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Abstract 

A conventional car engine uses at best about one-third of the fuel combustion energy, while the rest of the energy is lost 
in friction and most in heat. In the face of the new emission regulations proposed by the government due to the high levels 
of pollution, and with the aim of achieving cleaner and more efficient transportation, vehicle exhaust gas recovery is being 
researched in the last years. It is of interest for the automotive industry to recover this wasted energy, thus increasing 
engine efficiency, reducing fuel consumption and pollution. One way to achieve both objectives is the conversion of engine 
waste heat to a more useful form of energy, either mechanical or electrical. This paper study a system prototype based on 
Brayton´s thermodynamic cycle driving an Electrical Generator to recover energy from the exhaust gases from a 
commercial internal combustion engine. 
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1. Introduction 

In recent years, OEM’s have been put to a big challenge to 
further reduce the CO2 emission from vehicles [1]. Along with 
hybridization, improving efficiency and lowering fuel 
consumption from vehicles equipped with internal combustion 
engine (ICE) is the main way to achieve it. Since the early 
beginnings of ICE, constructors have been aware that a big 
portion of energy is wasted by throwing high enthalpy exhaust 
gases to atmosphere [2], from a small percentage that could be 
mostly useful to be used to improve powertrain efficiency. In a 
typical energy flow path of an internal combustion engine, only 
25% of the fuel combustion is utilized for vehicle operation, 
whereas about 70% of the total fuel energy dissipates to the 
environment as heat loss primarily through the vehicle exhaust 
system and radiator [3]. Heat available in the exhaust gas of an 
engine can be an important heat source [4]. 

2. Background 

2.1. Waste Heat Recovery 
Many researchers recognize that Waste Heat Recovery from 
engine exhaust has the potential to decrease fuel consumption 
without increasing emissions, and recent technological 
advancements have made these systems viable and cost effective 
[5], [6]. A waste heat recovery system has the potential to 
convert some of this waste heat into electricity and consequently 
reduce the fuel consumption of the car by driving the alternator 
with exhaust gas energy, instead of doing it with the mechanical 
output of the engine [7]. 
Given the importance of increasing energy conversion 
efficiency for reducing both the fuel consumption and emissions 
of engine, scientists and engineers have done lots of successful 
research aimed to improve engine thermal efficiency, including 
supercharge, lean mixture combustion, etc. However, in all the 
energy saving technologies studied, engine exhaust heat 
recovery is one of the most effective [7].  
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2.2. Exhaust Heat Recovery (HER) 
Rankine Cycle EHR (RC-EHR) system comprises of four main 
components: evaporator/heat exchanger, expander, condenser 
and circulation pump. With the evaporator/heat exchanger, the 
working fluid is superheated by absorbing thermal energy 
provided by the exhaust gas. Flowing out from the evaporator as 
high temperature steam, the working fluid is driving the 
expander to produce useful work. The waste steam from the 
expander is then cooled down through the condenser and returns 
to liquid form. Finally, the working fluid is pumped to maintain 
the circulation. It must be noted that the expander is connected 
mechanically to a generator that charges the battery of the 
vehicle. Thermoelectric Generator EHR (TEG-EHR) system 
which comprises of three main components: thermoelectric 
generator, heat coupler to the exhaust pipe and a cooling 
coupling to the engine cooling tank. The temperature difference 
between the hot and cold surfaces of TEG induces a current that 
may be used for the charging of the battery [3]. Brayton Cycle 
HER (BC-EHR) system consists of a turbine, a heat exchanger 
(HE), and compressors in sequence. The use of BC turbine is to 
fully expand the exhaust gas available from the upper cycle. The 
remaining heat in the exhaust after expansion is rejected by the 
downstream heat exchanger. Then, the cooled exhaust gases are 
compressed back up to the ambient pressure by one or more 
compressors [8]. There are various technologies for exhaust 
gases waste heat recovery. Probably, the most investigated 
technology is the Rankine cycle [2]. Many studies and 
experimental installations have been done for both light and 
heavy-duty engines. Johansson and Söderström [9], reviewed 
thermodynamic cycles for converting waste heat into electricity 
using thermoelectric generators, organic Rankine cycles and 
phase change materials with respect to temperature range of the 
heat source, conversion efficiency, and the organic Rankine 
cycles has a higher conversion efficiency and longer technical 
life. Bianchi and De Pascale also compared the electric 
efficiency of thermoelectric generators, Organic Rankine cycles, 
Stirling engines and inverted Brayton cycles, and the ORC has 
the highest efficiency [2]. A big challenge for Rankine cycle 
application is packaging of expander and heat exchangers (HEs) 
that need to be big to achieve good efficiency. Brayton cycle has 
been considered as an alternative technology for recovering heat 
at intermediate temperature applications in industrial areas [10]. 
The Brayton cycles are a mature technology and were 
considered as the most promising power generation system for 
near future application of the space station [11]. Much of the 
required equipment and technology for the Brayton cycle is 
available and this system has a good potential for multiple starts 
as well as for achieving required long-time reliability [12]. The 
Brayton cycle considered as a potential exhaust-gas heat-
recovery system has not been fully studied, especially when 
applied to light-duty automotive engine. In this paper, this 
application was studied. 

