efficient than a naturally aspirated 

engine because the turbine forces more air and 

proportionately more fuel into the combustion 

chamber than atmospheric pressure.But it has some 

shortcomings, TURBOLAG it is during low speed, 

acceleration and with heated bearings it can’t give 

same efficiency [27-31]. Another lag is increasing 

the intake air temperature due to its pressure 

increase. The warmer intake air has the less density 

and the less oxygen is available for the combustion 

event which reduces volumetric efficiency. So the 

Rankine steam cycle system coupled on the engine 

exhaust pipe which utilizes the exhaust energy of 

engine in order to generate steam and then drive the 

turbine. Their results show that IC engine power 

can theoretically be improved by 7.2 % at most and 

thermal efficiencies can be raised up to 2 % or 

more. 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Turbocompounding systems 

Turbocompounding is an additional waste 

heat recovery system.They are of two types: 

mechanical and electrical turbocompounding. In 

mechanical turbocompounding the turbine shaft is 

mechanically connected to the engine crankshaft 

and the energy of the system is added directly to 

the engine output(Fig. 2)  

 

 

 

In electric turbocompounding the turbine 

shaft is connected to a generator. In this case the 

energy is converted into electricity. The electrical 

turbocompounding can be developed without 

additional turbine [32-35]. In this case the 

generator is mounted directly onto the 

turbocharger’s shaft. (Fig. 3) 

 

 

 

The disadvantage of such 

turbocompounding includes an additional turbine 

that the second turbine creates an additional 

backpressure in the exhaust system and adversely 

affects the gas exchange process.The benefits of 

including turbocompounding are that it increases in 

attained power by 10-11%,Torque increaseabout 

11% and reduction in fuel consumption by 5-11%. 

2.3Thermo-electric generators 

Thermoelectric generators (TEG) or 

Seebeck generators are devices which directly 

convert waste heat energy into electrical energy. 

See Fig. 4 & 5. Thermoelectric which increase their 

efficiency to around 5–8% by semiconductor p–n 

junctions that are made up of new materials such as 

BiTe (bismuth telluride), CeFeSb (skutterudite), 

SiGe (silicon–germanium),ZnBe (zinc–beryllium), 

Fig. 1 Schematic view of turbocharging 

 

Fig. 2 Mechanical turbo compound 

 

Fig. 3 Electric turbo compound 
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SnTe (tin telluride) and new nano-crystalline or 

nano-wire [36-42]. Although TEG devices have 

many advantages such as clean energy, without 

sound, without movable component and lesser 

maintenance costs and only economical when used 

at high temperatures. 

 

 

 

 

 

But when the exhaust gases flow through 

the TEG's heat exchanger, kinetic energy from the 

gases is lost and causes an increase in pumping 

losses which is known as back pressure which 

reduces the engine's performance. 

2.4.Exhaust gas recirculation 

Recirculation of the exhaust gases into 

cylinder or EGR is one of the efficient methods to 

decrease the NOx level. EGR can be applied 

internally or externally in the engines [43-45]. EGR 

is widely used in both gasoline and diesel engines. 

In a diesel engine, the exhaust gas replaces some of 

the excess oxygen in the pre-combustion mixture. 

(See Fig. 6) Since NOx is formed primarily when a 

mixture of nitrogen and oxygen is injected into high 

temperature circumstances, the lower temperatures 

of combustion chamber caused by EGR reduce the 

amount of the NOx. Although EGR cannot improve 

the combustion irreversibility, but it can be 

assumed as a technique for using the heat of burned 

gases in the cylinder for another time. Furthermore 

inmodern diesel engines, the EGR gases are cooled 

with a heat exchanger in order to enter a greater 

mass of recirculated gases. 

 

 

 

 

 

 

 

 

2.5 Closed-loop thermodynamic cycles  

 

2.5.1 Stirling cycle 

This closed thermodynamic cycle operates 

with different types of fluids [46-48]. The most 

commonly used ones are air, hydrogen or helium. 

