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Abstract: In this study the influence of utilization of two Waste Heat Recovery (WHR) strategies,
namely organic Rankine cycle (ORC) and turbocompounding, have been investigated based on
the performance of a heavy-duty diesel engine using 1-D simulation engine code (GT-Power)
in terms of Brake Specific Fuel Consumptions (BSFC) at various engine speeds and Brake Mean
Effective Pressures (BMEP). The model of a 6-cylinder turbocharged engine (Holset HDX55V) was
calibrated using an experimental BSFC map to predict engine exhaust thermodynamic conditions
such as exhaust mass flow rate and exhaust temperature under various operating conditions.
These engine exhaust conditions were then utilized to feed the inlet conditions for both the ORC
and turbocompounding models, evaluating the available exhaust energy to be recovered by each
technology. Firstly the ORC system model was simulated to obtain the power that can be generated
from the system. Having this additional power converted to useful work, the BSFC was observed
to reduce around 2–5% depending upon engine’s speed and BMEP. The initial model of the engine
was then modified by considering a second turbine representing turbocompounding heat recovery
system. The BSFC was increased due to the back-pressure from the second turbine, but the energy
generated from the turbine was sufficient to reduce the BSFC further. However, by application of
turbocompounding no improvement in BSFC was achieved at low engine’s speeds. It is concluded
that ORC heat recovery system produces a satisfactory results at low engine speeds with both low
and high loads whereas at medium and high engine speeds turbocompounding heat recovery system
causes higher BSFC reduction.

Keywords: diesel engine; waste heat recovery; organic Rankine cycle; turbocompounding;
brake specific fuel consumption; brake mean effective pressures

1. Introduction

The growing demand for advanced internal combustion engines (ICEs) in automobiles, caused by
several reasons, such as fuel economy, better performance, lower emissions, etc., has paved the way for
the introduction of technologies such as turbochargers and superchargers [1–5]. Turbocharging is the
process of using the kinetic energy of the exhaust gases to run a turbine coupled with a compressor to
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allow extra intake of air, thereby improving the efficiency and power output [6–10]. Turbochargers have
found its way into automotive and motorsport industries and gradual developments and optimization
techniques have been implemented. Several methods have been adopted to improve the efficiency
of a diesel engine, in terms of fuel consumption, efficiency, etc. The most common methods that are
adopted for this purpose are as follows [11–20]:

• Rankine cycle: working medium is steam or any organic fluid with additional power obtained
from expanders [21,22].

• Thermoelectric Generators: exhaust gas heat is directly converted into electric power by the
phenomenon of thermoelectricity.

• Turbocompounding: Using an additional power turbine after the turbocharger (mechanical
turbocompounding) or coupling an electric generator (electrical turbocompounding) to extract
excess power lost through exhaust.

The organic Rankine cycle (ORC) system uses a series of devices in order to supply additional
energy to the engine and improve its thermal efficiency. It consists of a heat exchanger that the hot
gases pass through and increases the temperature of the working fluid to an extent that it changes
state from liquid to superheated vapor. After the evaporator, the working fluid expands isentropically
providing work in an expansion device, which is connected to an electric generator. Then the expanded
vapor passes through a condenser to change its state to liquid and reaches the pump to repeat the
whole process from the beginning. Theoretically, the ORC systems can offer several benefits to the
whole powertrain configuration; in the best way power output of the powertrain can be increased
around 15% depending on each engine scenario. As a consequence of the increased efficiency of the
engine, the fuel consumption can be decreased by the respective percentage, making the ORC systems
desirable for various applications [23,24].

Turbocompounding is the process of recovering exhaust heat by the addition of technology in a
turbocharged engine. The addition may be in the form of power turbine to extract mechanical power
from the exhaust gas, which is called as mechanical turbocompounding. Alternatively, an electrical
generator can be coupled to the turbocharger from which energy can be harnessed and stored in
batteries, which is called as electrical turbocompounding [25–27]. In mechanical turbocompounding,
a power turbine is added downstream of the turbocharger and is coupled to the engine through a
crankshaft via a gear unit. In order to reduce, mechanical losses due to the usage of gear units, electrical
generators may also be used to harness the energy. In case of electrical turbocompounding, instead of
using an additional power turbine, generator motors are used to which produces electrical power from
the additional mechanical power in the turbine. Both mechanical and electrical turbocompounding
are beneficial to the engine performance in terms of fuel consumption and emissions [28–30]. Many
heavy duty OEMs such as Caterpillar, IVECO USA. Cummins and SCANIA have tested in the
past turbocompounding technology, which was found to improve BSFC from 3% to 6%, depending
on the engine load conditions [21,22,31–33]. A more recent study validates that a highly efficient
turbocompounding system can improve BSFC in the range of 3.3–6.5% [34]. Turbocompounding will
play a significant role in better utilization of the exhaust gas energy, thereby improving the efficiency
of the engine. Turbocompounding has also paved way into the motorsport industry through Formula
One vehicle technology, etc. owing to its better utilization of fuel, which subsequently improves
the fuel economy [35–37]. The potential efficiency benefit from turbocompounding can significantly
exceed 6% on a theoretical base, but it is limited due to the high exhaust backpressure caused by the
turbocompounding. The increased pumping losses of the engine result in an additional penalty on
fuel consumption that compromises the total engine net efficiency [38].

ORC is an alternative waste heat recovery (WHR) solution that in recent years has been gaining
ground in automotive industry due to stricter legislation emission standards, in order to extend the goal
of 50% brake thermal efficiency. The Rankine cycle is a closed cycle where the working fluid exchanges
heat with a hot medium in an evaporator at constant pressure. The evaporated fluid then expands in
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an expander and produces the power output of the system. After the expansion process the working
media is condensed at constant pressure, and then pumped again to the evaporator. On a theoretical
base, an integrated ORC system in the powertrain of a vehicle can increase thermal efficiency from
6% up to 15% [34,39–41]. The level of the thermal efficiency is related with the quality (temperature
range) and quantity (mass flow rate) of the heat sources and the engine conditions. Exhaust gases
are a grade heat source of high quality and quantity to extract energy through a heat exchanger
for an ORC system. The implementation of a heat exchanger in the exhaust manifold increases
backpressure, but compared to the turbocompounding technology this increment is approximately
one order of magnitude lower [38]. Although both turbocompounding and ORC WHR systems
have been investigated in many studies in the past, literature comparing these two technologies is
limited [8,9,13,17,18,21,32,34,36–38].