2.3. The Brayton Cycle 
The Brayton cycle is the basis of the cyclic gas turbine [13]. In 
this cycle, air and fuel pass across the single control surface into 
the compressor and combustion chamber, respectively, and the 
combustion products leave the control surface after expansion 
through the turbine. Part of the turbine work developed is used 
to drive the compressor, while the remainder is available to 
generate electricity [14]. In the closed cycle, a heat exchanger 
adds heat to the fluid, which is provided by an external heat 
source. The fluid is cooled down in another heat exchanger after 
it leaves the turbine and before it enters the compressor. 
Although the cycle is usually run as an open system (and indeed 
must be run as such if internal combustion is used), it is 

conventionally assumed for the purposes of thermodynamic 
analysis that the exhaust gases are reused in the intake, enabling 
analysis as a closed system. The ideal Brayton cycle consists of 
four processes: Isentropic compression process, isobaric 
combustion process, isentropic expansion process and isobaric 
cooling process. On the other hand, the Real Brayton Cycle 
compression is not completely isoentropical, but politropical, 
and this is due to friction losses mostly. Heating is not isobarical, 
also due to friction losses within the Heater. Expansion is also 
politropical. Cooling is polibarical. Every one of these four 
portions of the cycle may take place in a single stage, or in 
multiple stages, which can be accommodated to achieve 
efficiency improvement. Having a larger enclosed area on the 
same diagram implies larger efficiency for the same cycle, so by 
multiplying the stages on each sector of the cycle, an 
interpolation can be obtained as can be seen in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Multistage Real Brayton Cycle [4]. 

Using two compression stages [6], with the same hardware 
efficiencies, we go from 1 to 7 and to 8 instead of from 1 to 2a, 
enhancing the enclosed area. Likewise heating from 8 to 9 to 10, 
instead of 2a to 3a. Using two turbine stages, from 10 to 11 to 
12, instead of 3a to 4a. And accordingly, from 12 to 13 to 1 
instead of 4a to 1. 

3. Proposal 

The main proposal is to develop a system using the efficiency of 
the thermodynamic Brayton Cycle, which consist of a 
turbocharger system to compress air and boost the induction of 
the internal combustion engine, to increase its efficiency. Also, 
convert the heat energy of the exhaust into mechanical work, to 
drive the turbocharger and in turn, drive the alternator. The 
system considers minimal implementation costs by using 
commercially available automotive components. The electrical 
part will be simulated; therefore, the mechanical part will be 
instrumented to introduce it in the simulation of electric power 
generation of the system as seen in Fig. 2.  
The operation of the system starts when the engine reaches its 
heating temperature, begins to move the turbine thanks to the 
mass flow of the exhaust gases, exactly in this area, there is a 
sensor to see the temperature at which the gases reach. After that 
the gases enter the turbocharger where the mechanical energy is 
produced and where another RPM sensor is located (at the 
output of the large turbine). At the exit of the turbocharger we 
have compressed air where there is also a pressure sensor and 
we will use to feed the air intake of the engine and give it more 
power. The three sensed parameters are connected to a data 
acquisition system where they will be analyzed by means of a 
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design of experiments to perform simulations in an arrangement 
of an alternator charging a battery. 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Diagram representation of the proposed system. 

4. Methodology 

4.1. Specification 
Before designing the system, it is necessary to define the main 
components to be used. The system consists of an internal 
combustion engine and a turbocharger. In the realization of the 
system components from a previous project were used [4]. 

4.2. Design 
Throughout the development of the project design is used for 
certain components of the system. For the mechanical design, 
the design of a structure capable of supporting the integration of 
all components, and resistant to all efforts by the engine 
vibrations was needed. Also, the design of the fixtures for all 
sensors and models of each sensor were implemented. For the 
data acquisition, a new program in Lab View to measure the 
study parameters which in this case are the temperature at the 
exit of the exhaust of the engine, the pressure at the inlet engine 
air, and the revolutions at the output of the large turbine which 
is where the power would be produced was designed. For the 
design of experiments certain tests with certain number of 
iterations each one, to find a general or average behavior of each 
test and assume that it is the one that plays in each environment 
were realized. For the design of the simulation the models will 
be adapted to the parameters of our study, which in this case are 
the pressure, the temperature, and most importantly, the 
revolutions per minute produced. The main objective is to see 
the mechanical work produced by the exhaust gases of the 
internal combustion engine, so the most important parameter in 
the graphics must be the revolutions per minute that will be 
reflected in the simulation of the battery charge. 

