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ABSTRACT

Hard-to-electrify transportation systems, such as heavy-duty vehicles, still rely on thermal engines because of
their high energy demands, which current battery technologies cannot yet meet. In this context, waste heat
recovery (WHR), combined with electrification and the adoption of carbon-neutral fuels, represents a key
strategy to enhance efficiency and reduce emissions.

The IRIDESCENT project (“biodlesel hybRID Electric buS with waste heat reCovEry aNd sTorage”) aims to
exploit synergies among hybridization, WHR, and biodiesel use to achieve carbon neutrality and mitigate cold-
start emissions in heavy-duty vehicles. Within this framework, the present study proposes a WHR system that
integrates Organic Rankine Cycles (ORCs) with Phase Change Materials (PCMs) to buffer thermal fluctuations,
thereby enabling extended ORC operation under variable load conditions.

The design and off-design analyses of the proposed advanced WHR system are carried out using real-world
data. A comprehensive dataset of 28 real driving trips acquired from a heavy-duty vehicle is analyzed to cap-
ture the variability of exhaust gas temperature and flow rate under dynamic conditions. A quasi-static engine
model combined with a frequency-domain analysis, based on a modified rectangle criterion, is employed for the
WHR design.

For the ORGC, a sensitivity analysis is performed considering different configurations and working fluids. At the
same time, a novel optimization method is developed to determine the optimal melting temperature of the PCM,
identifying potassium nitrate (KNO3) as the most suitable material. Results show that PCM integration enhances
ORC efficiency by up to 18.5% and WHR efficiency by up to 11.3%, while maintaining a utilization factor above
96%, thus confirming its effectiveness under dynamic driving conditions. The regenerative ORC configuration
with R245fa and PCM integration achieved the best performance, demonstrating the feasibility of a compact,
lightweight WHR system for sustainable heavy-duty transportation.

1. Introduction

expected to remain in operation for many years.

Environmental regulators have steadily tightened HDV emission
standards over the past decade. The Euro VI standard (in effect since
2013) mandated advanced aftertreatment systems, dramatically

Heavy-duty vehicles (HDVs), such as trucks and buses, account for
approximately 25% of CO; emissions from road transport in the Euro-
pean Union, despite being a small share of the road vehicle fleet. To
address this, the European Commission has recently established two sets
of COy emission limits, covering both hot and cold conditions. Under
these regulations, new large trucks must reduce their CO5 emissions by
30% compared to current levels, with an interim target of 15% by 2025.
Identifying effective strategies to mitigate environmental impacts is
urgent, especially since HDVs entering the market before 2035 are
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reducing allowable NOy and PM. However, real-world tests revealed
challenges in controlling emissions during cold-start and low-load op-
erations, when exhaust aftertreatment is least effective [1]. In response,
upcoming Euro VII regulations are being formulated with even stricter
limits, including dedicated provisions for cold-start emissions and urban
driving conditions [2].

Meeting these goals is challenging with current diesel engine tech-
nology. Even modern heavy-duty diesel engines achieve a brake thermal
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Nomenclature

Symbols

A Heat exchanger area m?
Cp Specific heat capacity kJ/kg K
At Time interval s

E Energy kJ

n Efficiency —

k Thermal conductivity

A PCM latent heat kJ/kg
m Mass kg

m Mass flow rate kg/s

n Engine speed rpm

Nu Nusselt Number —

P Power kW

p Density Kg/m®

Q Thermal power kW

T Temperature °C

U Heat Exchange Coefficient W/m?K
Vv Velocity m/s
Subscripts/Superscripts

act Actual quantity admitted to the system (after regulation)
aux Auxiliary

e expander

exh Exhaust

el Electric

em Electro-mechanical

gb Global

filt Filtered

F Fuel

in Inlet

is Isentropic

log Logarithmical
max Maximum

melt Melting

min Minimum

of Organic Fluid
out Outlet

nom Nominal load
part Partial load

pc Pseudo-Critical
p Pump

Pr Prandtl number
Re Reynolds number
SIM SIMPLE

th thermal

t Traction

tot Total

Acronyms

HDV Heavy Duty Vehicle
HEX Heat Exchanger

HRVG  Heat Recovery Vapor Generator
ICE Internal Combustion Engine
IHE Internal Heat Exchanger

OBD On-Board Diagnostics
ORC Organic Rankine Cycle
PCM Phase Change Material
PHE Plate Heat Exchanger

