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1. [bookmark: _Hlk512212514][bookmark: _Toc512235538]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: _Toc512235539]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: _Toc512235540]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.

4. [bookmark: _Hlk512212525][bookmark: _Toc512235541]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: _Toc512235542]Literature review 
[bookmark: _Toc512235543]4.1 exhaust system energy management of internal combustion engines by m. anusha wijewardane b.s.c.eng (hons.)
This thesis paper towards an awarded doctorate discusses the economic and effective benefits of the use of a thermal recovery system applied to an automotive ICE unit. The author considers various methods of thermal energy recovery with excellent citing to relevant papers and studies conducted within the field. The paper focuses its study upon the implementation of a single loop thermal electric generator unit and discusses a process of validating various TEG designs and c0nfigurations from initial material selection to final design validation, through both simulation and live component testing. The author concludes by stating that by recovering only from the heat energy output of the EGR cooler, 160W of energy was recovered which equates to 0.16% saving of the total fuel requirement of the drive cycle.
[bookmark: _Toc512235544]4.2. the potential for thermo-electric devices in passenger vehicle applications by loughborough university 
This paper investigates and discusses the promise of utilizing TEG units to passenger vehicle’s with consideration to the improvement of fuel economy during a vehicle’s duty cycle. The paper begins by providing an overview to typically stated issues with ICE thermal efficiency and continues with an in-depth mathematical synopsis of TEG device  efficiencies and potentials. Experiments were conducted by recording steady state exhaust temperatures at a set rpm on four separate engines, and engine data was input to a simulation. The author states that the overall goal of the research is to develop an effective solid-state device that would be a suitable option to replace the engines alternator to reduce the parasitic losses to the unit. The paper continues to analyze through simulation the unit viability to economic savings by means of fuel consumption reduction over time. The author concludes that the economic benefits of using commercially available HZ-14 TEG units to replace a 3.8KW alternator on a 7400cc bus engine, has a 7.4% improvement to fuel economy and a total payback of 8 years for the implementation of the device. Opposingly, the payback results of the three other small passenger vehicles is observed to be longer than the viable life cycle of the vehicle. This is due to the sensitivity of added weight to smaller vehicles’ fuel economy, whereas this added weight in the replacement of the vehicle’s alternator is insignificant when discussing large commercial vehicles. Finally, the author states that with newly developed low ZT value materials, significant gains will not be observed in the case of small passenger vehicles without major modification to existing vehicles’ exhaust systems to increase the efficiency of the TEG unit and make it a more viable option for thermal energy recovery.

[bookmark: _Toc512235545]4.3. application of rankine cycle to passenger vehicles waste recovery – a review by toyota research institute north america
This paper discusses varying design of Rankine cycle systems for passenger car applications. The author discusses both the positive and negative effects of different RC designs in an automotive application such as the need to keep the RC system simple by utilizing existing vehicle components. The paper then reviews each individual step in the design of an effective RC system, highlighting the importance of expanders within the system to utilize as much waste heat energy as possible and the appropriate selection of working fluids within the unit. It then goes on to discuss in depth the potential pitfalls of the integration of RC units to passenger vehicles, the author states that for the implementation to be considered feasible an RC system should be ideally matched to a vehicle system where energy recovered may be utilized as a supplement to improve overall system efficiency. Hybrid vehicles were stated in this report to be excellent candidates for heat recovery technology as many of the subsystems for electrical power control and regenerative energy systems are in place in the form of KERS. The author concludes by stating that the associated power electronics used in HV decrease in efficiency as the temperature of these units rises so the use of a waste heat recovery system would serve as a cooler for high current electronic systems and recover waste heat from the ICE in turn. 
[bookmark: _Toc512235546]4.4. optimal design of automotive exhaust thermoelectric generator by hassan Fagechi M.S.c
This paper provides an in-depth analysis of TEG units in automotive applications with scope to the effect of leg length and ceramic plate materials to enhance the efficiency of the TE units themselves. All findings were stated to be validated using live testing, use of effective material properties in a mathematical study and as the author states “a newly developed optimal design theory known as the dimensionless analysis technique”. The author states that with use of the newly devised model the TEG unit model was correctly optimized to allow for the greatest output of electrical energy recovered from the test vehicle. Optimization by means of effective changes to material properties and heat sink sizing to specific temperatures, was proven to be a plausible method of optimization. All results were validated using both analytical methods and simulation. The author concludes that future work will be undertaken to validate the findings from the report in question by developing test prototypes to test the effects of leg length with ceramic materials. 

