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Abstract: Waste heat recovery is one of the most investigated solutions for increasing the
efficiency of powertrains in the transportation sector. A major portion of thermal energy
is wasted via exhaust gases. Almost one third of fuel energy is lost, and its recovery as
propulsion energy is a promising goal. Moreover, this enables the increased electrification
or hybridization of powertrains, assuming the energy recovered is converted into electri-
cal form and used to fulfill different vehicles’ needs. The present study focuses on a dual-
stage energy recovery system designed to enhance the efficiency of internal combustion
engines (ICEs) in heavy-duty vehicles (HDVs). The system combines a turbocompound
unit for direct heat recovery (DHR) and an organic Rankine cycle (ORC) for indirect heat
recovery (IHR). These technologies aim to exploit waste heat from exhaust gases, convert-
ing it into electrical energy. In this regard, electrical energy can be stored in a battery for
it to be available for the energy needs of powertrains that use hybrid propulsion and for
driving pumps and compressors on board, following recent technologies of auxiliaries on
demand. The proposed setup was modeled and analyzed under off-design conditions to
evaluate energy recovery potential and engine performance impacts. From this point of
view, in fact, any device that operates on exhaust gas introduces a pressure loss, increasing
engine backpressure, whose effect is an increase in specific fuel consumption. An estimate
of this negative effect is presented in this paper based on experimental data measured in a
F1C IVECO™ engine. An average net recovery of 5-6% of engine power has been demon-
strated, with an important prevalence of the turbocompound with respect to the ORC sec-
tion. The results demonstrate the viability of integrating DHR and IHR stages, with impli-
cations for advancing sustainable transportation technologies.
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1. Introduction

Human society has been living in an ecological transition era, where human behav-
iors should be changed to face the climatic emergency. This is mainly related to green-
house gas emissions, which are mostly linked to energy consumption [1]. All economic
sectors are involved, and the transportation sector ranks as the second most energy-inten-
sive one globally, being responsible for approximately 27% of primary energy consump-
tion, largely due to its reliance on fossil-fuel-based propulsion systems [2]. Within this
sector, on-road vehicles for passenger and freight transport account for the largest share,
and these vehicles are currently undergoing a transformative period where traditional
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internal combustion engines (ICEs) are increasingly being accompanied by electric and
hybrid powertrains [3,4]. This shift is significantly altering driving habits, particularly for
private passenger cars, while posing unique challenges for heavy-duty vehicles (HDVs)
used in freight and passenger transit.

This growing awareness of the environmental impact from fuel consumption and
emissions, combined with global carbon reduction commitments shared by international
governments, drives the need for innovative vehicle technologies with reduced environ-
mental impact. Recently, the European Union updated its emission regulations for HDVs
[5,6], and other countries are also setting targets for their transportation sectors to reduce
their environmental impact [7]. In this regard, the full electrification of HDVs remains
challenging in the short term, while strategies that enhance efficiency and lower emissions
without completely abandoning conventional powertrains are essential and can have a
crucial role in this transition period [8]. Alternative fuels [9,10], such as biofuels [11], meth-
anol [12], and e-fuels [13], show promising results, though there are still concerns around
their full life cycle impacts [14]. Hydrogen-fueled ICEs are under exploration as well, lev-
eraging hydrogen as a cross-sector energy carrier [15]. However, challenges related to hy-
drogen’s predominantly fossil-based production and infrastructure development con-
strain its short-term viability. Fuel cell powertrains have also been developed [16], yet
they face similar infrastructure and life cycle hurdles [17].

As a result, the most promising technologies for HDVs are those that reduce fuel
consumption with minimal costs and ease of integration into existing systems. HDV ICEs,
which are less impacted by transient driving phases, already exhibit high efficiency, mak-
ing further improvements particularly challenging. Among the various approaches, waste
heat recovery (WHR) for both conventional and hybrid powertrain applications has drawn
significant attention, where recovered energy can be stored in batteries and made available
for use in auxiliary electrification [18,19]. For instance, in the US Supertruck program, waste
heat recovery (WHR) systems are being considered to achieve engine efficiency targets; in
the third stage of the program, the electrification of all sizes of HDVs was proposed [20].