This study aims to investigate the effect of utilizing of ORC heat recovery system and
turbocompounding on the performance of a turbocharged diesel engine using a detailed simulation
study in GT-Power software and to discuss about advantages and disadvantages of operating the
engine with both the technologies at different operating regions (e.g., engine speed and BMEP).

2. Engine Modeling and Calibration

A 6-cylinder heavy-duty diesel engine boosted by a Variable Geometry Turbine (VGT) Holset
HDX55V turbocharger is taken into consideration as base engine in order to investigation the engine
performance parameters. The main specifications of the engine are presented in Table 1. The same
model is then used to incorporate the turbocompounding model by adding a second turbine element
in the downstream of the main turbine. Figure 1a shows the BSFC map used for calibration with
five major points of operation considered, namely P1, P2, P3, P4 and P5. They have been chosen based
on operating states of the engine such as Idling (P1), Partial Load (P2), Ideal BSFC (P3), Maximum
Torque (P4) and Maximum Power (P5). Having these points as a basis, several points are taken at
regular intervals of speeds between 800–2000 rpm for increasing BMEP values. These essential points
are then used as the benchmarks for several parameters such as injection timing, mass flow rates
and combustion duration etc. in the calibration procedure. The calibration points are then chosen to
meet the maximum BMEP at each given engine speed. At 800 rpm, four points are chosen at steps of
BMEP = 4 bar, reaching a maximum of BMEP = 14 bar. Similarly, at other engine speeds the points are
superimposed as shown in Figure 1a. All the calibrated points are represented in Appendix A along
with the main engine parameters. These operating points are simulated as cases in a turbocharged
diesel engine model, which is developed in GT-Power Software. The main parameters to be calibrated
for the model are Injection Timing, Combustion Duration and VGT Rack Position. By using target
values of BSFC taken from the standard map, the model can be calibrated.

Table 1. Specifications of the modeled engine.

Engine Type 10.3 L; Inline; 6-Cylinder; Common-Rail;
Turbocharged Diesel (IVECO Cursor 10)

Bore × Stroke (mm) 125 × 140

Compression Ratio (-) 17:1

Valve Number/Cylinder (-) 4

Cylinder Number (-) 6

Max Torque (N·m) 1900 @ 1000–1600 rpm

Max Power (kW) 316 @ 2100 rpm

Intake Valve Open (IVO) (CAD bTDC) 16

Intake Valve Closed (IVC) (CAD aBDC) 32

Exhaust Valve Open (EVO) (CAD bBDC) 51

Exhaust Valve Closed (EVC) (CAD aTDC) 11
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The major factor is that at several cases at a particular speed, the same BSFC can be achieved.
Hence, during calibrating the rack positions are maintained around the same at a particular speed and
the injection timings and combustion durations are changed. By increasing the injection timing and
combustion duration more fuel is consumed, thereby increasing the BSFC.Energies 2017, 10, 1087  4 of 17 
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Figure 1. Selected operating points for engine model calibration: (a) BSFC map of base engine indicating
five major points of engine operation i.e., P1, P2, P3, P4 and P5; (b) BSFC map of simulated engine.

When the target BSFC is achieved, further points are calibrated using the first point as benchmark.
The final calibrated parameters at 800 rpm are shown in Appendix A. It can be seen that, as the BMEP
increases, the combustion duration has been slightly reduced to achieve the target BSFC, although the
rack positions remain nearly equal. The same method was followed for calibration at the other engine
speeds, as shown in Appendix A.

3. Engine Simulation

After the calibration of the engine simulation works are carried out to obtain the BSFC values at
each point considered in the investigation. By using MATLAB codes and taking BMEP and engine
speed as main variables, a BSFC map is plotted for the modeling of engine. Figure 1b shows the
BSFC map, with the red markings indicating the 38 operating points that were taken for calibration.
On comparison of the achieved BSFC map with the map used for calibration provided in Figure 1b,
it can be seen that they are the same. Hence, the obtained BSFC map is considered reliable for the
study. In Figure 1b the region denoting the least BSFC values of 196 g/kWh or lower, is located around
BMEP = 12–18 bar and engine speeds of 1100–1700 rpm. Hence, when the operating point of the
engine is at a medium speed and medium-high power ranges, the fuel economy is relatively better.
At conditions where the BMEP is very low (e.g., 4 bar), the BSFC is very high, and is almost constant,
independent of the engine speeds. Observing along the maximum power line denoted in solid black
line in the plot, it can be seen that the BSFC values reduce gradually as the engine speeds increase.

Hence, the major focus must be on finding alternate methods to improve the fuel consumption
at the regions where the BSFC is higher. At other regions where the engine is working at its peak
performance, there will be little scope for improvement as most of the energy is already utilized as
useful work. Although, the BSFC values vary in different manner with change in speeds, depending
upon the BMEP values, the energy available at exhaust is more predictable and gradually increases as
shown in Figure 2a.
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Figure 2. Modeled engine exhaust maps: (a) Exhaust available energy of engine based on BMEP map;
(b) Exhaust mass flow rate of engine based on BMEP map; (c) Exhaust temperature of engine based on
BMEP map; (d) Schematic view of ORC system modeled in GT-Power code.

The exhaust energy is estimated using the mass flow rates at the exhaust and the exhaust
temperature for the various operating points. These values are obtained from the simulation models
at the turbine of the turbocharger. The exhaust energy increases as the engine operating speed
increases, and also as the power increases. Since, the most important factor in energy recovery is
the availability of the energy, it is easier to recover energy efficiently at higher speeds and when the
engine operates at higher power. Figure 2b illustrates the exhaust mass flow rates used to calculate
the exhaust energy wherein a similar trend can be noticed, where the mass flow is higher at higher
engine speeds and high BMEP. Hence, higher the flow of mass, greater will be the energy available to
be recovered. Hence, it can be concluded that the exhaust mass flow is directly proportional to the
exhaust energy. But, the exhaust temperatures do not follow the similar trends as shown in Figure 2c.
The exhaust temperatures at low speed and low BMEP is comparatively higher, than that at high
speed-low BMEP. At very low speeds (e.g., 800 rpm), maximum torque is attained faster and due to
this, the temperature difference at low and high pressures is very small. However, at medium and
high speeds (e.g., 2000 rpm), the temperature difference at low and high pressures is greater. Hence,
if exhaust temperatures are indications to the efficiency of the heat recovery, then the performance
at both low and high speeds will be the same, since the temperatures do not vary considerably.
Practically, this is not the case as the heat recovery is better when the availability of incoming heat is
high. Therefore, it is more dependent on the mass flow and exhaust energy available rather than on
the exhaust temperature directly.
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4. ORC Waste Heat Recovery Modeling

