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With the rising cost of crude oil prices, due to ever decreasing resources, increasing pressure from government legislation, CO2 taxation and public awareness of motor vehicles environmental impact. This has forced automotive manufacturers to put a substantial amount of effort into the development of internal combustion engines. Mainly in the fields of fuel consumption, emissions outputs and engine efficiency. This has been accomplished by way of the development of engine management systems, cylinder head and inlet design, forced induction systems and the implementation of hybrid technologies. Whilst these systems have had a drastic improvement such areas as fuel consumption, engine performance and emission outputs. Manufactures have not solved a major flaw in the fundamental design of ICE’s. It is well known that ICE’s are only 30 > 40 % thermally efficient, with on average two thirds of the total energy introduced into the system being dissipated to atmosphere in the form of heat energy. A sensible assumption would be to harness some if not all the wasted energy from the system and repurpose it in the form of electrical or mechanical energy. Thermal recovery systems such as thermal electric generators could be implemented along the exhaust to convert the wasted energy to electrical energy. Which in turn may be used to power a component that under normal circumstances would be driven via belt by the ICE, thus reducing the parasitic losses and improving fuel economy. 


[bookmark: _Toc498935535]Literature review 
[bookmark: _Toc498935536]INDIANA SECTION PAPERS INCREASING AUTOMOBILE-ENGINE THERMAL EFFICIENCY By C. E. SARGENT
The paper addresses the thermal inefficiency issues that face ICE systems in automotive applications and opens a discussion on as to how these issues may be addressed by engine modifications alone. The paper was published in 1987 this shows that these inherit efficiency issues were under review well before major emissions legislation was in place. The author suggests improved methods of ignition and valve timing as a means of solving the issues presented in the paper. Unfortunately, at the time that this paper was published the thermal recovery technology that available today which would enable the application to be used in an automotive application. 
[bookmark: _Toc498935537]EXHAUST SYSTEM ENERGY MANAGEMENT OF INTERNAL COMBUSTION ENGINES by M. Anusha Wijewardane B.Sc.Eng. (Hons.)
This paper acknowledges the thermal losses from the exhaust system. The author states various methods of thermal recovery and mathematically establishes which method would be appropriate for automotive use. The author states that in a small-scale materials test with the use of thermoelectric generators. There could in fact replace or at least significantly downsize the alternator charging system which all ICE’s are currently using, to provide electrical power to systems battery. This would reduce the parasitic losses on the ICE and would increase fuel economy by up to 5% with current material technologies. The study is comprehensive and weighs heavily in favor of the thermoelectric system 
[bookmark: _Toc498935538]Development of Effective Exhaust Gas Heat Recovery System for a Hybrid Electric Vehicle by Hyundai Motor Company
This paper discusses the development of a cost effective thermal recovery system to operate in conjunction with a hybrid vehicle to improve fuel economy. The system developed harnesses heat energy from three different sources, the engines coolant, gearbox oil and exhaust gas all feed one singular unit drawing the excess heat away by way of a thermoelectric generator. This system is electronically monitored and controlled via a control module. It is able to monitor and control the heat being drawn in by way of sensory units and solenoid actuated cut of valve that allow the unit operate at maximum efficiency.
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The development of current battery technologies is a major issue in the automotive sector. With development of these systems being costly and time consuming.  The performance and effective driving range of and fully electric vehicles are not yet a suitable replacement for internal combustion engines. Therefore, internal combustion must undergo further development, until such a time as the development of EV technologies, have reached a point where they may be considered a viable replacement for the ICE.
This report will highlight the fundamental issues with the internal combustion engine, from a thermal efficiency standpoint and present a selection of thermal recovery systems to be implemented in conjunction with the ICE, to at least partially mitigate, the internal combustion engines fundamental efficiency downfalls. To accomplish this, it is paramount to establishing an excellent understanding of the systems along with the mathematical processes with which they operate. From there it will be possible to choose an effective   method of energy recovery that may be taken further as a potential design to be employed in an automotive scenario.   
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Qh = Heat transfer to the system 
Qc = Heat transfer from the system 
W = Effective work done 
η = Efficiency 
ΔE = Change in energy 
ΔV = Change in Volume 
Cp = Specific heat capacity 
KE = Kinetic energy 
P = Pressure 
PE = Potential energy 
E = Specific energy
Σ = Sum of Value 
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[bookmark: _Toc498935542]first law of thermodynamics 
The first law of thermodynamics otherwise known as the theory of the conservation of energy, states that energy within a thermodynamic system must remain the same as energy can neither be created nor destroyed.
A ICE is what is referred to as an ‘open system’ as the working fluid (air fuel mixture) flows through the system and is not reused for the next cycle. (Twigg, 1996)