Waste heat recovery for ICEs can be achieved via two main methods: direct heat re-
covery (DHR) and indirect heat recovery (IHR) [21]. DHR uses exhaust gases directly as
the working fluid, often incorporating an additional turbine in the exhaust system, also
known as turbocompounding [22]. This approach offers substantial power recovery, and
different applications in marine and heavy-duty engines have been developed [23,24]. In
mechanical turbocompounding, the secondary turbine is mechanically coupled to the en-
gine crankshaft, often through a gearing system. This setup transfers the recovered energy
directly to the engine, increasing the overall power output without additional fuel con-
sumption [25,26]. On the other hand, electrical turbocompounding involves coupling the
secondary turbine to an electrical generator instead of the crankshaft. The electricity pro-
duced by the generator can be used to power other engine systems, stored in a battery, or
used to drive an electric motor in hybrid powertrains. This approach increases flexibility
and can improve overall system efficiency, particularly in hybrid and electric vehicles
[27,28]. The integration of a turbocompound into engine systems is very important, since
the major disadvantage of this technology is increased exhaust backpressure, which re-
sults in higher pumping loss in the engines [29]. The additional turbine efficiency plays
an important role, in particular if a conversion chain into electrical form is considered [30].
Moreover, the opportunity to have variable-geometry and variable-speed turbines allows
for a more efficient turbocompound in different operating conditions [31,32]. An inte-
grated control strategy for injection and valve timing, combustion, boosting, and exhaust
heat exploitation can solve related issues [33] under certain operating conditions. In addi-
tion, advancements such as the inverted Brayton cycle (IBC) have been proposed, enabling
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sub-atmospheric pressure expansion but with increased complexity due to additional
components (compressor and large cooler) [34-36].

In contrast, IHR employs a separate working fluid, enabling the use of various engine
heat sources beyond exhaust gases, such as coolant and oil. Organic Rankine cycles
(ORCs) are commonly used for IHR, where an organic fluid transforms waste heat into
mechanical energy, performing a Rankine thermodynamic cycle [37-39]. ORC units are
under extensive consideration for energy recovery due to their reliability, adaptability,
and stable performance [40]. Despite these benefits, the frequent and wide fluctuation of
the waste heat (i.e., exhaust gases) involves considerable challenges for the control of
ORC-based units under dynamic conditions [41]. Indeed, although prototypes exist, mar-
ket adoption has been limited by the low efficiency and challenges of off-design perfor-
mance. Proposed solutions for improving ORC efficiency include more complex circuits
with regenerative branches and secondary loops [42], as well as cascade cycles with su-
percritical CO2 [43,44] and expander supercharging [45,46], though the expander remains
a critical component [47,48].

In this study, a combined waste heat recovery system is introduced. A supplemen-
tary turbine is added to the exhaust line of a turbocharged ICE downstream of the turbo-
charger. This component is integrated with an engine model to assess power recovery
under off-design conditions. Additionally, the impact of increased backpressure on en-
gine performance, which may cause higher fuel consumption or lower torque, is evalu-
ated against the power recovered through turbocompounding. The results also consider
the implementation of a second IHR downstream of the DHR turbine, based on an ORC
system. The ORC is represented with an experimentally based model that is able to catch
the real performance of the recovery unit under several exhaust gas conditions (tempera-
ture and mass flow rate). The feasibility of the dual stage is demonstrated under several
engine working points, and the overall energy recovery is assessed. The model is applied
to the exhaust gases of a turbocharged diesel engine (IVECO™ F1C engine) that has been
extensively tested on an engine test rig, in steady and unsteady conditions. The testing
activities measured all the parameters (flow rate, temperature, and pressure) that charac-
terize the exhaust line of the referenced engine. The experimental activity also involved
the evaluation of the effect of the pressure increase at the exhaust produced by the devices
related to DHR and IHR. This is the case with the turbocompounding unit itself and the
heat recovery vapor generator (HRVG). The turbocompounding section is the most im-
portant in terms of power recovered: it accounts for 75-80% of the overall power, which
is on average 9-10% of the engine power in a specific test case. The final net power recov-
ered, considering the engine loss due to the backpressure effect, is about 5-6% of the en-
gine power in the operating region considered.

