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1. [bookmark: _Toc512238089]Abstract 
With increasing pressure from government legislation and public demand, companies are required to reduce the pollution outputs from the vehicles they manufacture. There is currently a substantial industry wide effort to produce new systems that will drastically increase the efficiency of current ICE systems to prolong the longevity of the internal combustion engine until a suitable alternative is practically deployable. With the increasing popularity of hybrid/electric vehicles, the demand for a more energy efficient ICE systems is all the more urgent if the system stands any chance of remaining an integral factor in the automotive industry. Therefore, industry is investing a substantial amount of effort into developing new engine technologies to reduce their pollutant outputs.  
2. [bookmark: _Toc512212219][bookmark: _Toc512238090]Project aims
· The aim of the body of work is to theoretically establish a potential thermal recovery system for use in the automotive industry.
· By means of live testing establish the potential power outputs and develop a thermal recovery device.
· Establish how said device could be implemented to a vehicle to increase ICE efficiency.
3. [bookmark: _Toc512212220][bookmark: _Toc512238091]Introduction 
Energy recovery is vital if the internal combustion engine is to continue its work as the main form of propulsion system in motor vehicles to date. For the ICE powerplant to continue this work into the future, where the ever-increasing demand for cleaner, more environmentally friendly vehicles rises, changes and modifications need to be implemented to contend with fully electric powerplants. The majority of motor manufacturers are researching the use of energy recovery systems to increase the overall efficiency of the ICE. A well-known system is the kinetic energy recovery system which transforms energy lost under normal circumstances to braking and deceleration to electrical energy to be used at the manufacturers discretion, although the KERS only operates for brief periods of the total drive cycle of the vehicle. 


It is a well-known fact throughout the scientific community that the internal combustion engines design only allows for one third of the total potential energy to be converted to useful work. In this case, a flammable fluid petrol/diesel may be extracted in the form of mechanical work every cycle. This raises the issue that on average 66% of the total energy input is not being utilized to power the vehicle. Instead the energy is dissipating to the atmosphere in the form of heat. 
This project will investigate the implementation of a number of thermal recovery systems to a theoretical exhaust/coolant system and implement mathematical models of ICE efficiency both before and after the use of a TRS and analyze the advantages of incorporating it to an ICE.
The aim of this paper is to validate the implementation of a thermal recovery device to a theoretical vehicle drive cycle. With use of the drive cycle, the efficiency of the ICE can be calculated both before and after the theoretical implementation of a thermal recovery unit. Considerations will also be made to the effects that a heat drawing system may have to the weight of the vehicle and the effects on exhaust components such as catalytic converters once a system is implemented.
[bookmark: _GoBack]
4. [bookmark: _Toc512212221][bookmark: _Toc512238092]Nomenclature 
· 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 
· ICE = Internal combustion engine
· TEG = Thermal electric generator 
· TWC = Three-way catalytic converter
· M-TC = Mechanical turbo compounding 
· E-TC = Electronic turbo compounding 

5. [bookmark: _Toc512212233][bookmark: _Toc512238093]Thermo electric generators (TEG) / Thermo electric coolers (TEC)
Thermo electric devices are used universally in many engineering applications. It is a solid-state device that contains no moving parts and emits no noise during its operation, making it a low maintenance stealthy method of energy regeneration. 
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 and 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:

· P = The electrical resistivity
· k = The thermal conductivity
· σ = the electrical conductivity
(Fagehi, 2016)
To accurately observe the relationship between the ZT value and the efficiency of a Thermo electric unit the following equation should be utilized;

(Energy.gov, 2016)
6. [bookmark: _Toc512212236][bookmark: _Toc512238094]Energy availability 
Various research groups have studied and tested the potential of TEG units on ICE powered vehicles, to establish whether they are a practical form of energy recovery. (LaGrandeur, J. and Crane, D. 2005) state in their paper that a recorded improvement to fuel economy of 4.3% and a 10% improvement was well within the realms of possibility in the next five years. 



One method of calculating energy in an exhaust system is as follows:

· 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 
· 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. This would provide a relatively accurate overview of the heat in the exhaust system. 

7. [bookmark: _Toc512212244][bookmark: _Toc512238095]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.
An 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.

8. [bookmark: _Toc512212245][bookmark: _Toc512238096]Second law of thermodynamics 
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, 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). 
9. [bookmark: _Toc512212246][bookmark: _Toc512238097]Carnot cycle 
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%, not accounting for friction losses occurring during the cycle. (Twigg, P. 1996)
10. [bookmark: _Toc512212249][bookmark: _Toc512238098] Vehicle specifications 
The vehicle used for the duty cycle analysis was a 2007 Seat Leon 1.9 TDI PD 100. The vehicle was chosen because of its high average fuel economy and for its engine, as the PD 100 has been in circulation for some time and many research groups have used the unit in various live testing simulations to validate project goals. Due to this unit being so popular amongst research teams there is plenty of reliable data available. 