The change in the internal energy of a system is equal to the heat added to the system minus the work done by the system (Twigg, 1996)
The thermal efficiency of a system is the ratio of total amount of work output for the total amount of energy input to the system. 
η= 
Where Q= Energy in, W= effective work done.
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The second law of thermodynamics states that it is impossible to extract all energy from a system and use all of it, to perform useful work. This prevents any system from obtaining 100% efficiency through its working cycle.
η= 
For a thermodynamic system to be 100% efficient the exhaust side of the system (Qc) would have to equal absolute zero, meaning that all the energy input will have been converted to work. Which is as the second law states is not possible due to Entropy. Entropy is a measure of the amount of energy that is no longer available to perform work. (Stone, R. and Ball, J. 2004). 
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When gases are observed in a thermodynamic study, they are referred to as thermofluids due to the nature in which the molecules behave on a fundamental level. The energy in an exhaust system will differ due to the large number of variables found between different systems, in different environments and under specific loads. The energy then would have to be calculated as an average to solve for the various loads that the ICE may be under at any one time.
One method of calculating energy in an exhaust system is as follows:

Where Q = Heat content in Kcal/hour, V= Flowrate in m³/hour, rho= Density of gas in Kg/m³, Cp= Specific heat capacity of substance in kCal/Kg°C and TΔ= temperature difference.
The answer to above would give out a value in kCal/hour. For ease of use this should be converted to Kj/s.
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The Carnot cycle is a theoretical model which represents the best example of a heat engine. Mathematically the Carnot cycle is the most efficient engine possible under a strict thermodynamic process. 
ηc = 
ηc = 
ηc =0.35 or 35%
The above equation can be observed to show a Carnot efficiency calculation of a hypothetical petrol engine with averaged cylinder and exhaust gas temperatures at part load. This shows that the maximum efficiency possible for this engine at these specific heat values is 35% no accounting for friction losses occurring during the cycle. (Twigg, P. 1996)
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It is a well-known fact, that internal combustion engines only use, approximately one third of the total energy input into the system as useful work, to drive the vehicle. This figure can vary depending on the age and type of ICE used for the comparison. Other energy is lost as heat into the water jacket and exhaust and small percentage is lost due to friction losses in the engine. (Sargent:2002) States that with the ICE used for his papers testing they found that the effective work output was as low as 20% with a 5% loss to friction 41% as heat energy out of the water jacket and 34% lost to the exhaust. With only a third of the energy input into the ICE. 
With developing engine and engine lubricant technologies losses due to friction have been reduced greatly over the last 20 years. “Among the several factors, oil consummation and frictional power losses play vital roles in the performance of IC engines. A thorough understanding of lubrication condition at piston- ring-cylinder liner interface is vital in determining the source of frictional loses and consumption of lubricating oil.” (Shivakant Kurbet, 2007). 
Losses to the water jacket during the combustion process are unavoidable. Although many manufactures are currently in the process of mitigating a percentage of the heat loss via this outlet. “The increasing importance of electric mobility results into the need for optimizing all power train components to further reduce the energy consumption of the vehicle. “(Karras, Kuthada and Wiedemann, 2017). 
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The Otto cycle named after the German physicist is a thermodynamic cycle that best represents the working cycle of an ICE.
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The diagram above shows in an x y format a four-stroke internal combustion cycle. Qh represents heat energy in notice that Qh is at the point of compression when the energy over the specific area is at its highest and then the energy decreases on the ignition stroke as the effective area decreases as the piston travels down the cylinder.  (Web.mit.edu, 2017)
Points 1 > 2 show the first adiabatic process ΔEin = Work done on the system as a ΔV is observed and the pressure increases.
Points 2 > 3 show the first isovolumetric process ΔEin = Qh. No work done on the system as ΔV = 0
Points 3 > 4 show the second adiabatic process ΔEin = Work done on the system as a ΔV is observed.
Points 4 > 1 show the second isovolumetric process ΔEin = Qc. No work done on the system and heat exits the system. 
Whilst calculating the efficiency of the Otto cycle one would have to understand the two processes that are occurring in the cycle. Between points 4 & 1 and 2 & 3 are known as isovolumetric processes. Isovolumetric refers to a point where there is no change in volume meaning that there is no work done at these points. The process Between points 3 & 4 and 1 & 2  is known as an adiabatic process where there is a change in volume within a closed system meaning that effective work must be taking place. (AK LECTURES, 2017)
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The basic principle of a TEG is that it operates by temperature differentials between two dissimilar materials. As illustrated in this diagram Qh represents the hot side of the system, Qc represents the cold side of the system. The two-dissimilar materials act as the positive and negative poles in the system. The difference generates an electrical current, this current is proportional to the temperate difference between the hot and cold side of the system. The current generated can then be reintroduced into the vehicle to power a chosen component. This process is referred to as the Seebeck effect and is written as the Seebeck coefficient as below:

The issue facing the developers of these systems currently is the temperature limitations on the hot side of the unit with maximum of 250°C generating a maximum output of 1KW. materials development in Cardiff university is aiming to achieve a maximum temperature limit of 500°C on the hot side with any corresponding modules being able to withstand 400°C.
The equations used to theorize the operation of a TEG is as follows using Seebeck coefficient. 
Where Vl = Voltage load, R = resistance in the module, RL = load placed on the system, 
Il = current load and Pmax = peak power 


)

(Yang et al., 2017)
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The ideal Rankine cycle is a system that utilizes the isobaric expansion, rejection and compression of a working fluid to power a steam turbine.
(1-2) The working fluid is pumped under pressure to a boiler. Heat is fed via an external source to heat the fluid, in the case of an automotive application this heat could either be taken from the ICE’s coolant/oil or the exhaust.
(2-3)     The heated fluid boils and converts from a liquid into a gas which is funneled into a smaller diameter channel to increase the pressure. This channel runs to a steam turbine which outputs useful work. 
(4-5) The working fluid then passes through a condenser. The condenser reduces any residual heat from the working fluid to convert is back into liquid from so it may begin the cycle again. 
This system is often utilized in large industrial applications such as steam turbines for nuclear power plants where their heat recovery properties can achieve up to 55% thermal efficiency when incorporated into a system on a large scale. Due to the scale that RC systems are normally utilized in it create a packaging issue when developing an equivalent system to be used in an automotive application. The environment in which the RC system operates efficiently is not ideal in an automotive application as the working temperatures vary drastically during the drive cycle. The Toyota group of north Americas addressed similar concerns when developing RC systems of automotive use.” heat sources on vehicles are different from other typical industrial heat sources, which are stable and no space limitation for the RC system. To be technically feasible for vehicle RC application, the cycle system should be kept as simple as possible and utilize components that already exist in the vehicles in order to reduce the added expense, weight and complexity of the system.” (Zhou, Dede and Joshi, 2016)
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Turbo charging is a well deployed method of utilizing waste energy output by the ICE. It utilizes the flow of exhaust gases to power a turbine which is via a connecting rod powers a compressor wheel, which in turn draws air from outside the ICE into the system under pressure to improve performance. There are a few issues with turbo charging systems which include: 
Weight of the system the turbocharger unit in itself is not a significantly heavy component, but the supporting systems that need to be incorporated to allow the system to function to add a significant amount of weight. These components include, intercooler unit, intercooler piping, additional oil and water lines, an exhaust manifold suitable for housing a turbocharger, boost regulating systems and the wastegate (if not already integrated into the turbo unit). 
Turbo lag. This occurs at a point usually at low engine rpm, where the exhaust flow is not substantial enough to power the turbine to its operating rpm so that the system con function effectively. This issue may be mitigated by the use of compounding turbocharger units, although it does add an additional layer of complexity to the system. (Petitjean et al., 2004)
Advantages of turbo charging include:
Increased volumetric efficiency, the availability for engine downsizing by up to 30%, increased power and torque figures and an increase in fuel economy by up to 10% (Petitjean et al., 2004)
Electronic turbo chargers such as Aeris Tech FE.tt systems operate very similarly to a standard turbo charging system. The electronic component introduces a higher level of control that a standard system. Instead of the Turbine having a permanent connection to the compressor wheel they are connected via an electronic motor/generator. Aeris Tech state that these systems improve drivability and power delivery with no turbo lag as the motor can deliver maximum torque to the motor from low rpm. (Aeristech, 2017).  This system uses similar technologies to formula 1 utilizing the spinning shaft of the turbine to generate energy.
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	Decision Matrix 
	Rating 1-10
	 