2. Materials and Methods

The layout for the energy recovery section is shown in Figure 1. A reference engine,
namely, IVECO™ F1C 3.0 L present on a test bench in the ICE lab of University of L’ Ag-
uila, was selected for preliminary data collection and model development [49]. In its cat-
egory, it is a reference engine, since it equips some light commercial vehicles and also
military and marine vehicles. It has a variable-geometry turbocharger, which allows for a
wide operating range and the possibility for the engine to be adapted to different vehicle
platforms. Indeed, in the ECU, it has two different settings, for light-duty and heavy-duty
vehicles, demonstrating the high flexibility and range of operation. Regarding efficiency,
this falls into the category of common diesel engine vehicles (20-35%), and therefore, the
same considerations apply for waste heat availability (i.e., exhaust temperature and mass
flow rate), which is roughly one third of the fuel power. This engine has been widely
tested in previous works [34,49]. The engine test bench is a dynamic one, with the



Energies 2025, 18, 623

4 of 20

possibility of measuring all the relevant engine parameters. The engine room was envi-
ronmentally conditioned in order to keep the testing conditions in a suitable range to as-
sure the repeatability of the tests.

To maintain the proper operating temperature for these components, the recovery
section can be positioned downstream of the turbocharger and aftertreatments. The refer-
ence temperature, pressure, and mass flow rates of the engine are presented in the follow-
ing sections and are used as boundary conditions for designing the auxiliary turbine [29].
After sizing the auxiliary turbine (Tax), it was analyzed under off-design conditions to
explore all operating points of the engine, and the final energy recovery was assessed. At
the same time, the ORC section was placed downstream of the turbocompound section. It
has previously been properly studied thanks to an experimentally validated model in off-
design conditions [50].
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Figure 1. Layout of the recovery system proposed.

The model integration began with the engine exhaust data, particularly exhaust mass
flow rate, pressure, and temperature, which were used as boundary conditions for the
first stage of recovery, namely, the turbocompound. This submodel can be solved to assess
the electric power recovered and the downstream exhaust temperature. These data, along
with the exhaust mass flow rate, are needed to solve the second-stage ORC model. The
final net electric power was calculated and compared to the estimation of the engine
power loss in relation to the backpressure produced by the turbocompound.

The flow diagram in Figure 2 outlines the interactions between the engine exhaust
parameters and the recovery system components. It captures the dynamics of exhaust
flow, temperature, and pressure, serving as basis for the computational model used in
analyzing system performance under various operational conditions.
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Figure 2. Flow diagram of the model developed.

2.1. Direct Recovery Modeling

The direct heat recovery section was developed by deriving a radial auxiliary turbine
from the existing one of the engine [29]. Indeed, the same mass flow rate crossed the aux-
iliary turbine in series with the turbocharger one. Only thermodynamic conditions should
be adapted to properly size the turbocompound. A map-based approach was utilized,
where the performance of the turbine is represented in terms of reduced mass flow rate,
pressure ratio, rotational speed, and efficiency (Equation (1)).

VTexh
Myreqa = Mexn p;:;
_ DPexh
BTC Pout,TC (1)

Mexh(hexh—hout,TC)
Mexh(Rexh—hout,ad,TC)

Nre =

Figure 3 depicts the performance characteristics of the auxiliary turbine, showing its
efficiency and output across varying operational conditions. It provides insights into the
turbine’s adaptability to changes in exhaust mass flow and temperature, which are critical
for maintaining energy recovery efficiency without adversely impacting engine perfor-
mance. The pressure ratio values did not exceed 1.9, since the device was placed in the
very last part of the exhaust line, close to the exhaust outlet. This is also important for
reducing the backpressure effect as much as possible, which reduces the efficiency of the
engine, increasing pumping losses. Rotational speed assumes characteristic values for
small radial turbines in the automotive sector, the maximum value being around 110
kRPM. This parameter was considered freely variable during operation in order to opti-
mize efficiency: the rotational speed can be seen as the regulating parameter of the turbo-
compound. The range of operation as shown in Figure 3 suggests the use of a conventional
radial turbine, very similar to that of the turbocharger, mainly scaled to match the ther-
modynamic inlet quantities. The overall efficiency is in the range between 50 and 70% for
most parts of the operating region of the turbocompound, with a maximum value of about
73%. However, the size of the turbocompound is a legitimate issue, since it influences the
specific performance of the turbine, backpressure effect, final recovery, as well as the tech-
nological constraints of having a high-speed electrical generator. Hence, the correct sizing
of the turbocompound could enhance or reduce the energy recovery from the first section.
However, the use of similarity theory (reduced mass flow rate, pressure ratio, and ther-
modynamic speed as in Figure 3) can ensure the scalability of the component.
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Figure 3. Characteristic map of the auxiliary turbine considered for the direct heat recovery stage.