PM Particulate Matter

STHE Shell-and-tube

TES Thermal Energy Storage

TORC  Transcritical Organic Rankine Cycle

WHR Waste Heat Recovery

efficiency of at best 43-46% [ 3], meaning that well over half of the fuel’s
energy is lost as waste heat. A substantial portion of the fuel energy
(typically 20-30% or more) is lost from the engine in the form of high-
temperature exhaust gases [4], with additional energy being lost to the
engine coolant and other thermal losses. These inefficiencies not only
waste fuel (increasing CO, emissions) but also represent an opportunity.
If some of this waste heat can be recovered and converted to useful work,
the overall vehicle efficiency can be improved. Indeed, effective recov-
ery of HDV waste heat is identified as a key strategy for meeting
increasingly stringent fuel economy and CO, standards [5].

Heavy-duty vehicles belong to the so-called “hard to electrify”
transportation systems, where thermal engines are not expected to be
banished in the near future, and achieving carbon neutrality will require
adopting biofuels and e-fuels. Therefore, waste-heat recovery remains
relevant to HDVs.

WHR with an Organic Rankine Cycle is a viable solution for con-
verting residual thermal energy into mechanical or electrical power [6],
either back to the drivetrain or to vehicle auxiliaries. ORC can achieve
net efficiencies of up to 8% [7]. However, implementing ORC systems in
transportation poses challenges due to space constraints and system
complexity.

The ORC is a mature technology capable of transforming low- to
medium-temperature heat sources into usable work or electricity. Yang
et al. [8] analyzed the performance of a subcritical ORC system in a fully
loaded heavy-duty truck and reported fuel economy improvements
ranging from 4.48% to 7.52% under various driving conditions. Simi-
larly, Zhao et al. [9] conducted simulations using real-world driving
cycles from Europe, the U.S., and China, finding reductions in fuel
consumption of 2.5%, 3.1%, and 3.4%, respectively, depending on the

region-specific cycle characteristics.

The recovered energy can be converted either into mechanical
power, transmitted to the crankshaft, or into electrical power via a
generator. Possible uses of the electrical output include powering
auxiliary loads (e.g., a radiator fan or an air conditioning compressor) or
charging the battery in hybrid electric configurations (Mahmoudzadeh
et al. [10]). Thantla et al. [11] explored a dual-loop ORC configuration
and found that it not only enhanced thermal efficiency but also
improved adaptability to dynamic engine load conditions, a critical
feature for real-world operations. In fact, in the application of HDVs, the
WHR system design must accommodate several constraints, including
limited installation space, fluctuating thermal loads from exhaust gases,
and the need for robust, autonomous operation. Conventional ORC adds
extra components, such as heat exchangers, a working fluid circuit, an
expander, a condenser, and a pump, which increases the vehicle’s
weight and complexity. This added mass can partly offset the efficiency
gains by increasing the vehicle’s fuel consumption; for example, a re-
view found that ORC components, which increase system weight by
about 10%, can measurably deteriorate overall fuel economy [12].
Moreover, the thermal operating profile of a vehicle engine is highly
dynamic, including engine load and exhaust heat flow that can fluctuate
rapidly with driving conditions (such as accelerations, decelerations,
and idle periods). Fast changes in exhaust temperature or flow can lead
to inefficient operation or even necessitate bypassing the ORC to protect
it [13]. During sudden drops in engine load, a traditional ORC may not
ingest sufficient heat to sustain vaporization, leading to a decrease in
expander power or premature condensation of the working fluid. At very
low loads or during engine warm-up, exhaust gas temperatures can be
below the ORC’s minimum operating range, rendering the WHR system
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inactive exactly when the engine is least efficient.

The sizing of the WHR can be performed with several methods. In
heavy-duty applications, sizing is usually performed by considering
highway driving conditions, where the engine is assumed to operate at a
constant speed and load [14]. In the investigation by Villani et al. [15],
the most frequent working condition of the engine (torque and speed)
occurred during the HHDDY driving cycle. However, this could not
correspond to the most frequent thermal energy availability. Lion et al.
[16] pointed out the importance of studying real-life operating profiles
for the design and optimization of the WHR system and to take into
account not only the point at which the engine spends most of its time
but also the suitability of such optimum points in terms of exhaust mass
flows and temperature levels. For this reason, this investigation proposes
a modified version of the classical “maximum rectangle” method [17],
originally developed for the sizing of stationary power systems such as
Combined Cooling, Heating, and Power systems [18], as well as sta-
tionary engines or ORCs, with the aim of stationary energy production
[19]. Our version of this method accounts for the highly variable load
profiles of automotive engines by considering energy recovery during
partial-load operation based on the frequency-duration distribution of
exhaust thermal power. In addition, integrating PCMs allows buffering
thermal fluctuations and extending the duration of ORC operation at
nominal conditions.