Using the simulation results of the engine model, exhaust temperature and mass flow rates are
obtained at the different operating points. These parameters are the major factors that contribute to
the performance of the ORC heat recovery system. In theory, more the heat energy available, more the
ORC system can utilize it to produce useful work. Hence, a successful model of ORC heat recovery will
have higher efficiencies at very high speeds and high torque, whereas at lower speeds, the efficiency
will be comparatively lower. Since the other operating conditions of the system are unknown, it is kept
at a constant value at all the points. The average speed of the turbine is maintained at 1350 rpm and
the coolant temperature is also a constant at 300 K. The backpressure produced as a result of using the
ORC system is also neglected for all calculations and study. In the simulation under these conditions,
the power output from turbine and power input to the pump is considered, from which the net power
can be calculated. Moreover, the power in the evaporator system is used to calculate the efficiency of
the system at each point. The ORC heat recovery system that has been modeled in the simulation is
presented in Figure 2d. Due to the usage of ORC heat recovery system, it is predicted that the BSFC
will be reduced. Accordingly, the new BSFC at each operating points and the reduction in BSFC is also
studied to understand the effectiveness of using the system at different engine conditions.

The selection of the appropriate organic fluid for each respective application is a demanding
challenge for engineers since the performance and efficiency of the organic Rankine cycle system is
seriously affected by the working fluid. However, the properties of the fluid are not the only of criteria
for selection, as the cost and the environmental impact of each fluid may limit the list of available
fluids. As far as the cost is concerned, the engineer should decide which fluid would decrease the
payback period and offer the maximum output and thermal efficiency at the same time. The properties
of the organic fluids can be divided into four categories, each one of them being equally important for
the efficient and safe operation of the ORC system. Thermodynamic properties of the organic fluids
vary in several aspects, as is the density, viscosity, boiling point temperature and pressure and the
latent heat of vaporization. Each one of these parameters affects not only the thermal efficiency of the
system, but also the design and construction of the respective internal combustion engine configuration.
Critical and maximum operating constitutes the process related properties and they are linked with
the efficiency of the organic Rankine cycle system. As far as the safety and environmental aspects are
concerned, the toxicity and flammability of the fluid concern the engineers, while the global warming
potential and ozone depletion danger are the major dangers for the environment. The working fluids
should compromise among several criteria specified below [23,42,43]:

• Low condensation temperature.
• Very low freezing point.
• No need to superheat (dry fluid).
• Eco friendly (low Global Warming Potential and Ozone Depletion Potential).
• Low flammability and toxicity.

Considering all of aforementioned requirements, R245fa was selected as the working fluid in this
study considering entirely prior experience and potential for widespread use. This organic fluid has no
ozone impact, low global warming impact, it is non-flammable and its thermodynamic properties fulfill
the above criteria. After the selection of the working fluid, the final model was created. In GT-Power
software some assumptions were considered and are shown below [23,44]:

• The evaporator exhaust gas initial pressure and temperature are equal with the exhaust gas outlet
pressure and temperature respectively.

• The condenser coolant initial pressure and temperature are equal with the coolant outlet pressure
and temperature respectively.

• No heat is lost to the surroundings.
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The input values for ORC model such as exhaust temperature and exhaust mass flow rate were
obtained from 38 different the engine operating condition cases (refer to Appendix A) at several engine
speeds and BMEP ranges. This data included parameters such as the evaporator energy, turbine power,
pump efficiency, turbine efficiency and the pressure rise in the pump. The design parameters of ORC
used in the simulation are presented in Table 2.

Table 2. Component design parameters of ORC using R245fa refrigerant.

ORC’s Main Components

Design Parameters Evaporator
(Slave)

Evaporator
(Master)

Condenser
(Slave)

Condenser
(Master) Turbine/Expander Pump

Average Inlet Pressure (bar) 1.00102 24.9 2.15 3.28 24.3 2.6
Average Outlet Pressure (bar) 1 24.3 2 2.6 3.28 24.9
Average Pressure Drop (bar) 0.0010197 0.631 0.148264 0.674932 - -

Average Inlet Temperature (K) 973.1 315.8 296.1 405.1 445.2 314.1
Average Outlet Temperature (K) 450.7 445.2 302.6 314.1 405.263 315.8
Average Mass Flow Rate (g/s) 140 269.2 3394.6 269.3 0.269 0.269

Combined Energy Rate out of Fluid (kW) 78.7 −78.7 −73.2 73.2 - -
Average Speed (rpm) - - - - 1350 2000

Average Map Pressure Ratio - - - - 7.37 -
Average Efficiency (%) - - - - 51.61 61.42
Average Power (kW) - - - - 5.3 0.75

Average Pressure Rise (bar) - - - - - 22.3

The exhaust temperature and exhaust mass flow rates obtained as a result of the simulations of the
engine model, are used as inputs to the ORC heat recovery system to study the recovery of the energy
to improve the efficiency and fuel economy of the engine. Depending upon the heat energy available,
the turbine work output varies. Hence, the actual performance of the ORC system is estimated by
calculating the efficiency at each operating point for the simulation. The efficiency of ORC system can
be calculated by Equation (1):

ORC E f f iciency [%] =
Wt

Qin
(1)

where Wt is the power output from the turbine and Qin is the heat energy available in the evaporator.
Using the calculated values of efficiencies, a plot is generated using MATLAB as shown in Figure 3a.
At regions of high energy, the difference in efficiencies between two nearby points is larger than
that at low energy regions. Comparing the plot with Figure 2a, it can be noted that the greater the
energy available, the higher the efficiency will be. This trend is evident from the plot, where it can be
noted that at low speeds the efficiency is lower, whereas at high speeds the efficiency is higher, but,
on comparison with Figure 2c, it can be seen that several points have similar temperatures at different
operating conditions, but the efficiencies at those points are not the same.