	 

	 
	Thermoelectric 
	Rankine cycle 
	Turbo charging 

	Complexity 
	5
	3
	4

	Weight 
	5
	3
	3

	Effectiveness
	6
	6
	3

	Cost to develop
	2
	2
	7

	Total Score 
	18
	14
	17


Above is a personal evaluation of the three systems discussed previously. The highest scoring of all the systems is the thermoelectric system. It is shown that thermoelectric is a relatively lightweight, efficient and simple method of thermal recovery. The main concern of this system is that no automotive manufacturer has made this commercially available on any of their vehicles as a method of thermal recovery.
The second-best scoring is the turbo charger system which was let down by the low score in the effectiveness category as the system doesn’t utilize and repurpose heat energy specifically to increase efficiency. Where it does score well is in the cost to develop as the research and development process is well past its infancy and are commercially readily available. (Petitjean et al., 2004)
The lowest scoring system is the Rankine cycle. This is due to the high complexity, weight with an average weight of a system reaching 45Kg (Zhou, Dede and Joshi, 2016) and development cost of the system. 
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To establish a personal NEDC for the purposes of this project two thing are needed to carry out the testing firstly a personal vehicle that is functioning effectively in the case of these tests a 2012 1600 cc Nissan Juke was selected to act as the baseline for the test. To record the data during the test a Race Technologies DL1 data logger with GPS will be used to record all relevant test data. Once a consistent data set is acquired, it will be possible to establish a vehicle specific duty cycle accounting for the weight of the vehicle and frictional losses sustained during the testing process. Then utilizing the format and testing procedures of the New European driving cycle (NEDC) it will be possible to create a personal NEDC for the vehicle chosen. From there it will be possible to theoretically implement a thermal recovery system to evaluate both the fuel economy and ICE efficiency gains.
[bookmark: _Toc498935555]Project Aims moving forward 
From the information gathered during the research phase of this project it has been established that most effective thermal recovery system that may be investigated and tested in the time span of this project is the Thermoelectric Generator system. Moving forward, the project aim is to launch a study to specific potential gains of implementing a TEG to a road vehicle. This would include packaging of the system to be implemented along with an effective design that would be suitable for use in automotive applications. An in depth thermodynamic of the system using mathematical methodologies as a means of validation of the employment of the system. And finally to develop a functional prototype of the system in question. 
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