6. [bookmark: _Hlk512212567][bookmark: _Toc512235547]Thermal management / Recovery
6.1. [bookmark: _Toc512235548]Why thermal recovery? / considerations  
Thermal losses within any ICE have a substantial effect on the overall efficiency of the unit. Measuring that up to a third of the total energy input into the system is lost as heat energy, this may be written as.

(Zhou, Dede and Joshi, 2016)
Since the energy in question is usually being lost to atmosphere, the operative questions must be;
· How can the energy in question be harnessed? 
· Would such a unit be suitable in the environments that automotive systems encounter?
· What considerations would have to be made to implement such a unit?
· How can the energy harness be utilized to improve the operation of the vehicle?
[bookmark: _Hlk512212584]Any thermal recovery system introduced in the exhaust would need to be fitted downstream of any emissions after treatment systems such as catalytic converters and particulate filters. As the corresponding effect of drawing heat from the exhaust may tamper with these systems’ functionalities and reduce their effectiveness, systems such as catalytic converters require substantial amounts of heat to function as designed. (Zhou,Dede and Joshi, 2016)
OEM development teams would consider the following factors when designing a TRS system;
· Unit weight.
·  Efficiency.
·  Complexity to vehicle manufacture.
·  Integration of controllers.
·  Controllability.
·  Effects to fuel economy.
Various studies have investigated the integration of thermal recovery systems with consideration to such factors. It may be observed in (Fig 5.1.1) that the complexity of a system may not necessarily ensure the best results and efficiency values. OEM manufactures would be required to assess the advantages and disadvantages of each system in turn to conform to their systems and meet the companies level of reliability through the products life cycle. (Anusha Wijewardane, 2012)
[bookmark: _Hlk512212603][image: ] 
[bookmark: _Hlk512212611]Table of complexity/ heat utilization (Fig 5.1.1) (Anusha Wijewardane, 2012)
[bookmark: _Hlk512212619]Various methods of thermal energy recovery may be observed from Figure 5.1.1.  Some systems such as the acoustic recovery are in the early stages of development so will not be considered for this study. Stirling systems are complex and inefficient in converting thermal energy into useful work. Seebeck generators are observed to have a moderate heat utilization and a low level of complexity for automotive applications. 

6.2. [bookmark: _Hlk512212640][bookmark: _Toc512235549]methods of thermal recovery
6.2.1. [bookmark: _Toc512235550]Rankine cycle 
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 then fed via an external source to heat the working fluid. In the case of an automotive application, this heat could either be taken from the ICE’s coolant/oil or 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 be converted back into liquid form, so that 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 creates a packaging issue when developing an equivalent system to be used in an automotive application. The environment in which the RC systems 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 to reduce the added expense, weight and complexity of the system.” (Zhou, Dede and Joshi, 2016) 
[image: ](Zhou, Dede and Joshi, 2016)
[bookmark: _Hlk512212664]To calculate the changes in ICE efficiency with the aid of a RC system in situ, the following equations must be considered.
Thermal efficiency of a Rankine cycle may be defined by the following equation. 

(Zhou, Dede and Joshi, 2016)
Where;
· WRc = Net power output from the RC.
· Mfuel = The fuel consumption rate.
· LHV = The low heating value of the fuel.
The mechanical efficiency of the unit is written as a ratio of the power output of the unit and the power output of the ICE.

(Zhou, Dede and Joshi, 2016)
Where Pe is the value of the effective power of the ICE. 
An ideal RC system should have the capacity to recover thermal energy from not only the vehicle’s exhaust, but also the vehicle’s coolant. As previously stated, these are the two largest factors when discussing energy loss from the ICE system. BMW group’s first-generation turbo steamer was comprised of a duel loop, which utilized both engine coolant and exhaust to increase the efficiency of the unit and power output of the unit by pre heating the working fluid with waste heat from the ICE coolant system. The first-generation turbo steamer was stated to be 10% thermally efficient, but due to the complexity and weight of the system, BMW group deemed the model as unsustainable. The second generation, which comprised of only a single loop layout retrieving energy from only the exhaust, measured less efficient at 4.7%, but was deemed suitable for light passenger vehicle applications. BMW are currently working towards producing select models with an integrated RC system by 2020. (Newatlas.com, 2018)