In Figure 2c, at rpm = 1200 and BMEP = 20 bar, and at engine speed of rpm = 2000 and BMEP = 18,
the temperature ranges are quite similar. However, the efficiency of heat recovery at the former point
is about 6.5–7%, whereas at the latter point the efficiency is 10–13%. This is attributed to the exhaust
mass flow rates that contribute to the energy available at the exhaust to be recovered by the ORC Heat
Recovery System.
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Although the efficiency of heat recovery is dependent only on the power from the turbine,
practically, the power in the pump also has an effect on the BSFC improvement. Hence, the net power,
which includes both the turbine and pump power is calculated using Equation (2):

Pnet = Wt − Wp (2)

The net power obtained as a result of the recovered heat is plotted as shown in Figure 3b. The net
power follows the same trend as that of the mass flow rate and ORC efficiency. Hence, there exists
a direct correlation to the exhaust energy, mass flow rates and net power. However, this does not mean
that the amount of reduction in BSFC also increases as the speed and BMEP increases. To study this,
the BSFC is recalculated by taking into account the recovered power from the exhaust heat by the ORC
system. In general, the BSFC is calculated using Equation (3):

BSFC =
m f

Pb
(3)

where mf is the mass flow rate of fuel and Pb is the brake power of the engine. But due to the additional
power that has been recovered from the ORC heat recovery system, the BSFC is calculated using
Equation (4):

New BSFC =
W f

Pb + Pnet
(4)
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It is evident from the relation that the BSFC will be reduced, but the reduced BSFC is not changing
linearly. The new BSFC is plotted to obtain the BSFC map after the heat recovery by the ORC system in
Figure 3c. The lowest BSFC in the map is 187.95 g/kWh whereas the highest BSFC is only 276.82 g/kWh.
On comparison with the original BSFC map in Figure 1b, the lowest and highest BSFC values are
192.62 and 289.68 g/kWh, respectively. However, the lowest and highest BSFC points that are obtained
from the two maps are not at the same operating point. This indicates that the reduction in BSFC
is not uniform and linear throughout the engine operation and is affected by several parameters.
But, there is a similarity in the two maps, which suggests that the overall trend in reduction is quite
uniform, by which similar BSFC maps are obtained. It can be seen from the original BSFC map that,
the lowest BSFC range denoted by 196 g/kWh is enclosed within engine speeds rpm = 1000–1800
and BMEP = 12–20 bar. In the same region in the new BSFC map obtained as a result of installation
of the ORC heat recovery system, the values range from 188–192 g/kWh. This region is the ideal
operating range of the engine, where the fuel consumption is optimum and maximum work output is
produced. As explained earlier, the reduction in BSFC is not linear throughout the map. In order to
study, the reduction of BSFC, at each operating point the percentage of reduction is calculated using
Equation (5) where BSFCold is the original BSFC of the engine and BSFCnew is the modified BSFC due
to heat recovery:

Percentage Reduction [%] =
BSFCold − BSFCnew

BSFCold
× 100 (5)

Using the values of percentage reduction of BSFC at each operating point, a plot is generated in
MATLAB as shown in Figure 3d. The reduction in BSFC is around 2–2.5% at very low engine speeds
and increases to about 3–4% as the speed increases. Also, at very high speeds where the ORC efficiency
was seen to be maximized the BSFC reduction is also high at about 4.5–5%. However, there is a region
of BSFC reduction in the plot with a value of 2.5% at medium engine speeds. This is the region where
the engine is performing in its peak, and optimum work output is produced as result. Hence, there
is very little excess heat to be recovered by the ORC system in this region due to which reduction in
BSFC is also comparatively low. This can be further validated from the ORC efficiency and net power
plots in Figure 3a,b, where there is a small fluctuation in the same region compared to nearby values.

5. Turbocompounding System Modeling

For turbocompounding, it is time consuming to simulate an engine model with a motor/generator
system to investigate the electrical energy that can be produced during operation. Hence, to the engine
model that was used earlier, an additional turbine is added after the existing turbine. Just like the
simulation done in ORC heat recovery system, the power generated from the turbine can be examined
by connecting it to the model template called “turbine rpm” as demonstrated in Figure 4a. Due to
the installation of turbocompounding, the BSFC is expected to be reduced. Also, as a result of this
arrangement, the exhaust gas temperature is increased slightly which suggests, which there will be
higher exhaust energy available to be recovered. However, due to an additional turbo that is added,
BSFC is increased slightly by the backpressure that is created. In other words, the pressure before the
second turbine is greater than the pressure after it. But, due to the turbine operation, power can be
generated from the exhaust gases. This power is a major factor for the study, as the peak power is
not achieved at all the operation points at the same rpm of the turbine. For instance, the peak power
at very small loads is achieved at very high rpm, whereas the optimum rpm for medium and high
loads is comparatively lower. Hence, it is important to identify the ideal turbine rpm at the different
operation points to examine the maximum possible BSFC reduction. Therefore, simulations were
performed at different engine rpms and at different turbine rpms ranging from 20,000–150,000 rpm.
The increased BSFC due to backpressure, and the subsequent reduction in BSFC by considering the
power from turbine is then studied to compare its performance with that of ORC heat recovery system.
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Figure 4. Turbocompounding system application on the engine: (a) Schematic view of
turbocompounding system modeled in GT-Power code; (b) Turbine power generated in
turbocompounding system at P1; (c) Turbine power generated in turbocompounding system at P2;
(d) Turbine power generated in turbocompounding system at P3; (e) Turbine power generated in
turbocompounding system at P4; (f) Turbine power generated in turbocompounding system at P5.