An electric conversion section should be considered, since the energy recovery will
be likely converted into electrical form to be utilized on board for vehicle auxiliaries or to
be stored in a battery.

Figure 4 demonstrates the efficiency of an electric generator across different load con-
ditions, based on experimental values of a specific machine for high-speed devices (up to
100 kRPM) [51]. The reported efficiency considers both the thermodynamic-to-mechanical
conversion and the mechanical-to-electrical one, as this concerns a single device (an elec-
tric generator coupled to a radial turbine). Understanding this efficiency curve is pivotal
for evaluating the net energy conversion rates and the overall feasibility of the direct re-
covery system, as the generator performance directly affects the energy output.

85

80

751

electromechanical efficiency [%)]

2 4 6 8 10
rotational speed [RPM] x10*

Figure 4. Electromechanical efficiency of the electric generator coupled to the turbocompound [51].

Figure 5 shows the relationship between the backpressure introduced by the auxil-
iary turbine and the resultant engine power losses. This visualization is crucial for balanc-
ing energy recovery benefits against potential drawbacks such as increased pumping
losses, which could compromise overall engine efficiency if not carefully managed. A spe-
cific experimentally based approach has been considered, which quantifies the reduction
in engine efficiency and the increase in engine specific consumption in relation to the
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pressure rise in the exhaust line produced by the presence of the turbocompound [29].
Indeed, the additional turbine is seen as an additional pressure drop by the engine, and
this effect produces increased pumping work in the indicated cycle. In order to keep the
same power output, the engine control unit should increase the fuel rate, which, in turn,
increases the specific fuel consumption (ASFC). The possible mitigation of the variable-
geometry turbine control strategy, which controls the air/fuel ratio, has been also inte-
grated in this approach [34]. The backpressure value of Figure 5 is related to the pressure
ratio of the turbocompound (Figure 3).

121 4
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Figure 5. Backpressure effect map: percentage engine power loss in relation to the increase in the back-
pressure produced and engine exhaust pressure (downstream of the turbocharger—-turbocompound

inlet section).

2.2. Indirect Heat Recovery Section

The indirect heat recovery section includes an ORC (organic Rankine cycle)-based
unit, which is represented by an experimentally validated model. This model was devel-
oped using a combined zero-dimensional (0D) and one-dimensional (1D) approach
[52,53]. The primary flow paths were modeled as single ducts and manifolds, where en-
ergy, momentum, and continuity equations were solved numerically using a discretized
approach. For each component, scalar properties such as pressure, temperature, density,
internal energy, and enthalpy were assumed to be uniform within each sub-volume, while
vector variables like mass flow rate, velocity, and mass fractions were calculated at the
boundaries. The 1D conservation equations were solved using an implicit numerical
method [52]. The thermodynamic properties of the organic fluid were obtained from the
NIST Refprop™ database [54].

The key components of the system include the pump (Section 1-2 in Figure 6), the
evaporator (Section 2-3 in Figure 6), the expander (Section 3—4 in Figure 6), the condenser
(Section 4-1 in Figure 6), and a 3 L tank serving as a receiver upstream of the pump. These
components form the boundary conditions for the connecting pipes and are modeled ac-
cordingly. Specifically, the pump and expander are treated as lumped objects, while the
heat exchangers are divided into multiple sub-volumes using a staggered grid approach
[55]. The pump is a gear rotor type, while the expander is a scroll one [56], which ensures
high flexibility of operation, reliability, and easiness of maintenance. The evaporator uses
the exhaust gas energy to heat, vaporize, and superheat the organic working fluid (R245fa
in the experimental apparatus), which operates at the maximum pressure level (porc,max).
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On the other hand, in the condenser, the cold source is represented by the water flow
available on board at a suitable temperature (40 °C [49]), and consequently, the condens-
ing pressure (porcmin) was determined. A model-based control was introduced to optimize
the behavior and to preserve the integrity of the working fluid [50].