6.2.1.1. [bookmark: _Toc512235551]Working fluids
A fundamental component of RC systems is the working fluid which reciprocates within the system.  Working fluid selection is dependent on the environment that the unit is operating in and the temperature of the unit that the RC in operating with. The working fluid selection must also consider safety aspects of the application. For automotive applications, many development teams developed RC systems using in-organic fluids such as water as opposed to organic, isentropic or various sub-categories of alcohol (ethanol, methanol etc). Despite alcohol’s excellent thermodynamic properties in terms of low boiling temperatures, these potential fluids were perceived as possible hazards to vehicle occupants and the public in the event of a vehicle collision where the RC system experiences a breach and is opened to atmosphere and so it was decided that water was the safer, more ethical option. (Zhou, Dede and Joshi, 2016)

6.2.2. [bookmark: _Toc512235552]Turbo compounding
Turbo charging is a well deployed method of utilizing waste kinetic energy in the form of exhaust gases exiting the combustion chamber under pressure. There are three types of turbo charging systems currently in use in the automotive industry these include;
· Standard turbo chargers.
· Compounded turbo chargers.
· Electric turbo chargers.
 The weight of the turbocharger unit is not a significantly heavy component, but the supporting components that need to be incorporated to allow the system to function appropriately do 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)
Compounding turbos were designed to smooth out power output over the rev-range when the vehicle is accelerating. This will give a more progressive feel to the engine’s performance. It operates by utilizing a smaller sized turbo and a larger turbo. As the exhaust flow rate increases, the pressure will activate the smaller turbine as the energy will follow the path of least resistance. Once the smaller TC is operating effectively and the engine load increases, the smaller TC will assist in the spooling of the larger turbine. If the system is well optimized, the transition will not be noticeable whilst still providing improved performance at low engine rpms. Turbo lag 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 can function effectively. This issue may be mitigated using 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
· An increase in fuel economy by up to 10% 
(Petitjean et al., 2004)
Electronic turbo chargers, such as the Aeris Tech FE.tt system, operate very similarly to a standard turbo charging system. The electronic component introduces a higher level of control than 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. This method of forced induction allows for maximum optimization of the system.
[image: ]
Figure of temperature over entropy compounding exhaust gas expansion. (Fig 5.2.2.1) ) (Anusha Wijewardane, 2012)
6.2.3. [bookmark: _Hlk512212690][bookmark: _Toc512235553]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:

The issue currently facing the developers of these systems is the temperature limitations on the hot side of the unit, with a maximum operating temperature 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 and all adjoined modules being able to withstand 400°C directly. (Loughborough University 2010)
The equations used to theorize the operation of a TEG is as follows, utilizing the 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)


The thermoelectric figure of merit is the performance score given to a proposed dimensionless thermoelectric material and may be written as; 

· Z = The thermoelectric figure of merit.
· P = The electrical resistivity. 
· k = The thermal conductivity. 
· σ = the electrical conductivity.
(Fagehi, 2016)

TEGs may be a more favorable option of heat recovery as they do not require highly complex control systems, and with some minor exemptions, do not use any moving parts during their operation, making them far less prone to failure. Unfortunately, the cost and relatively low efficiency of these systems is proving to be problematic with TEG units. This is confirmed by (Baker, C. and Shi, L. 2012). “Low efficiency and high cost are currently problematic issues with TE devices. This research was performed as part of a larger project in which the cost issue is being addressed by examining new, potentially low-cost TE materials, including abundant Mg and Mn silicide’s which are expected to offer reasonable efficiency at lower cost than traditional materials.” (Baker, C. and Shi, L. 2012).

6.2.3.1. [bookmark: _Hlk512212718][bookmark: _Toc512235554]TEG Materials 
Research into TEG materials is ongoing and a very in-depth subject. For the purposes of this report, is it not necessary to discuss the atomic structure of such materials, but an overview is necessary to gain an appreciation for the technologies in question. Most commercially available TEC units are constructed from Bismuth Telluride or (Bi2Te3). This is used because the material’s figure of merit is the highest at 22°C where ZT will equal a maximum of 1.4, which makes it excellent for air conditioning in vehicles and other systems that operate at or around room temperature, but it does not allow for efficient operation in the high temperature environments such as exhaust or engine coolant applications. Newly designed TEG materials such as Skutterudites have been developed for high temperature applications such as automotive thermal recovery. These materials will achieve a higher ZT value at a much higher temperature allowing them to operate effectively without destroying the TEG unit. (Loughborough Univ. 2013). 