As explained earlier, to implement a turbocompounding system, an additional turbine is added
after the existing turbine in the model to simulate and identify the power that can be generated.
However due to the dependency of power to the turbine rpm, it is necessary to identify the optimum
rpm wherein the turbine produces maximum power at a particular engine speed. Since, it is not possible
to identify the optimum turbine rpms at each individual point, the plot, which was initially used for
engine calibration, is performed. Five points P1–P5 are used as benchmarks to set the optimum rpm
for simulations. Figure 1a shows the BSFC map denoting the points taken for identifying the optimum
rpm. At point P1, simulations were carried out in GT-Power for turbine speeds of 20,000–150,000 rpm
and the power from the turbine was noted. The plot for the power with respect to the turbine rpm
is given in Figure 4b. It can be seen from the plot that the maximum power of 1.279 kW, is obtained
at a turbine rpm of 120,000 rpm. This means that at that particular turbine speed, maximum power
can be recovered, but this is only applicable from P1. For other points, similar parametric sweeps
are made to identify the optimum rpm as given in Figure 4c–f. The results from the above plots are
presented in Table 3, which shows the maximum power and the optimum rpm at that point. It also
details what rpms are taken for simulations on the basis of the results obtained for the 38 points used
for the study. Using these results, simulations are carried out similar to previous simulations on the
original engine model to study the BSFC, and the subsequent reduction due to the recovered power
from the second turbine.
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Table 3. Optimum Turbine Speeds Benchmark.

Max Power (kW) Optimum Turbine Speed (rpm) Nearby Points Taken for Simulations

P1 1.2796 120,000 Points 1–10
P2 5.879 60,000 Points 11–13
P3 12.0231 65,000 Points 14–28
P4 13.0345 65,000 Points 14–28
P5 28.2774 95,000 Points 29–38

Using the benchmarked values of optimum turbine rpm at points P1 to P5, the 38 points are
simulated with an appropriate rpm, depending upon its proximity towards the benchmark points.
Due to the presence of an additional turbine, there is a backpressure that arises due to which the BSFC
raises. Also, the temperature of the exhaust gases is comparatively higher compared to the normal
turbocharged engine model. The temperatures of the exhaust gases are plotted as shown in Figure 5a.
In comparison with the plot in Figure 2c, which shows the temperature plot of the turbocharged
engine model, a similar trend in temperature changes can be noticed. The rise in temperature increases
the exhaust energy, which can be converted into useful work further due to turbocompounding.
But the high-pressure before the turbine, when compared to the pressure after that, increases the BSFC
as plotted in Figure 5b. This plot does not take into account the power from the turbine that can
be utilized.
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Figure 5. Turbocompounding system map of engine: (a) Increased exhaust temperature
in turbocompounding system based on BMEP map; (b) BSFC Rise due to Back Pressure
turbocompounding system based on BMEP map; (c) New BSFC of engine with turbocompounding
system based on BMEP map; (d) Amount of BSFC reduction in engine with turbocompounding system
based on BMEP map.
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The lowest BSFC is 213.703 g/kWh and the highest value is 318.896 g/kWh, which is on an average
a rise of about 6–8% from the original BSFC Map (Figure 1b). The region where there is least fuel
consumption enclosed by the isocurve “220”, covers about the same area as that covered by the low
BSFC region in the old BSFC map. This means that the rise in BSFC is uniform in nature and is only
majorly affected by the backpressure than any other parameters. Although, this BSFC rise exists,
with the power generated in the turbine, more useful work can be produced due to which the BSFC
reduces. The actual BSFC taking into account the power generated by the turbine is calculated using
the Equation (6) and is plotted in Figure 5c:

New BSFC =
m f

Pb + Pt
× 100 (6)

Comparing the BSFC map with Figure 1b, it can be seen that at low engine speeds, the BSFC values
of the original map are lower than those of the BSFC map for turbocompounding. This suggests that by
the implementation of turbocompounding, the BSFC actually increases at low engine speeds. However,
at medium engine speeds, there is a descent in BSFC values, which means that the power generated by
the second turbine is sufficient to produce a better engine operation consuming lesser fuel.

Also at high engine speeds, the BSFC map for turbocompounding is ideal when compared to the
original map because the BSFCs range from 200–220 g/kWh in the former compared to 250 g/kWh in
the latter. This trend means that the reduction in BSFC increases with increase in engine speed, unlike
the BSFC map of ORC heat recovery system where the reduction was rather uneven and dependent on
the region of operation. The percentage reduction in BSFC is calculated using Equation (7), and plots
are made using MATLAB as shown in Figure 5d:

Percentage Reduction [%] =
BSFCold − BSFCnew

BSFCold
× 100 (7)

It can be seen from the plot that at low engine speeds from 800–1000 rpm, that BSFC reduction
is denoted as 0%. This is attributed to since the BSFC was not reduced due to turbocompounding,
but rather increased at these speeds. However, as the engine speed increases the BSFC improves from
2–5% at medium speeds and from 5–8% at very high speeds.

The reduction percentage increases linearly and on direct comparison with the BSFC reduction
due to ORC heat recovery it can be noticed that the reduction percentages are comparatively higher at
higher engine speeds. Hence, it can be concluded that the use of turbocompounding is not ideal for
engine low speed operation. Although the magnitude varies, the maximum reduction in BSFC occurs
at the highest engine speed of 2000 rpm, the same as in the case of ORC heat recovery. The utilization of
both ORC heat recovery and turbocompounding systems to an engine is advantageous. However, it is
important to compare the actual performance characteristics based on the viability and effectiveness of
installing one system as an alternative to the other.

It is worth mentioning that the global assumptions considered for the ORC heat recovery
and turbocompounding configuration of the vehicle powertrain that even though the backpressure
caused by the ORC’s evaporator placed in the exhaust pipe and also all extra weight imposed by
ORC/turbocompounding components to the vehicle system deteriorate the overall performance
and the fuel consumption of the vehicle to some extent, in this early evaluation study of
ORC/turbocompounding heat recovery systems for vehicle, it has been assumed that the effects
of them are negligible but should be borne in mind by the reader when considering the results.