550 | |
] Hot Source
Cold Source
500 —} == Organic Fluid exhaust gas
g —
0 450 —
2
© _
8400
5
L ]
350
. 2 /
an | did source
300 : — : e
1 1.2 1.4 1.6 1.8 2

Entropy Flux [kW/K]

Figure 6. An example of an entropic diagram of an ORC with hot and cold sources, highlighting the
minimum and maximum operating pressures of the ORC unit. Dashed line is the saturation curve
of the organic fluid (R245fa)

The ORC model, then, was completed with calculations of the main result parame-
ters, as in the systems of Equation (2). The heat recovered, Qr, is calculated from the ex-
haust gas side, where the exhaust inlet temperature at the evaporator, Tewm,in, is the one
exiting from the turbocompound and resulting from the specific submodel. Hence, the
organic working fluid mass flow rate, s, and, consequently, all the thermodynamic pow-
ers exchanged across components (pump, expander, and condenser), can be calculated.
The electric power absorbed by the pump, Ppumpa, and delivered by the expander, Pexp.a,
was evaluated knowing the values of the overall electric efficiency of the two components
(Nexp and 1pump). The ORC thermodynamic cycle efficiency, 1, was evaluated as well to
have an idea of the thermodynamic behavior of the recovery unit. The net power recov-
ered, Puorc, was evaluated considering the electrical values to have the final power that
can be used for vehicle purposes or stored in a battery.

Qrec = MexhCp,exh (Texh,in - Texh,out)
_ Qrec

m. . =
wf hz—h;

Pexp,el = mwf(hS - h4)nexp
Ppump,el = Mmyyr (hz - hl)npump

_ (hz=h4)—(hy—hy)
ncycle - ha—hs

2)

Pu,ORC = Pexp,el - Ppump,el

The model was experimentally validated under dynamic working conditions [53]. In
particular, the model was able to reproduce the ORC-based power unit’s transient behav-
ior for a step variation in ICE operating conditions (torque and speed). It was found that
the model is able to reproduce, with good accuracy, the time evolution of the main oper-
ating quantities (maximum pressure and temperature) and plant performance. It was
found that the absolute standard deviation of the maximum pressure and temperature
equals 0.1 bar and 0.11 °C, respectively, within the experimental uncertainty range. For
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what concerns the power produced by the plant, the root-mean-square error is equal to 7
W. More details about the experimental validation section can be found in [50,53].

The plant control is based on the regulation of the working fluid mass flow rate,
which is the main regulating parameter for the plant as observed in [55]. In fact, for the
adopted plant layout, the expander speed is not externally imposed but depends on the
dynamic equilibrium between the driving and resistant torque. It was found that a pro-
portional regulation takes place between the working fluid mass flow rate and expander
maximum pressure. Such a relation depends on the plant’s permeability, which explains
the capability to be crossed by the working fluid. The lower the permeability, the larger
the expander pressure is for a given working fluid mass flow rate sent by the pump. Per-
meability can be used as the base for a proportional regulator to modify the pump speed,
and consequently the working fluid mass flow rate, to achieve the desired value of maxi-
mum pressure [57]. This value was evaluated according to the heat source conditions
(temperature and working fluid mass flow rate). Indeed, through the energy conservation
equation, the working fluid mass flow rate ensuring a superheating degree at the ex-
pander inlet close to 20 °C was evaluated (in optimal expander inlet conditions). The
working fluid mass flow rate was refined through proportional feedback regulation based
on the linear relationship between maximum pressure and working fluid mass flow rate.
The control section ensures that the temperature does not exceed the fluid chemical de-
composition value, which is set at 160 °C. This does not represent an issue for the compo-
nents’ material, since the temperatures of both exhausts and organic fluid can be compat-
ible with common materials for heat exchange (steel, cast iron, etc.).

Thanks to a detailed model of the unit developed in a GT-Suite® environment [53],
the automatization of the control system was assessed, and the difference between this
and the case in which no control action was adopted was analyzed. It was found that, for
a sequence of sudden variation in hot source conditions, the controlled ORC-based power
unit can keep the maximum temperature below 160 °C (decomposition limit). In fact, an
uncontrolled ORC plant cannot satisfy this issue. Moreover, the control system prevents
a situation in which the two-phase working fluid is processed by the expander. As a mat-
ter of fact, a superheating degree close to 20 °C is ensured, leading to a stable power pro-
duction between 1 and 2 kW, with a corresponding efficiency of 4-6% under severe tran-
sient conditions.