The thermoelectric figure of merit is the performance score given to a proposed dimensionless thermoelectric material and may be written as;

· ZT = Thermoelectric Dimensionless figure of merit.
· σ = Electrical conductivity.
· T = Temperature  
· k = Thermal conductivity 
· S = Seebeck effect 
(Energy.gov, 2016)
The thermoelectric figure of merit is the performance score given to a proposed dimensioned thermoelectric material and may be written as; 

· Z = The thermoelectric figure of merit.
· 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)







7. [bookmark: _Toc512235555]Theoretical automotive heat recovery
7.1. [bookmark: _Hlk512212739][bookmark: _Toc512235556]energy availibility 
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 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. 
When gases are observed in a thermodynamic study, they are referred to as thermo-fluids 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; engine load, ambient temperatures, exhaust flow rates and differing exhaust materials, which may possess varying thermodynamic properties between different systems. 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. (Yang et al., 2017)

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. 
The challenge for efficient thermal recovery applications in the automotive industry is both the constantly variable environmental temperature and engine loads, as no two journeys will encounter the exact same engine loads and ambient temps. Exhaust temperatures can typically be assumed to be operating between 500K and 1000K, with a potential energy loss of between 4KW-120KW dependent on vehicle parameters. (Zhou, Dede and Joshi, 2016)
Exhaust gas temperatures are significantly higher in naturally aspirated SI engines as opposed to a typical turbo-charged CI engine. The opposite may be said for the respective exhaust flow rates of these two systems, as turbocharged CI engines have a higher exhaust gas flow rate to NA SI engines. Meaning that in a turbo charged CI application, the potential for thermal recovery is lower due to the lower Tmax value, as the temperature differential is proportional to the power generated by the TEM. (Anusha Wijewardane, M. 2012). 
[image: ]
[bookmark: _Hlk512212766]Comparison of exhaust gas temperatures between SI and CI (Fig 6.1.1) (LaGrandeur, J. and Crane, D. 2005).
[bookmark: _Hlk512212774]Figure 6.1.1 displays the comparison of exhaust temperatures between two BMW six cylinder ICE units, a NA-SI and a T-CI configuration respectively. It is observed that the exhaust temperatures of the SI unit are on average 100°C higher than that of its diesel counterpart. Both CI and SI are not without merit when being considered for thermal recovery. The T-CI unit may output lower exhaust temperatures but typically the volumetric flow rates in diesel vehicles is higher due to higher compression ratios. This makes diesel vehicles ideal for forced induction type energy recovery as it also aids in the control of higher fuel load requirements. (LaGrandeur, J. and Crane, D. 2005).


[image: ]
Image of Brake mean effective pressure/ engine speed (Fig 6.1.2) (LaGrandeur, J. and Crane, D. 2005).

[image: ]
Image of Temperature against Flow condition (Fig 6.1.3) (Anusha Wijewardane, M. 2012).
7.2. [bookmark: _Toc512235557]economic benefits 
Many studies have proven the positive effect of TEG systems on fuel consumption in passenger vehicles by utilizing the energy retrieved from waste exhaust heat to power axillary units, which would under normal circumstances act as parasitic losses to an ICE. (Loughborough University. 2010) performed a simulated study that analyzed the economic potentials of an installed TEM and found that with reasonably inexpensive units, there was an improvement to overall fuel economy. Of the four test vehicles simulated, the largest percentage of improvement was observed in a large diesel vehicle. Various studies have confirmed that the use of a TEM in a heavy-duty diesel application would be a viable solution to reduce fuel consumption. Passenger vehicles are far more sensitive to weight change in regards to ICE performance, whereas the same cannot be said for heavy duty diesel vehicles, so the fitting of a relatively heavy unit would not have a major effect on overall performance and fuel consumption. 
8. [bookmark: _Toc512235558]Emissions & fuel consumption 
8.1. [bookmark: _Toc512235559]current emission standards (uk)
With ever mounting pressure, the automotive industry has begun preparations to ensure it both meets and is ready for present and future emissions legislation. During the time between enforced euro 4 and euro 5 emissions legislation, it was observed that manufacturers started taking steps to address harmful emissions outputs by means of ICE thermal management, working in conjunction with other after treatments to tackle exhaust emissions output to atmosphere. Currently Europe is governed by Euro 6 emissions legislation.