6. Comparison between ORC Heat Recovery and Turbocompounding Systems

The BSFC maps after the implementation of ORC heat recovery and turbocompounding systems
have been plotted in Figure 6a,b, with important regions highlighted. The red ellipses marked in both
plots indicate the regions where the BSFC is the least for both operations.
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It can be seen clearly that the BSFC values are much lower for turbocompounding when compared
to ORC heat recovery, enclosing a much larger area for BSFC value of 188 g/kWh than the latter.
This indicates that the turbocompounding can effectively produce better results for operation in
medium engine speeds (i.e., 1200–1800 rpm). However, at low engine speeds marked by the black
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dotted lines, the BSFC values are much greater for turbocompounding than ORC heat recovery. This is
mainly because of the backpressure produced due to the second turbo, and unavailability of excess
power from the turbine to compensate for it. This is further validated by comparing the plots for the
power produced by the turbine in ORC heat recovery and turbocompounding as given in Figure 6c,d.
In both plots, the power produced is almost identical at low engine speeds, which is the reason for
the BSFC for turbocompounding at low speeds being higher. Since, the backpressure increases the
BSFC slightly, extra power must be produced further to improve the efficiency. Since, it is not the case
at low speeds, turbocompounding fails to produce ideal results at these speeds. But, as the engine
speed increases for turbocompounding, the power generated is greater in magnitude, which improves
the percentage reduction in BSFC as indicated in Figure 6e,f. The plot also shows the ineffectiveness
of turbocompounding at low speeds marked by the green region. The linear increase in power for
turbocompounding also causes reduction in BSFC to increase linearly with engine speed whereas,
for ORC heat recovery the trends are comparatively non-uniform. From the plots obtained through
simulations, the optimum regions for engine operations using turbocompounding and ORC heat
recovery system have been studied and the viability of installation and parameters that affect them
have also been explored successfully.

7. Conclusions

A detailed simulation study on the performances of ORC heat recovery and turbocompounding
systems was carried out using simulations in GT-Power software. Several advantages and
disadvantages of operating the engine with both the technologies at different operating regions (engine
speed and BMEP) were explored. The final results and inferences can be summarized as follows:

• The available exhaust energy is dependent upon the exhaust mass flow rates and exhaust
temperatures, however, the trends of the variation in exhaust energy plot values is directly related
to the mass flow rates, as there are several points of operation that have the same temperature.

• Utilization of the exhaust mass flow rate and exhaust temperature on ORC waste heat recovery
system enabled to produce about 2–4 kW, at low speeds and 8–16 kW, at high speeds, which can
be recovered to be converted into useful work.

• The net power utilized reduces the BSFC in the range of 2–3% at low speeds and 3–5% from
medium to high speeds. But, in the region where the engine is operating at peak performance in
terms of fuel consumption, the BSFC reduction is comparatively lower, since the amount of waste
heat is quite low to be recovered.

• In turbocompounding the optimum turbine rpm, wherein the maximum power is obtained, was
identified by parametric sweep study and it was concluded that the optimum rpm at low speeds
was 120,000 rpm, at medium speeds was 60,000–65,000 rpm and at high speeds was 95,000 rpm.

• On turbocompounding simulation, the BSFC has increased at all operating points due to the
backpressure produced due to the addition of the second turbine, however due to the power
generated in the turbine, the BSFC can be reduced.

• Although, the BSFC was reduced at medium and high speeds, at low speeds there was a higher
BSFC, since the power generated was not sufficient to compensate for the increased BSFC
by backpressure.

• The reduction in BSFC however, was quite higher when compared to that of ORC waste heat
recovery system by almost 2–5% at medium engine speeds and 5–8% at high engine speeds.
This was achieved because of the higher power generated by the turbine when compared to the
ORC heat recovery system.

By and large, the implementation of ORC waste heat recovery and turbocompounding system is
subjective, depending upon the engine’s operating conditions. At low speed operations, it is productive
to install ORC heat recovery, but at medium and high speed operations turbocompounding, which
offers comparatively superior fuel consumption rates, is a better alternative.
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Appendix A. Engine’s Calibrated Parameters at Different Speeds

Test Points

Engine Operational Parameters

Engine
Speed (rpm) BMEP (bar)

Injection
Timing

(deg)

VGT Rack
Position

Combustion
Duration

(deg)

BSFC
(g/kWh)

Point 1

800

4 5 0.42 32 262.152
Point 2 8 −12 0.43 30 220.38
Point 3 12 −7 0.47 28 213.517
Point 4 14 −5 0.48 26 213.649

Point 5

1000

4 3 0.53 32 256.717
Point 6 8 −2 0.55 30 213.943
Point 7 12 −9 0.42 23 202.5
Point 8 16 −10 0.54 23 199.858
Point 9 19 −12 0.62 25 199.401

Point 10 22 −7 0.58 32 205.568

Point 11

1200

4 5 0.75 32 255.341
Point 12 8 −20 0.75 32 208.722
Point 13 12 −17 0.76 32 199.351
Point 14 16 −13 0.78 30 196.001
Point 15 19.5 −10 0.8 28 193.831
Point 16 22.6 −5 0.82 26 196.49

Point 17

1400

4 3 0.78 35 250.435
Point 18 8 −17 0.78 35 207.939
Point 19 12 −13 0.8 32 198.823
Point 20 16 −10 0.82 29 195.043
Point 21 19.5 −6 0.85 27 194.008
Point 22 22.5 −4 0.87 26 194.835

Point 23

1600

4 3 0.75 36 264.98
Point 24 8 −17 0.8 35 213.764
Point 25 12 −15 0.82 35 199.577
Point 26 16 −12 0.84 32 194.581
Point 27 19 −9 0.88 29 192.624
Point 28 22 −3 0.92 27 196.004

Point 29

1800

4 −3 0.92 35 270.329
Point 30 8 −15 0.81 32 220.402
Point 31 12 −11 0.84 28 203.508
Point 32 16 −9 0.88 27 197.257
Point 33 20 −3 0.92 24 195.437

Point 34

2000

4 2 0.72 35 289.676
Point 35 8 −15 0.81 32 223.451
Point 36 12 −12 0.86 30 209.321
Point 37 15 −10 0.9 28 204.265
Point 38 18 −3 0.94 26 204.872

References

1. Arsie, I.; Cricchio, A.; Pianese, C.; Ricciardi, V.; De Cesare, M. Modeling and Optimization of Organic
Rankine Cycle for Waste Heat Recovery in Automotive Engines. SAE Int. 2016. [CrossRef]

2. Boretti, A. Improving the Efficiency of Turbocharged Spark Ignition Engines for Passenger Cars through
Waste Heat Recovery. SAE Int. 2012. [CrossRef]

3. Chen, T.; Zhuge, W.; Zhang, Y.; Zhang, L. A novel cascade organic Rankine cycle (ORC) system for waste
heat recovery of truck diesel engines. Energy Convers. Manag. 2017, 138, 210–223. [CrossRef]

http://dx.doi.org/10.4271/2016-01-0207
http://dx.doi.org/10.4271/2012-01-0388
http://dx.doi.org/10.1016/j.enconman.2017.01.056


Energies 2017, 10, 1087 16 of 17

4. Feneley, A.J.; Pesiridis, A.; Andwari, A.M. Variable Geometry Turbocharger Technologies for Exhaust Energy
Recovery and Boosting—A Review. Renew. Sustain. Energy Rev. 2017, 71, 959–975. [CrossRef]

5. Andwari, A.M.; Azhar, A.A. Homogenous Charge Compression Ignition (HCCI) Technique: A Review for
Application in Two-Stroke Gasoline Engines. Appl. Mech. Mater. 2012, 165, 53–57.