Figure 7 illustrates the operating parameters of the ORC unit, emphasizing the cor-
relation between the evaporating pressure, porcma, and the fluid mass flow rate, m.r. These
parameters are instrumental in describing the real hydraulic behavior of the ORC circuit
and in optimizing the control strategy for maximum energy recovery efficiency.

N
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Figure 7. Evaporating pressure of the ORC unit and mass flow rate of the organic fluid implemented

in the model.
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Figure 8 shows the organic fluid mass flow rate muy as a function of the heat recovery
capabilities Qr.c of the ORC system. It demonstrates how adjustments in fluid circulation
can directly influence the system’s ability to harvest waste heat effectively. The trend is
almost linear, with a maximum mass flow rate of 170 g/s corresponding to thermal power
recovered close to 45 kW.

160 ]

140 q

120 b

ORC mass flow rate [g/s]

40 ]

20 1 1 1 1 1 1 1 1 - |
5 10 15 20 25 30 35 40
Heat recovered [kW]

Figure 8. Relationship between the organic fluid mass flow rate and the heat recovered, Qre, from

the ICE’s exhaust gases.

Figure 9 presents the thermodynamic cycle efficiency, e, of the ORC system in re-
lation to the temperature and mass flow rate of exhaust gas entering the evaporator. The
data underline the importance of inlet conditions in achieving peak cycle performance,
which is strictly related to ORC pressure levels. Values up to 12-13% were obtained,
demonstrating also the optimization of the control strategy proposed.

540 F ]

[ ORC cycle efficiency [%] |

520 .

500 \ .
\ =2}

a0 & | .

460 | .

420

Exhaust gas temperature [°C]

400 !

R
=}

380 = ]
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Exhaust mass flow rate [g/s]

Figure 9. Resulting ORC thermodynamic cycle efficiency as a function of the inlet temperature and

the mass flow rate of the exhaust gases in the evaporator.
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3. Results

This modeling approach has been used to assess the overall performance of dual-
stage waste heat recovery bottomed to an existing turbocharged diesel internal combus-
tion engine. Hence, the turbocompound is directly bottomed to the exhaust section of the
turbocharger, while the ORC unit is placed downstream of the turbocompound. Each sub-
section has been considered in the results, before combining the two values of power re-
covered and comparing them with the estimated engine backpressure losses.

Figure 10 quantifies the electrical power generated through the turbocompound sys-
tem under various exhaust operation scenarios. It is above 12 kW, mainly increasing with
exhaust mass flow rate.

560 F T T T T T T T T | m—

540 |-
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480

460

TC inlet temperature [°C]
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380 | [ TC electrical power [kW] |

L ! I L I L L I I !

20 40 60 80 100 120 140 160 180 200
exhaust mass flow rate [g/s]

Figure 10. Final electrical power recovered from the direct heat recovery stage (TC: turbocompound).

Figure 11 emphasizes the backpressure produced by the presence of the turbocom-
pound in the exhaust line [29]. In fact, any component placed in the exhaust line would
be an “obstruction” for the exhaust to overcome. This produces an increasing value of the
engine exhaust pressure, which reduces the engine efficiency. In reality, the evaporator of
the ORC bottomed to the turbocompound also produces pressure drops in the exhaust
side. However, if a proper technology is considered, this effect can be neglected with re-
spect to that of the turbocompound. The values of Figure 11 derive from an experiment
conducted on the reference engine. They depend on inlet pressure and the rotational
speed of the turbocompound, which reaches 110 kRPM. An optimized control strategy for
this parameter can reduce this detrimental effect [33].
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Figure 11. Increase in backpressure produced by the auxiliary turbine (turbocompound) in the en-

gine exhaust line.

The temperature of exhaust gases exiting the turbocompound stage reveals the resid-
ual heat available for the ORC unit. It is related to the enthalpy drop across the auxiliary
turbine and, thus, the mechanical power recovered, as well as the engine exhaust temper-
ature (i.e., the turbocompound inlet one). This information is valuable for assessing the
compatibility and integration potential of the dual recovery stages (Figure 12), and it is
used as boundary condition for the bottomed ORC unit.
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Figure 12. Temperature of the exhaust gas downstream of the turbocompound; this heat is then

available for the second (indirect) heat recovery stage.