[image: ]Table of European emission standards with output values (Fig 7.1.1) (Anusha Wijewardane, 2012.)
The transport industry accounts for 24% of the contribution to the greenhouse effect globally. Hence, there is an incredible effort being applied to the industry to make it more sustainable in the short and the long term. This figure does not only apply to the CO2 outputs, but also the following pollutant outputs: NOx, Black Carbon, particulate matter and ozone. The UK government is currently implementing various methods to reduce the impact of transport on the environment such as: Raise in vehicle tax for polluting vehicles, introduction of RDEs or Real-World Driving Emissions as a replacement test drive cycle to the NEDC New European Driving Cycle, the steady phase out of diesel passenger vehicles and more accurate testing of vehicle emissions during the MOT process as the current system does not account for NOx emissions. (RUSSELL-JONES, R., 2017.)
Air pollution is a major contributor to the rapid advancement of such technologies. Countries with underdeveloped control systems have suffered considerable public health issues due to the poor air quality. In China, 17% of all deaths in the country are linked to air pollution. (RUSSELL-JONES, R., 2017.) The number in the UK is significantly lower at 10%, but this is believed to be an unacceptable figure. One of the most notable cases that relates to the subject of air pollution was in 2008, when Client Earth, a non-profit environmental law agency, raised a case against the UK government to raise air pollution standards with regards to NO2 to the EU standards (The EU Air Equality Directive). The EU legislation works in conjunction with the World Health Organization to set their air pollution limits. However, their maximum allowable limits are rather dissimilar as the EU must compromise with companies and local constituencies to make changes as the cost of implementing less harmful methodologies can be costly and impractical. Once compromises are met regarding the proposed legislation, it can be fully deployed as legislation that must be adhered to by law. The proposed limits by the W.H.O reflect what is considered medically safe, without accounting for the compromising factors of implementing them. The difference can be seen in the table below. (RUSSELL-JONES, R., 2017.)
Currently Europe’s exhaust emission standards are governed under the euro 6 standards, with every manufacturer ensuring that their production vehicles conform. Numerous methods of emission controlling devices are seen on vehicles today. 
8.2. [bookmark: _Toc512235560]future emission standards (uk)
With various speculation as to manufacturers methods of passing emissions testing, a new set of methods have been devised with upcoming Euro 7 regulations. Simply using laboratory testing alone has been deemed non-conducive to real world driving conditions that the tested vehicles would undergo once released to the public. To do this, mobile emissions testing rigs must be incorporated to take readings whilst the vehicle is driven in real world situations. These testing procedures will gather set of data known as RDE or real world driving emissions as stated in euro 7 legislation. “The RDE performance shall be demonstrated by testing vehicles on the road operated over their normal driving patterns, conditions and payloads. The RDE test shall be representative for vehicles operated on their real driving routes, with their normal load.” European Union, (2017). “The trip shall consist of approximately 34 % per cent urban, 33 % per cent rural and 33 % per cent motorway operation classified by speed as described in points 6.3 to 6.5 above. “Approximately” shall mean the interval of ± 10 per cent points around the stated percentages. The urban operation shall however never be less than 29 % of the total trip distance. “European Union, (2017).

[image: ]
Image of portable emissions measuring systems (Fig 7.2.1) Technology, E. and measurement, P. (2017)
The portable emissions measuring systems meet stringent legislation so that the data gathered is accurate and well sourced for later comparison. It consists of a data logging system which is directly connected to the test vehicle’s exhaust and can read real world emissions as the vehicle is under test conditions. No ECU nor any form of external electronical information may be taken from the vehicle, as the test acts as an effective zero and therefore can have no external nor biased input. As legislation dictates; “For type-approval, the exhaust mass flow shall be determined by measurement equipment functioning independently from the vehicle and no vehicle ECU data shall be used in this respect” European Union, (2017).
8.3. [bookmark: _Toc512235561]various methods of emissions reduction 
Catalytic converters were first introduced into the European market in the late 80’s and were legally required to be fitted to all new vehicles as a part of the (Clean Air Act 1993).
These systems are known as after treatment systems, meaning that it operates after the combustion cycle has taken place. The catalytic converter is usually positioned close to the exhaust manifold. It is recommended to position this system as close to the engine as possible, as the radiated heat from the engine will assist in the systems function. As typical ideal operating temperature range of these systems is between 480 and 820 ᵒC.
A catalytic converter incorporates a honeycomb layout of material within a steel or aluminum housing. The materials coated over the honeycomb layout usually consist of valuable metals such as platinum, rhodium and palladium. The predominant type of catalytic converters that are used in industry today are three-way cats or TWC.
TWCs convert spent exhaust gases such as Hydro Carbons, Carbon Monoxide and Nitrogen Oxides through a chemical process caused by the noble metals. These gases would subsequently then be converted to water and Carbon Dioxide, and it will remove the Oxygen element from the Nitrous Oxide, splitting the element into its two separate entities. (Faiz, A.F, 1996)
Unfortunately, the window that exhaust emissions can undergo the catalyst treatment in is small that electronic control systems must be in place to limit any increase in pollutants be vented to atmosphere. To ensure the efficient running of this system, Lambda sensors are used to take Oxygen content and heat readings from both sides of the catalytic converter to ensure the system is operating correctly, as well as working in conjunction with the fuel management ECU to adjust the air fuel mixture, to ensure system optimization. 
Lean Nitrogen Oxide Catalysts are used commonly on vehicles that by design produce a higher NOx (nitrogen oxides) output than other vehicles. Such vehicles incorporate a ‘Lean Burn’ protocol into their fueling maps, reducing the amount of fuel being injected into the system during the combustion cycle, which improves fuel economy. Despite the decrease in fuel used, the ‘Lean Burn’ protocols cause the cylinder’s internal temperature to rise to such a point as Nitrogen, which usually presents itself as an inert gas, bonds with the oxygen present in the cylinder, under the high pressure and temperature, to form Nitrogen Oxide. Typically, oxides of Nitrogen are formed at and above temperatures of 1370 ᵒC. Both lean burn engines and diesel vehicles have proven to be problematic with the extent of their production of Nitrogen oxides as an after product of the combustion cycle. (Subhanker D.S 2017)