The working process in the Stirling cycle occurs in 

four stages (Fig. 7):  

1-2. T = constant expansion (heat transfer 

from the external source)  

2-3. V = constant regeneration (internal 

heat transfer from the working fluid to the 

regenerator)  

3-4. T = constant compression (heat 

rejection to the external sink)  

4-1. V = constant regeneration (internal 

heat transfer from the regenerator back to the 

working fluid). 

2.5.3Rankine cycle 

 

Fig. 4 Schematic view of p-n junction 

in TEG devices 

 

Fig. 5 Thermoelectric Generators 

Fig. 6 EGR Principle  
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Stirling cycle has high efficiency when the 

cycle operates with low heat source. Stirling are 

suitable for waste heat recovery in internal 

combustion engines, but there is still a lot of research 

to be done in order to improve their effectiveness as a 

waste heat recovery system. 

2.5.2 Erickson cycle  

  The Ericsson cycle is similar to the Stirling 

cycle, except that the two constant-volume processes 

are replaced by two constantpressure processes [46-

48]. The working process in the Erickson cycle 

occurs in four stages (Fig. 8):  

1-2. Isobaric heating of the working fluid - a process 

in which the temperature of the working fluid 

increases at constant pressure 

2-3. Isothermal expansion - a process in which the 

fluid expands at constant temperature 

3-4. Isobaric cooling - a process in which the liquid 

temperature decreases at constant pressure 

4-1. Isothermal compression - a process in which the 

fluid is compressed at constant temperature 

 

 

 Among these cycles, Rankine Cycle can be introduced as 

the most efficient cycle for low temperature sources such as 

engine exhaust. A schematic of the ORC is shown in Fig. 9 

which contains boiler, expander, condenser, pump and 

working fluid [49-52]. It is a closed-loop thermodynamic 

cycle which converts heat into mechanical power. The 

mechanical power can be used to perform mechanical work 

or to produce electricity. Separately, this cycle is widely 

used in the production of electricity by thermal power 

plants.   

 

 

 

 

 

 

 

 

 

1-2 Isentropic compression in the pump;  

2-3 Working fluid heating and evaporation in the 

boiler;  

3-4 Isentropic expansion in the turbine;  

4-1 Working fluid cooling in the condenser.  

The Rankine cycle efficiency depends on: the 

working fluid, boiler (evaporator), expander, condenser 

and working fluids operating parameters (mass flow rate 

and pressure).  

 

3. FEATURES OF RANKINE CYCLE 

3.1 Working fluid  

In the development of the Rankine cycle waste heat 

recovery system, one of the most important stepsis the 

selection of the working fluid because its operating 

properties have a great influence on the efficiency, size 

and design. A number of fluids have been studied such as: 

water, ethanol, benzene, organic fluids and etc. Water 

provides high efficiency in the case of a high temperature 

heat source while organic fluids are more efficient in the 

case of a low temperature heat source.   

The working fluids used in the Rankine cycle can 

bedivided into three groups according to the slope of the 

condensation line in the T-S diagram: wet, dry and 

isentropic.The temperature of the heat source is the main 

criterion in selecting the working fluid. 

3.2 Boiler (Evaporator)  

Heat exchangers are devices where heat transfer from one 

medium to another occurs. In waste heat recovery 

systems, based on the Rankine cycle transfer of heat from 

the exhaust gas to the working fluid is carried out in a heat 

exchanger called the evaporator. The object of a number 

of studies is to establish the type of heat exchanger which 

is most suitable for application in the Rankine cycle.  

Fig. 8 Erickson Cycle 

Fig. 7 Stirling Cycle 

Fig. 9 Rankine Cycle 
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4. CONCLUSIONS 

On the basis of the review of the methods for 

increasing the overall engine efficiency, reducing 

the fuel consumption and emissions CO2 from 

internal combustion engines,the exhaust waste heat 

recovery system based on the Rankine cycle 

provides higher efficiency than others. The system 

efficiency can reach 15% to 20% which means that 

the engine efficiency improvement is between 10% 

and 12%.The Rankine cycle efficiency depends on: 

the workingfluid,boiler (evaporator), expander, 

condenser and working fluidsoperating parameters 

(mass flow rate and pressure). 
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