Once the temperature and mass flow rate of the exhaust gases exiting from the first recov-
ery stage are evaluated, the second stage (ORC unit) can be considered and its performance cal-
culated.



Energies 2025, 18, 623

13 of 20

Figure 13 highlights the ORC system’s ability to recover heat as a function of exhaust
gas parameters. It underscores the interplay between gas temperature, mass flow rate, and
the heat recovered in the evaporator, guiding the final net recoverable power of the second
stage. Up to 40 kW of thermal power is recovered, increasing with exhaust mass flow rate
and temperature, as expected.
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Figure 13. Heat recovered by the ORC unit as a function of the temperature and mass flow rate of

exhaust gases entering the evaporator.

Therefore, the net power output of the ORC unit can be calculated and is represented
in Figure 14. Its value approaches 2 kW in optimal conditions (higher mass flow rate and
temperatures). This is an experimentally based value and considered the total conversion
efficiency of the thermal machines (pump and expander) in terms of conversion into and
from electrical form, as well all the circuit constraints related to hydraulic permeability
and the effectiveness of the heat exchangers. Indeed, the maximum net overall efficiency,
calculated as the ratio between the net electrical power and the heat recovered, is approx-
imatively equal to 5%, compared to a thermodynamic cycle efficiency of 13% (Figure 9).
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Figure 14. Final net ORC electrical power as a function of temperature and mass flow rate of exhaust
gases entering the evaporator.
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Finally, the two-stage energy recovery model was applied to the reference turbo-
charged diesel engine, whose exhaust data have been used to trigger the model and eval-
uate the final recovery. Twelve engine working points were explored (Table 1), represent-
ing different engine torque and revolution speeds [49].

Table 1. Engine working points considered for assessing dual-stage energy recovery.

Engine Speed Engine Torque Engine Power Mexh Texh Pexh
RPM Nm kW g/s °C bar
2175 400.2 91.2 122.9 501.9 1.279
2175 200.1 45.6 69.8 480.0 1.134
2175 300.15 68.4 92.1 519.7 1.235
2175 100.05 22.8 49.3 350.8 1.161
2750 200 57.6 114.0 432.6 1.299
2750 300 86.4 138.1 493.3 1.295
2750 400 115.2 157.5 553.2 1.310
2750 100 28.8 93.9 380.3 1.281
3325 365.2 127.2 181.8 619.7 1.394
3325 91.3 31.8 116.9 442.1 1.369
3325 273.9 95.4 159.9 548.8 1.372
3325 182.6 63.6 136.0 485.8 1.336

The total recovered power is above 14 kW at maximum engine power. Figure 15 re-
ports the overall power recovered as a function of the reduced mass flow rate, which is a
parameter that considers all the quantities of exhaust at the same time (i.e. mass flow rate,
temperature, and pressure). The turbocompound electrical power recovered ranges from
1 to 12 kW, increasing almost linearly with the reduced mass flow rate of exhaust gases. On
the other hand, up to 3 kW of ORC net electrical power is recovered. The graph demon-
strates that the ORC accounts for about 20-25% of the overall power recovered, highlighting
the possible fundamental role of the turbocompound in the dual-stage recovery.
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Figure 15. Resulting electrical power recovered from the dual-stage recovery system and break-
down with the turbocompound and bottomed ORC sections. Reduced mass flow rate is calculated

in turbocompound inlet conditions.
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Figure 16 shows the percentage of total energy recovered from the engine power
compared to the power loss introduced by the backpressure’s effect on the engine itself,
as calculated through the map-based model of Figure 5. For almost all the working regions
considered, the recovered power (orange circles in Figure 16) is higher than the power
loss in relation to the backpressure (yellow circle). The gross overall energy recovery,
without considering the backpressure effect, is on average equal to 9-10% in the operating
region of the engine. The backpressure effect accounts for about 3-4% in most of the en-
gine working points. The average net power recovery can be estimated to be 5-6%, with
a peak of 10% in the working points with the highest revolution speed. Similar figures
apply for carbon dioxide emission: considering that an average value of 224 gco./kWh can
be considered for the reference engine, a mean value of 11-12 g co./kWh saved can be
stated.