[image: ]
Image of 3-way catalytic converter (Fig 8.3.1) (Subhanker D.S 2017)
To in keep with new Euro 6 emission standards, especially regarding diesel vehicles as they are the main cause of NOx pollution from the automotive sector, systems such as SCR catalytic converters are being incorporated. Some manufacturers refer to this as an AdBlue system which houses a secondary reservoir for an odorless urea solution. This is added to the SCR catalytic converter during the driving cycle and aids in the reduction of NOx emissions. Typically, SCR catalytic converters would be added to larger diesel vehicles (vehicles weighing over 1700kg), as for diesel vehicles under this weight manufacturers are opting for simple NOx storage catalytic converters.(Subhanker D.S 2017)


8.4. [bookmark: _Toc512235562]Exhaust gas Recirculation
Research groups have identified components already integrated into the ICE unit that will aid in the recovery of heat by means of cylinder temperature control. 
Exhaust gas recirculation valves or EGR valves are a method of reducing Nitrogen Oxides emitted during high temperature combustion cycles. Its function is to re-introduce unburnt air fuel mixture to the inlet side to go through the combustion process again. This in turn enrichens the air fuel mixture by reducing the amount of air in the cylinder with the unburnt fuel. This decreases internal cylinder temperatures to below the point of NOx which is stated at 1370⁰C. (Xu, Z., Liu, J., FU, J. and Ren, C. 2013.) stated that the use of EGR systems with integrated controllers could be utilized to control exhaust temperatures to optimize a thermal recovery system by maintaining the optimal temperature conditions ensuring the TRS is operating at peak efficiency. 
There are certain parameters where the EGR will not function. For example, during warmup phase and idle, the EGR will not function as the internal cylinder temperature will not be high enough to transfer enough heat to the exhaust/coolant for an energy recovery system to produce effective power. In addition, during the warmup stage, the EGR opening would cause a rough running effect which would result in a poorly maintained idle. This is controlled on early models of the EGR valve by a vacuum controlling solenoid which is in turn controlled by the engine management system. New systems implement a linear potentiometer and an exhaust back pressure sensor.
The EGR operates at cruising speeds or whilst the engine is under light load. Manifold vacuum is high under these circumstances allowing the EGR to operate and recirculate the spent exhaust gases back into the inlet manifold. During this stage of the vehicles operation would be an ideal time to recover energy, as the exhaust temperatures would remain consistent and the TRS could be optimized to function at this stage.
EGR valves are incorporated in almost all modern engines. This system is not only an effective method of emissions control, but also a method of ICE thermal management, though they are not without their faults. Many researchers believe that the same results can be achieved internally with the use of variable valve timing. “The disadvantages of external exhaust gas recirculation (EGR) including delayed adaptation of the EGR rate during transient conditions, and poor EGR distribution, can be overcome by using variable cam-shaft positioning to achieve an internal EGR process. This provides improvements in transient performance and economy.” (Xu, Z., Liu, J., FU, J. and Ren, C. 2013.)
[image: ]
Image of EGR diagram (Fig 8.4.1)
9. [bookmark: _Hlk512212818][bookmark: _Toc512235563]Thermodynamic Principles 
9.1. [bookmark: _Toc512235564]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.