Table of vehicle specifications (Fig. 10.1)
	Vehicle Specifications 
	 

	Engine power @ Wheels 
	103 Bhp

	Torque
	250Nm

	Engine Size 
	1896cc

	Cylinders 
	4

	Fuel type 
	Diesel

	Fuel Capacity 
	55 litres 

	Fuel economy average 
	52 Mpg

	Weight (Wet) 
	1507 Kg 


11. [bookmark: _Toc512212251][bookmark: _Toc512238099]Coast down 
[image: ] 
Graph of speed over time for low speed coast down analysis (Fig 11.1)
The coast down establishes the aerodynamic forces acting upon the vehicle and the rolling resistance of the vehicle. The coast down was carried out on a flat test road, where the vehicle was accelerated up to the individual test speed. Once the speed indicator alarm sounded indicating that the requested speed had been reached, the transmission was disengaged by shifting to neutral. With little to no driver control inputs, the vehicle was then allowed to decelerate under its own inertia until the velocity equaled zero. 
This test was performed at two separate maximum speeds to account for both the aerodynamic resistances using the higher speed run and the rolling resistances with the low speed run. 
12. [bookmark: _Toc512238100]Results and analysis 
	TEG SP18487145 SA Unit Output Specifications 
	 
	 

	Temperature (°C)
	Output in (V)
	Output (MA)

	20
	0.97
	225

	40
	1.8
	368

	60
	2.4
	469

	80
	3.6
	559

	100
	4.8
	669


Table of manufacturers specified electrical outputs in relation to heat input (Fig 12.1)











Graph displaying voltage output / temperature input (fig 12.2)

Graph displaying ampere output / temperature input (Fig 12.3)

12.1. [bookmark: _Toc512212258][bookmark: _Toc512238101]Test conditions
Due to the temperature limitations of the TEG units, the temperatures for testing were required to remain under 110⁰C to prevent component failure. Tests were conducted by heating a volume of water in increments of 10⁰C starting from 20⁰C. Each increment in temperature would be maintained for two minutes to allow the TEM hot side heat sink time to transfer the required heat through the unit. The TEM was removed from the water to ensure no radiating heat from the heating process would carry across to the next temperature increment, possibly affecting the results. The cooling fan was run during the test to draw heat from the cold side of the TEG to ensure maximum temperature difference between the two sides. 
12.2. [bookmark: _Toc512212259][bookmark: _Toc512238102]Prototype Test model 
1. Two TEG units
2. A PC heat extractor fan (separate circuit)
3. A large aluminum heat sink (cold side)
4. 9-volt battery (powering cooling fan)
5. Aluminum plate 
6. Aluminum heat sink (hot side)
7. Unit weight = 270 grams 
8. Maximum temperature = 120⁰C
[image: ] 
Image of Prototype TEM cooling fan (fig 12.2.1)
During the assembly of the TEM, all heat transferring faces were coated in thermal conductive paste to ensure a consistent heat transfer by convection through the unit. The TEM consists of two TEG devices that were wired in parallel to increase amperage output. This was done similarly to a multi cell battery, where each individual cell will output a certain voltage, but each cell individually cannot supply the current required to start the vehicle. Hence by wiring in parallel, the amperage will rise linearly, whilst the voltage for each unit will remain the same. The opposite may be said for circuits wired in series, where it would be observed that the voltage would rise in a linear fashion, but the amperage would remain the same. (R. Murray 2018.) A cooling fan was introduced as the tests would be performed in a static environment with little to no air flow to regulate the cold side temperature. 
[image: ]Image of TEM circuit diagram (Fig 12.2.2)

12.3. [bookmark: _Toc512212261][bookmark: _Toc512238103]dRive cycle
Data was recorded using a Race Technologies DL1 Data Logger with GPS. Data logged was then exported in a CSV file format and input into excel. 
[image: ]
Image of Drive cycle route (Fig 12.3.1)
[image: ] Image of Drive Cycle Excel Sheet (Fig 12.3.2)

Utilizing equations for rolling resistance and aerodynamic resistance with use of data from the cost down tests the Total average power was calculated. The total power was calculated as an average as the vehicle is not maintaining a constant velocity though the drive cycle so one numerical value would not give an accurate indication to the total power through the drive cycle. 
Drag force = ½ Density of air x Velocity² x Coefficient of Drag x Frontal Area 
Rolling Resistance = Coefficient of friction x Vehicle Mass x Gravity 
P total Average= 48.31KW
Assuming that one third of the total power lost as heat energy to the exhaust the potentially recoverable energy in the exhaust may be observed as follows;



(Zhou, Dede and Joshi, 2016) 

	TEG SP18487145 SA Unit Output Tested
	
	

	Temperature (°C)
	Output in (V)
	Output (MA)

	10
	0.39
	316

	20
	0.87
	432

	30
	1.15
	530

	40
	1.62
	632

	50
	2.03
	722

	60
	2.3
	820

	70
	2.71
	930

	80
	3.21
	1044

	90
	3.72
	1162

	100
	4.64
	1267

	110
	5.1
	1348


Table of TEM test results (Fig 12.3.4)










Graph of Tested TEM voltage output/ temperature (Fig 12.3.5)
 Graph of tested TEM current output/ temperature (Fig 12.3.6)
By taking the maximum outputs of the tested data, the unit can be scaled mathematically to match the maximum power output of the vehicles alternator.