The engine loss does not consider the possible energy reduction related to the elec-
trification of auxiliaries (engine cooling pump, lubrication oil pump, cabin conditioning,
etc.), which are mechanically linked to the engine, taking power from it. These auxiliaries,
in the progressive electrification of the powertrain, can be electrically driven by the recov-
ered electrical energy from the turbocompound and ORC unit. In this way, the specific
fuel consumption reduction shown in Figure 16 is underestimated.
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Figure 16. Comparison on the engine map of the total electric power recovered and estimated engine

power losses in relation to the backpressure increase (F1C 3.0 1 turbocharged diesel engine).

4. Conclusions

The transportation sector is undergoing an intense technological evolution focused
on decarbonization, as is happening for all other sectors that make use of fossil fuels.
However, the path to be followed is more complex than that in other sectors. In fact, in
order for different solutions to be feasible, they must align with all the other dimensions
of sustainable development, such as the social dimension, considering that the ICE pro-
duction sector is prevalent in many other economic sectors. Waste heat recovery, in light-
and heavy-duty engines, is one of the most investigated solutions, since it can be easily
implemented on board without significant changes in the powertrain while also ensuring
effective increases in efficiency and paving the way to the increased electrification and
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hybridization of the vehicle system. It also requires components that reinforce existing
production chains, giving support to the important thermomechanical sector.

The integration of a dual-stage waste heat recovery system, comprising a turbocom-
pound and a bottomed organic Rankine cycle (ORC), has been proposed and studied us-
ing a model-based approach that considers experimental data for validation and bound-
ary conditions, demonstrating significant and realistic potential for improving the effi-
ciency of internal combustion engines. This study highlights the ability of the turbocom-
pound to achieve high potential recovery over different engine exhaust boundary condi-
tions (mass flow rate, temperature, and pressure). The increase in backpressure produced
by the additional turbine is not negligible. For this reason, its effects on the pumping losses
and the increase in specific fuel consumption produced in the engine have been estimated.
The ORC-based unit, bottomed to the turbocompound, downstream in the exhaust line,
can further increase the energy recovered, maintaining the gases at high temperatures
and, thus, enthalpy, also after crossing the additional recovery turbine. Both energies re-
covered are considered in electrical form to maximize its exploitation after the battery
storage section, while also considering conventional hybridized powertrains. This also
opens the door to wider electrification, for instance, in auxiliary and ancillary components,
reducing once more the energy needed for the powertrain.

In the engine working points considered, which cover a wide operating region of the
engine itself, the recovered turbocompound electrical power ranges from 1 kW to 12 kW,
while the ORC electrical net power is up to 3 kW, with a total recovered power that is
above 14 kW in the highest conditions. The gross overall power recovered can be esti-
mated to be about at 9% of the power of the turbocharged diesel engine used as a refer-
ence, in its operating region (torque vs. speed). The turbocompound recovers a substantial
portion of the energy, contributing up to 75-80% of the total power recovered. Despite the
backpressure effects, which increase the engine power by 3—4% in most operating points,
the overall system achieves a net energy recovery of 5-6% in the engine power output.
Similar figures apply to the carbon dioxide emissions prevented, and an average saving
of 11-12 gco:/kWh has been estimated in the engine working region considered. This is
also a very significant value from an economic point of view, since each gram exceeding
the international target represents a penalty for the vehicle manufacturers. The cost of the
dual-stage system, on the other hand, would not be excessive, since the additional turbine
is of the same technology of a conventional turbocharger, and the ORC components (heat
exchangers, machineries, fluids, and piping) can be easily derived from other sectors (e.g.,
refrigeration and cabin air conditioning). Therefore, the cost/benefit ratio, including the
cost avoided for the CO: saved, will be positive.

An integrated control strategy that optimizes in a holistic way the efficiency of the
engine, including backpressure reduction and the power recoverable from the dual-stage
system, could also further increase recovery in a wider operating region. These findings
underline the feasibility of adopting such advanced recovery mechanisms to enhance fuel
efficiency and reduce greenhouse gas emissions, offering a promising pathway toward
more sustainable transportation technologies during this ecological transition era.
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