4.3. Implementation 
After considering all the components included in the system, 
analyze their location, the materials used, and how to mount 
them to the system. It will be possible to perform an integration 
of all the components, both mechanical, electronic and software, 
to have a system as a result. First, the integration of the entire 
mechanical system including a lubrication system for the turbine 
will be carried out, then an instrumentation will be made to the 
system, and finally the software design will be integrated to test 

the operation of the integrated system and verify that it really 
works. 

4.4. Testing 
For the tests, scenarios of a conventional car will be designed to 
have real results of electric power produced by an internal 
combustion engine in parts of a real driving cycle. 

4.5. Simulation 
In this experiment a model of an alternator charging a battery to 
see results of the system is used. The components for the 
electrical part could not be defined because the gearbox did not 
get the expected revolutions. The main point of simulation is to 
be able to define the rest of the components depending on the 
electrical power produced by the current system. 

5. Development 

5.1. Specification 
The first main component defined was the internal combustion 
engine and for that a Mini BAJA engine from a SAE competition 
that was in the automotive design engineering laboratory of the 
University of Monterrey and that had the required specifications 
by the SAE was used [15] (Fig. 3 (a)). The main characteristic is 
specified in the Baja SAE Rules as a Briggs & Stratton 10 HP 
OHV Intek and so the engine meets this requirement motor, and 
specifically is a 205400 model and have the general 
characteristics shown in Table 1. The second component was a 
Borg Warner R2S16, two stage turbo chargers used in 4 (Fig. 3 
(b)). The other components were defined to record all the 
relevant parameters, and this includes all the instrumentation. 
Texense sensors (FPS-V2-10, RS-M10WS, Uxcell K Type) and 
a NI Data acquisition device (NI-DAQ, USB-9162 with a NI-
9213 thermocouple input module) were selected.  

 

 

 

 

 

 

 

Fig. 3. (a) Mini BAJA UDEM model, (b) Borg Warner RS2 
model. 

 

The rest of the components of the project are composed of bulk 
material, such as piping, metal profiles, hardware, hoses, and 
software such as Inventor for CAD, Lab View for data 
acquisition, and MATLAB for data processing. For the 
implementation of the system a list of components and software 
was made, and the assembly was carried out.  

5.2. Design 
Throughout the development of the project mechanical design 
was used for certain components and others were manufactured 
directly as the connections between the engine and the turbine, 
but the project design includes hardware and software also. 
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Table 1. Briggs & Stratton specification sheet of 20000 
models 

Model 20000 

Displacement 15.63 ci (305 cc) 

Bore 3.120 in (79.24 mm) 

Stroke 2.438 in (61.93) 

Oil Capacity 26-28 oz (.77-.83 L) 

Gear Reduction Oil Type SAE 30 

Gear Reduction Oil Capacity 12 oz (.35 L) 

Spark Plug Gap .030 in (.76 mm) 

Spark Plug Torque 

Armature Air Gap 

180 lb-in (20Nm) 

.008-.012 in (.20-.30 mm) 

Intake Valve Clearance .004-.006 in (.10-.15 mm) 

Exhaust Valve Clearance .004-.006 in (.10-.15 mm) 

 

Previously studied the behavior of the Brayton cycle in the 
conditions of the application was first designed using a structure 
that was able to perform with the heavier assembly that is the 
assembly of the engine and the turbine in a position where it was 
able to design connections for the inlet and air outlets of the 
motor. Fixtures and sensors were also designed and modeled 
respectively. First, the available 3D models of the sensors were 
obtained, and the rest were modeled to be able to carry out the 
design of the fixtures. Some sensors such as the exhaust gas 
temperature did not require fixture design, because it was 
mounted on a thread. For this only a manufacturing process was 
performed to obtain the threading. For the manufacturing 
process, a work from selection of materials to the construction 
of the designs (structure, sensors and fixtures) was done. Also, a 
software design was implemented. Firstly, for the acquisition of 
data, we created a new program in Lab View to measure our 
study parameters which in this case were the temperature at the 
exit of the exhaust of the engine, the pressure at the inlet engine 
air, and the revolutions at the output of the large turbine which 
is where the power would be produced (Fig. 4). 

 

Fig. 4. Labview program for instrumentation. 