The test vehicles alternator output was recorded as 140Amp at 14.32Volts. This value is validated as manufacturer specifies a 2KW power output. (Static.valeoservice.systems, 2018)





If the tested prototype TEM was scaled to match the power output of the alternator;

  
= 295 TEMs 



 
= 79.65 KG

Not only is this not viable from an economic standpoint, but it is not a practical number of units to implement to any vehicle, as packaging and weight would not be a viable replacement to the alternator. As the output values stand, the system may be optimized to yield a more efficient power output per module as displayed below. 


If each TEM used four TEG units wired in parallel;



  
= 74 TEMs
 
= 19.98 KG

With only minor optimization, the units would theoretically be able to match the total power output of the alternator with a 20KG weight increase (not accounting for the weight of the alternator once removed or additional components/ mounts needed to implement the system). However, this system would still not be able to function as an effective replacement, as the voltage produced by the system is not high enough to match the requirements of the vehicle. To accomplish this, the thermal recovery system must be divided into multiple separate banks. Each bank would contain four TEG units wired in parallel thus quadrupling the current and each bank would be connected to each other in series, doubling the voltage output per pair of banks. [image: ]
Image of revised circuit for TEM (Fig 12.3.7)

Due to the thermal recovery system pitfalls and low grade TEG materials, it is often found that TEG thermal recovery units may not be a viable replacement for the ICE alternator system. This is usually related to poor temperature limits of units, the size and scale of the systems and cost to produce a reliably functioning unit. 
The results from initial testing show that energy recovery is indeed possible, although the practical and economic issues to implementing such a system may outweigh the benefits. Especially when considering the additional weight of the units in comparison to an alternator alone.
The Carnot efficiency as stated in previous chapters is the ideal efficiency value of the case study given the 
Carnot efficiency = 
Carnot efficiency = 
Carnot efficiency =0.24/ 24%




0.05/ 5%


13. [bookmark: _Toc512212263][bookmark: _Toc512238104]Conclusion
13.1. [bookmark: _Toc512212264][bookmark: _Toc512238105]Overall conclusions
From the research covered over the course of this project, it has been made apparent that with ongoing research, development and optimization of thermal recovery systems for automotive applications, the public can expect to see progressive introduction of thermal recovery systems to the automotive industry as early as 2020 in the form of any of the systems addressed in this report. 

The project goals set out at the start of this body of work are listed as follows;
13.1.1. [bookmark: _Toc512212265][bookmark: _Toc512238106]To establish a potential thermal recovery system for use in the automotive industry
From this body of research, comparing academic studies and technical papers, it has been established that of the numerous thermal recovery systems investigated during this report, all have the potential to be integrated to automotive applications, with varying degrees of complexity and cost effectiveness. It was found, from preliminary research, that TEGs display the highest potential for thermal recovery within the automotive industry, as by design, they are lightweight, cost effective, require little to no maintenance and are capable of operating under varying environmental factors. Although it must be stated that the Rankin cycle has a much higher potential rate of efficiency compared to a TEG, due to the complexity of the system, it was not considered as a viable option for this report. 
13.1.2. [bookmark: _Toc512212266][bookmark: _Toc512238107]By means of live testing establish the potential power outputs and develop a thermal recovery device
From the research and testing included in this report, it has been proven that even in low temperature conditions, thermal energy recovery by means of a thermal electric module, is a viable solution to the inherent inefficiencies within internal combustion engines. Recorded values show that not only is energy recovery plausible but a very simple and reliable method of recovering waste heat energy. Optimized system utilizing simple circuit wiring techniques also establishes the potential for energy to be recovered more efficiency.
13.1.3. [bookmark: _Toc512212267][bookmark: _Toc512238108]Establish how said device could be implemented to a vehicle to increase ICE efficiency
This objective has been met repeatedly throughout the report, as the overall goal of the project is to increase ICE efficiency. It was discussed that the potential replacement of the alternator was considered and theoretically modelled. However ultimately, due to weight and capacity constraints as well as budget limitations, an appropriate TEM was not possible to construct and analyze. In the long term implementation of thermal electric modules, it would be more practical to begin by using them as supplementary components to the vehicle’s electrical system. It may be considered that such units would be ideal for use in hybrid electric vehicles, as the infrastructure for energy recovery and energy storage is already implemented by design, reducing costs of development and integration to existing vehicles. 
13.1.4. [bookmark: _Toc512212268][bookmark: _Toc512238109]Changes and adjustment that would be made in hindsight
Changes would include;
· Larger budget for model development as this would have improved the optimization of each test unit.
· Simulation of ICE units to accurately establish heat sources and theoretically implement TRS to test and validate other systems that may otherwise have been too costly/ complicated to construct on a budget within the timeframe. 
· Use of dynamometer and engine management logging to more accurately establish engine loads in real time. 
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