9.2. [bookmark: _Toc512235565]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). 

9.3. [bookmark: _Hlk512212836][bookmark: _Toc512235566]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)

9.4. [bookmark: _Toc512235567]otto cycle
The Otto Cycle, named after the German physicist, is a thermodynamic cycle that best represents the working cycle of an ICE.
8.6.1       [image: ]Intake stroke
Qc
Qh

Compression stroke
Ignition stroke



The diagram above shows, in an xy 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)









10. [bookmark: _Toc512235568]Drive cycle 
10.1. [bookmark: _Hlk512212857][bookmark: _Toc512235569]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. 


	[bookmark: _Hlk512212866]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 


Table of vehicle specifications (Fig 10.1.1)


10.2. [bookmark: _Toc512235570]purpose of drive cycle 
Vehicle data is gathered during the cycle to establish the total power outputs of the vehicle throughout the course of a drive cycle. The drive cycle is composed of a variation of motorway and urban driving, which is a typical journey from city to city. The aim is to establish whether a TRD would increase the fuel economy of the vehicle by supplementing power to remove load from the ICE. Drive cycles such as the NEDC were considered for the purposes of this report but were then subsequently discounted, as it is not an accurate representation of real world driving conditions. This has been addressed in previous chapters, hence the indicated change to emissions vehicle testing with the future introduction of Euro 7.
[image: http://www.mazda-speed.com/albums/VentureShield-Clear-Bra/TDI_BSFC_02.png]
Image of BSFC map taken from 1.9TDI (10.1.2)
10.3. [bookmark: _Hlk512212923][bookmark: _Toc512235571]Coast down 
[image: ]
Graph of speed over time for high speed coast down analysis (Fig 9.2.1)
[image: ]
[bookmark: _Hlk512212981]Graph of speed over time for low speed coast down analysis (Fig 9.2.2)
[bookmark: _Hlk512212969]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. 
10.4. [bookmark: _Toc512235572]Excel model 
In order to acquire data for the drive cycle, the test vehicle was equipped with a data logging device with GPS capabilities. This was used to record drive cycle data which may then be used for further analysis.
10.5. [bookmark: _Toc512235573]test considerations and variables 
Due to the nature of real world driving conditions, variable results are inevitable. It is impossible to acquire two identical data sets for the same journey. The data used for this report is an average of the results acquired from three separate journeys that displayed similar trip times, average speeds and similar amounts of time that the vehicle remained stationary. 
11. [bookmark: _Hlk512213002][bookmark: _Toc512235574]TEG testing 
11.1. [bookmark: _Toc512235575]TEg Unit specifications
The TEG units used to conduct this experiment were purchased and are available commercially. The TE material is Bismuth Telluride and the frame in constructed from ceramic. The manufacturer stated in the specification that the maximum operating temperature of the unit is 120°C directly to the face of the unit, as the soldered unions which join each cell will short. This will cause the unit to become unusable.  During initial testing, the unit displayed in Fig 10.1.1 succumbed to this failure whilst testing the limitations of the unit. The unit was then dismantled to gain a better appreciation for the construction and leg spacing within the unit itself. 
[image: ]
Image of internal view of TEG device  (Fig 10.1.1)
[bookmark: _GoBack]
 
	[bookmark: _Hlk512213034]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


[bookmark: _Hlk512213048]Table of manufacturers specified electrical outputs in relation to heat input (Fig 10.1.2)
[bookmark: _Hlk512213077]
Graph displaying voltage output / temperature input (fig 10.1.3)



[bookmark: _Hlk512213101]Graph displaying ampere output / temperature input (Fig 10.1.4) 


11.2. [bookmark: _Toc512235576]test plan 
11.2.1. [bookmark: _Toc512235577]Establish baseline for test
The baseline requirement for the purpose of testing was to establish the outputs of the unit at room temperature. Once these values had been established the test could account for any variations in the electrical outputs, mitigating inaccurate results.

11.2.2. [bookmark: _Hlk512213114][bookmark: _Toc512235578]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. 