6. Christoph, J.W.; Kirmse, O.A.O.; Andrew, J.H.; Christos, M.N. Comparison of a Novel Organic-Fluid
Thermofluidic Heat Converter and an Organic Rankine Cycle Heat Engine. Energies 2016, 9, 479.

7. Cipollone, R.; Di Battista, D.; Perosino, A.; Bettoja, F. Waste Heat Recovery by an Organic Rankine Cycle for
Heavy Duty Vehicles. SAE Int. 2016. [CrossRef]

8. Cochran, D.L. Working fluids for high temperature, rankine cycle, space power plants. SAE Int. 1961.
[CrossRef]

9. El Chammas, R.; Clodic, D. Combined Cycle for Hybrid Vehicles. SAE Int. 2005. [CrossRef]
10. Heywood, J.B. Internal Combustion Engine Fundamentals; McGraw-Hill: New York, NY, USA, 1988.
11. Hsieh, J.-C.; Fu, B.-R.; Wang, T.-W.; Cheng, Y.; Lee, Y.-R.; Chang, J.-C. Design and preliminary results of

a 20-kW transcritical organic Rankine cycle with a screw expander for low-grade waste heat recovery.
Appl. Therm. Eng. 2017, 110, 1120–1127. [CrossRef]

12. Kulkarni, K.; Sood, A. Performance Analysis of Organic Rankine Cycle (ORC) for Recovering Waste Heat
from a Heavy Duty Diesel Engine. SAE Int. 2015. [CrossRef]

13. Lodwig, E. Performance of a 35 HP Organic Rankine Cycle Exhaust Gas Powered System. SAE Int. 1970.
[CrossRef]

14. Mahmoudzadeh Andwari, A.; Aziz, A.A.; Muhamad Said, M.F.; Abdul Latiff, Z. Controlled Auto-Ignition
Combustion in a Two-Stroke Cycle Engine Using Hot Burned Gases. Appl. Mech. Mater. 2013, 388, 201–205.
[CrossRef]

15. Oyeniyi, A.O.; Christos, N.M. Thermo-Economic and Heat Transfer Optimization of Working-Fluid Mixtures
in a Low-Temperature Organic Rankine Cycle System. Energies 2016, 9, 448.

16. Matthew Read, I.S.; Nikola, S.; Ahmed, K. Comparison of Organic Rankine Cycle Systems under Varying
Conditions Using Turbine and Twin-Screw Expanders. Energies 2016, 9, 614. [CrossRef]

17. Nicolas Stanzel, T.S.; Markus, P.; Dieter, B. Comparison of Cooling System Designs for an Exhaust Heat
Recovery System Using an Organic Rankine Cycle on a Heavy Duty Truck. Energies 2016, 9, 928. [CrossRef]

18. Pesiridis, A. Automotive Exhaust Emissions and Energy Recovery; Nova Science Publishers: Hauppauge, NY,
USA, 2014.

19. Piotr, K.; Przemysław, B.; Józef, R. Experimental and Numerical Analyses on the Rotary Vane Expander
Operating Conditions in a Micro Organic Rankine Cycle System. Energies 2016, 9, 606.

20. Reck, M.; Randolf, D. An Organic Rankine Cycle Engine for a 25-Passenger Bus. SAE Int. 1973. [CrossRef]
21. Katsanos, C.O.; Hountalas, D.T.; Pariotis, E.G. Thermodynamic analysis of a Rankine cycle applied on a

diesel truck engine using steam and organic medium. Energy Convers. Manag. 2012, 60, 68–76. [CrossRef]
22. Mavrou, P.; Papadopoulos, A.I.; Seferlis, P.; Linke, P.; Voutetakis, S. Selection of working fluid mixtures

for flexible Organic Rankine Cycles under operating variability through a systematic nonlinear sensitivity
analysis approach. Appl. Therm. Eng. 2015, 89, 1054–1067. [CrossRef]

23. Andwari, A.M.; Pesiridis, A.; Karvountzis-Kontakiotis, A.; Esfahanian, V. Hybrid electric vehicle performance
with organic rankine cycle waste heat recovery system. Appl. Sci. 2017, 7, 437. [CrossRef]

24. Said, M.F.M.; Aziz, A.B.A.; Latiff, Z.A.; Mahmoudzadeh Andwari, A.; Soid, S.N.M. Investigation of Cylinder
Deactivation (CDA) Strategies on Part Load Conditions. SAE Int. 2014. [CrossRef]

25. Andwari, A.M.; Abdul, A.A.; Muhamad, S.M.F.; Abdul, L.Z. An experimental study on the influence of EGR
rate and fuel octane number on the combustion characteristics of a CAI two-stroke cycle engine. Appl. Therm.
Eng. 2014, 71, 248–258. [CrossRef]

26. Ringler, J.; Seifert, M.; Guyotot, V.; Hübner, W. Rankine Cycle for Waste Heat Recovery of IC Engines. SAE Int.
J. Eng. 2009, 2, 67–76. [CrossRef]

27. Shu, G.; Wang, X.; Tian, H. Theoretical analysis and comparison of rankine cycle and different organic rankine
cycles as waste heat recovery system for a large gaseous fuel internal combustion engine. Appl. Therm. Eng.
2016, 108, 525–537. [CrossRef]