 

The other software design was for the processing data in 
MATLAB. To validate the work as a generator, a simulation of 
the energy production was realized. For that, a model available 
in the library of Simulink of an alternator charging a battery [17] 
was used. This example shows how alternator behavior can be 
abstracted to a DC model that simulates efficiently. The model 
captures the increase in stator resistance as the alternator heats 
up, this reducing device performance. The objective of this 
model was to simulate the data obtained in the assembly together 
with the components that could not acquire to see the 
approximate behavior of the system (Fig. 5). 

5.3. Implementation 
Because of the project, a study station of thermodynamics 
mounted in the Laboratory of Automotive Design in the 
University of Monterrey was obtained. Firstly, the setup of all 
the designs, and all the assemblies necessary for the realization 
of the tests were implemented. A part of the lubrication of the 
Electrical Generator from Thermal Solar Energy Project was 
recycle [4] and that was assemble to the final assembly. After 
completing all the components, the station was instrumented, 
and a series of tests were carried out to ensure the correct reading 
of the sensors. Fig. 6 shows the final mechanic assembly with 
lubrication system mounted (a) and the instrumentation and 
complete assembly (b). 
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5.4. Testing 
For testing purposes, three different types of tests were designed, 
with the objective of evaluating the performance of a 
conventional motor in specific scenarios with its corresponding 
energy production. Two-minute tests were designed with three 
iterations each, where the first test consisted of acceleration and 
gradual deceleration during the specific time previously. The 
next test was of gradual acceleration with rapid deceleration and 
finally, the third test was about acceleration and rapid 
deceleration in time lapses during the final time. 

5.5. Simulation 
For the analysis of data, a simulation of the alternator charging 
a battery using a model that was previously mentioned to see the 

state of charge of the battery by arranging an alternator during 
the test time lapse was implemented.  

 

In this model, even the efficiency of the alternator is considering 
the increase in temperature. The model captures the increase in 
stator resistance as the alternator heats up, this reducing device 
performance. The resulting graphs show the charge current in 
amperes (A) during the test time lapse and  

are aimed at seeing the difference in the different scenarios to 
which a conventional car is exposed (see Fig. 7). 

 

Fig. 5. Model of an alternator and a battery in MATLAB [17] 

 

 

Fig. 6. (a) Final mechanic assembly, (b) Instrumentation and complete assembly. 
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6. Discussion 

As seen in Fig. 6, the prototype system was assembled and ready 
for test. The tests were performed by the same person, at the 
same time intervals, with the same iterations every test, to 
eliminate any possible bias. Obviously, in the graphs of tests a 
little noise can be distinguish, therefore the signals were filter. 
As can be seen in Fig. 8, first graph, from 0-60 seconds it is 
difficult to accelerate with the same slope because at the 
beginning the throttle increases less RPM. It is easy to identify 
in the graphs the type of actual acceleration scenario to which it 
is exposed. Perhaps, adding more scenarios and longer test to 
obtain clearer conclusions could be done. From Fig. 8, it is 
observed that the states of charge have a very similar slope, so it 
could be considered to look for the electrical part with the 
characteristics of the alternator and battery model. 

7. Conclusions 

First, although the revolutions produced by the motor are not as 
expected, the simulation shows a charge current in charge 
absorption, which means that the arrangement works. Second, 
the study station is indeed functional, so it is possible to perform 
a deeper analysis with more tests, longer lapses and more 
iterations with respect to the production of electric energy from 
exhaust gases from this motor.  
 
 
 
 
 
 

 
 

Fig. 7. Final revolutions per minute of the three different tests.
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Fig. 8. Final charge current of each test. 

 
For optimum results and a response closer to a real driving cycle 
of a car, the recommendation is to work with a larger engine, 
considering that the work implemented in this project was with 
a BAJA SAE engine. The selection of the turbocharger must be 
adequate so depending on the selected engine a previous study 
must be carried out to choose the one indicated, since it is 
important that the mass flow produced by the exhaust of the 
engine is able to start the turbocharger, and in this case, was not 
enough. The limitations were on project scope, component 
availability, cost and timing. 
 
The final and most important conclusion is that turbocharging 
an engine and recovering part of the thermal energy of the 
exhaust gases to generate electric energy based on the 
thermodynamic efficiency of a Brayton cycle is feasible with the 
appropriate components. 
 
Regarding future for the station, it is planned to continue to study 
its feasibility on a larger scale or to bring our results closer to 
actual driving cycles, so that in the future it is planned to replace 
the current Briggs & Stratton engine with a larger engine of a 
conventional brand car and it is planned to test the integrated 
system to a vehicle dynamics simulator [18], with the aim that 
the simulated acceleration be represented proportionally in the 
physical system of this article, and thus will be analyzed the 
production of electric energy in longer and clear driving cycles 
(Fig. 9). 

 
 
 
 
 
 

 
Fig. 9.  Integration proposal of a vehicle dynamic simulator [18] for testing of the system. 
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