11.2.3. [bookmark: _Hlk512213126][bookmark: _Toc512235579]Prototype Test model 
For live testing purposes, a prototype TEM was constructed to establish how much energy could be recovered with commercially available components. The result will then be used to specify the number of TEG units required to effectively replace the vehicle’s alternator. The unit itself comprises of;
· [bookmark: _Hlk512213175]Two TEG units
· A PC heat extractor fan (separate circuit)
· A large aluminum heat sink (cold side)
· 9-volt battery (powering cooling fan)
· Aluminum plate 
· Aluminum heat sink (hot side)
· Unit weight = 270 grams 
· Maximum temperature = 120⁰C
[image: ]
[bookmark: _Hlk512213193]Image of Prototype TEM cooling fan (fig 10.2..1)
[bookmark: _Hlk512213209]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 (Fig 10.2.1.2) 
[image: ]
Wiring diagram of TEM (Fig 10.2.1.3)
12. [bookmark: _Toc512235580]Results & analysis 
12.1. [bookmark: _Hlk512213229][bookmark: _Toc512235581]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: ]
[bookmark: _Hlk512213238]Image of Drive cycle route (Fig 12.1.1)
[image: ]
[bookmark: _Hlk512213269]Image of Drive Cycle Excel Sheet (Fig 12.1.2)
[bookmark: _Hlk512213282]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 is lost as heat energy to the exhaust, the potentially recoverable energy in the exhaust may be observed as follows;



(Zhou, Dede and Joshi, 2016) 
12.2. [bookmark: _Toc512235582]teg 
The baseline test at room temperature with no additional external heat sources was recorded at 0.oo volts. No adjustments to the recorded data were required. Ambient temperature alone has no effect on TEM outputs.
[image: ]
Image of baseline test (Fig 11.2.1.1)
	[bookmark: _Hlk512213300]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


[bookmark: _Hlk512213321]Table of TEM test results (Fig 11.2.1.2)
[bookmark: _Hlk512213343]
Graph of Tested TEM voltage output/ temperature (Fig 11.2.1.3)

[bookmark: _Hlk512213359]Graph of tested TEM current output/ temperature (Fig 11.2.1.4)
It may be observed that there is a discrepancy in the electrical outputs between the tested data and the manufacturer’s data, with the tested data displaying lower voltage outputs. This variation between the two data sets was assumed to be due to testing methods of the TEG units, indicating that the manufacturers testing procedure yields a better overall TEG efficiency. 
The tested current is shown to be higher, as the test utilized two TEG units wired in parallel which, as discussed previously, would linearly boost the current. 
Fig 11.2.1.4 shows the linear relationship between temperature and electrical output as indicated by the Seebeck effect. 
[bookmark: _Hlk512213397]By taking the maximum outputs of the tested data, the unit can be scaled mathematically to match the maximum power output of the vehicle’s alternator.
The test vehicle’s 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 11.2.1.5)

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. 
Alternative methods have been addressed in various research papers to increase the efficiency of the ICE using thermal recovery devices. Rather than attempt to totally replace the alternator, the thermal recovery system would simply assist in its function by means of powering units that would otherwise be powered by the alternator itself or via a belt drive from the ICE. For the purposes of this analysis an electric water pump was selected to validate this point. 


[image: ] 
EBP Electric water pump specifications and benefits:
Specs
· Motor: 12V Brushless
· Operating Voltage: 9V DC to 15V DC
· Max Current: 1.3 Amps
· Flowrate at 10 kpa: 15 L/min (4 gal/min)
· Operating temp: -40 to 120 DegC
· Pump Design: Recirculating Centrifugal
· Pump Weight: 245 grams (0.54 lb)
· Pump Material: Nylon 66.30 percent Glass filled
· Burst Pressure: 250 kpa (36 psi) Min
· Fit Hose Sizes: 19mm (3/4")
· Motor Life: 15,000 hours
· Dimensions: 70 x 48mm Body
· Inlet/Outlet: 12 - 20mm
· Drive: Magnetic - No shaft seal
(Demon-tweeks.co.uk, 2018)

The unit in question is a motorsport electric water pump. The manufacturer claims that the use of this unit as opposed to a belt driven unit will give an increase in engine efficiency, power and torque. If a unit such as this could be powered by wasted thermal energy alone, it would have positive effects on ICE efficiency, as decreasing the load on the alternator will result equally in decreasing the magnetic field, hindering the motor meaning that the ICE unit will require less load to turn it. (R. Murray 2018)

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.
Carnot efficiency = 
Carnot efficiency = 
Carnot efficiency =0.24/ 24%



0.05/ 5%

13. [bookmark: _Toc512235583]Conclusion
13.1. [bookmark: _Toc512235584]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: _Toc512235585]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: _Toc512235586]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 systems utilizing simple circuit wiring techniques also establishes the potential for energy to be recovered more efficiently.
13.1.3. [bookmark: _Toc512235587]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: _Toc512235588]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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