28. Shu, G.; Zhao, J.; Tian, H.; Wei, H.; Liang, X.; Yu, G.; Liu, L. Theoretical Analysis of Engine Waste Heat
Recovery by the Combined Thermo-Generator and Organic Rankine Cycle System. SAE Int. 2012. [CrossRef]

http://dx.doi.org/10.1016/j.rser.2016.12.125
http://dx.doi.org/10.4271/2016-01-0234
http://dx.doi.org/10.4271/610065
http://dx.doi.org/10.4271/2005-01-1171
http://dx.doi.org/10.1016/j.applthermaleng.2016.09.047
http://dx.doi.org/10.4271/2015-26-0037
http://dx.doi.org/10.4271/700160
http://dx.doi.org/10.4028/www.scientific.net/AMM.388.201
http://dx.doi.org/10.3390/en9080614
http://dx.doi.org/10.3390/en9110928
http://dx.doi.org/10.4271/730219
http://dx.doi.org/10.1016/j.enconman.2011.12.026
http://dx.doi.org/10.1016/j.applthermaleng.2015.06.017
http://dx.doi.org/10.3390/app7050437
http://dx.doi.org/10.4271/2014-01-2549
http://dx.doi.org/10.1016/j.applthermaleng.2014.06.062
http://dx.doi.org/10.4271/2009-01-0174
http://dx.doi.org/10.1016/j.applthermaleng.2016.07.070
http://dx.doi.org/10.4271/2012-01-0636


Energies 2017, 10, 1087 17 of 17

29. Sprouse, C., III; Depcik, C. Organic Rankine Cycles with Dry Fluids for Small Engine Exhaust Waste Heat
Recovery. SAE Int. J. Altern. Powertrains 2013, 2, 96–104. [CrossRef]

30. Teng, H.; Regner, G.; Cowland, C. Waste Heat Recovery of Heavy-Duty Diesel Engines by Organic Rankine
Cycle Part I: Hybrid Energy System of Diesel and Rankine Engines. SAE Int. 2007. [CrossRef]

31. Brands, M.C.; Werner, J.R.; Hoehne, J.L.; Kramer, S. Vechicle Testing of Cummins Turbocompound Diesel
Engine. NTRS 1981. [CrossRef]

32. Tennant, D.W.H.; Walsham, B.E. The Turbocompound Diesel Engine. SAE Int. 1989. [CrossRef]
33. Wilson, D.E. The Design of a Low Specific Fuel Consumption Turbocompound Engine. SAE Int. 1986.

[CrossRef]
34. Hountalas, D.T.; Katsanos, C.O.; Lamaris, V.T. Recovering Energy from the Diesel Engine Exhaust Using

Mechanical and Electrical Turbocompounding. SAE Int. 2007. [CrossRef]
35. Wang, E.; Yu, Z.; Zhang, H.; Yang, F. A regenerative supercritical-subcritical dual-loop organic Rankine cycle

system for energy recovery from the waste heat of internal combustion engines. Appl. Energy 2017, 190,
574–590. [CrossRef]

36. Zhang, X.; Mi, C. Vehicle Power Management; Modeling, Control and Optimization; Springer: London, UK, 2011.
37. Zhang, X.; Zeng, K.; Bai, S.; Zhang, Y.; He, M. Exhaust Recovery of Vehicle Gasoline Engine Based on Organic

Rankine Cycle. SAE Int. 2011. [CrossRef]
38. Karvountzis-Kontakiotis, A.; Pesiridis, A.; Zhao, H.; Alshammari, F.; Franchetti, B.; Pesmazoglou, I.; Tocci, L.

Effect of an ORC Waste Heat Recovery System on Diesel Engine Fuel Economy for Off-Highway Vehicles.
SAE Int. 2017. [CrossRef]

39. Quoilin, S.; Broek, M.V.D.; Declaye, S.; Dewallef, P.; Lemort, V. Techno-economic survey of Organic Rankine
Cycle (ORC) systems. Renew. Sustain. Energy Rev. 2013, 22, 168–186. [CrossRef]

40. Shu, G.-Q.; Yu, G.; tian, H.; Wei, H.; Liang, X. Simulations of a Bottoming Organic Rankine Cycle (ORC)
Driven by Waste Heat in a Diesel Engine (DE). SAE Int. 2013. [CrossRef]

41. Zhang, J.; Zhang, H.; Yang, K.; Yang, F.; Wang, Z.; Zhao, G.; Liu, H.; Wang, E.; Yao, B. Performance analysis
of regenerative organic Rankine cycle (RORC) using the pure working fluid and the zeotropic mixture over
the whole operating range of a diesel engine. Energy Convers. Manag. 2014, 84, 282–294. [CrossRef]

42. Andwari, A.M.; Pesiridis, A.; Rajoo, S.; Martinez-Botas, R.; Esfahanian, V. A review of Battery Electric Vehicle
technology and readiness levels. Renew. Sustain. Energy Rev. 2017, 78, 414–430. [CrossRef]

43. Yang, F.; Zhang, H.; Yu, Z.; Wang, E.; Meng, F.; Liu, H.; Wang, J. Parametric optimization and heat transfer
analysis of a dual loop ORC (organic Rankine cycle) system for CNG engine waste heat recovery. Energy
2017, 118, 753–775. [CrossRef]

44. Zhou, L.; Tan, G.; Guo, X.; Chen, M.; Ji, K.; Li, Z.; Yang, Z. Study of Energy Recovery System Based on
Organic Rankine Cycle for Hydraulic Retarder. SAE Int. 2016. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4271/2013-01-0878
http://dx.doi.org/10.4271/2007-01-0537
http://dx.doi.org/10.4271/810073
http://dx.doi.org/10.4271/890647
http://dx.doi.org/10.4271/860072
http://dx.doi.org/10.4271/2007-01-1563
http://dx.doi.org/10.1016/j.apenergy.2016.12.122
http://dx.doi.org/10.4271/2011-01-1339
http://dx.doi.org/10.4271/2017-01-0136
http://dx.doi.org/10.1016/j.rser.2013.01.028
http://dx.doi.org/10.4271/2013-01-0851
http://dx.doi.org/10.1016/j.enconman.2014.04.036
http://dx.doi.org/10.1016/j.rser.2017.03.138
http://dx.doi.org/10.1016/j.energy.2016.10.119
http://dx.doi.org/10.4271/2016-01-0239
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Engine Modeling and Calibration 
	Engine Simulation 
	ORC Waste Heat Recovery Modeling 
	Turbocompounding System Modeling 
	Comparison between ORC Heat Recovery and Turbocompounding Systems 
	Conclusions 
	Engine’s Calibrated Parameters at Different Speeds 