Instead of using traditional chassis dynamometer testing [14] or
model-based analyses of standard driving cycles [15], this investigation
considers highly variable real-driving data acquired with a Portable
Emissions Measurement System (PEMS), combined with data from the
On-Board Diagnostics (OBD) and GPS systems [20].

To handle the significant variability in engine load and speed under
real-world conditions, PCMs are proposed. PCMs offer substantially
higher thermal storage capacities compared to conventional sensible
heat storage systems [21]. Heat exchangers incorporating PCMs can
buffer temperature fluctuations in the exhaust stream of internal com-
bustion engines (ICEs), improving WHR system efficiency by storing
thermal energy from 6 to 15 h [22], effectively minimizing cold-start
events with adequate insulation.

In HEVs, unlike conventional vehicles that typically experience a
single cold start per trip, the ICE operates intermittently, making it more
prone to frequent cold starts. Insufficient heating in these phases reduces
engine efficiency [23] and compromises the performance of after-
treatment systems. By integrating PCM-based storage, it is possible to
retain engine warmth after shutdown by leveraging residual heat from
the previous operation.

In summary, the present investigation proposes an innovative and
comprehensive sizing procedure for a WHR system comprising a PCM
heat exchanger and an ORC unit, designed for integration into the
hybrid electric powertrain. The low-temperature recovery from the
coolant circuit, which is technically feasible but less energy-dense, is
here neglected.

The innovative contribution of the investigation is here summarized:

1. Transcritical ORC arrangements are analyzed to explore the
maximum recovery potential of WHR systems, a topic rarely
addressed in automotive applications [24].

2. A novel optimization study is introduced to find the optimal melting
temperature of PCM.

3. A modified version of the “maximum rectangle” method, initially
developed for stationary energy systems, is adopted to handle
partial-load operation and PCM-based thermal buffering under
highly variable automotive exhaust conditions.

4. While the thermodynamic model for the ORC system is based on our
previously validated work [17], the evaporator model, which es-
tablishes the thermal coupling between the engine and the ORC, has
been developed specifically for this study.

5. The dynamicity of the mass flow rate and temperature of exhaust
gases is obtained from analysis of experimental data acquired under
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real-world operating conditions, integrated with a quasi-static model
of a heavy-duty vehicle.

6. Rather than tracking the instantaneous evolution of thermal power,
the analysis focuses on the statistical distribution of exhaust energy
availability over time. This allows the identification of the most
frequent operating conditions and the corresponding thermal power
levels.

7. The design of the WHR unit is based on a frequency analysis of a
dataset comprising 28 driving cycles.

8. A sensitivity study on the configurations and fluids for the ORC and
the Heat Exchanger (HEX) is performed.

9. It estimates the mass and volume of the WHR, which directly affects
the vehicle's payload capacity and overall efficiency.

Note that, even though the procedure and results are based on
experimental data from a fossil-fueled diesel engine, they can be
extended to biodiesel and e-fuels.

The rest of the paper is organized as follows. Section 2 presents the
proposed integrated WHR system, whose design methodology is illus-
trated in Section 3. Section 4 describes the frequency analysis of engine
exhaust gases based on an open-access database to identify the engine
operating condition that maximizes waste heat recovery. Section 5 dis-
cusses the results and compares the proposed configuration in terms of
global performance indexes. To improve the paper's readability, the
modeling approaches for the engine and the WHR are reported in the
Appedix.

2. Proposed power system

The IRIDESCENT project (“biodIesel hybRID Electric buS with waste
heat reCovEry aNd sTorage”), supported by the European Union —
NextGenerationEU via the Italian Ministry of University and Research
(MUR), has the goal of minimizing the environmental impact of heavy-
duty vehicles, specifically during real-world driving conditions,
including cold start operations. This goal is to be achieved by leveraging
synergy among WHR using the ORC, hybridization, biodiesel use, and
Thermal Energy Storage (TES) systems. This investigation focuses on the
WHR system, which receives energy from the exhaust gases of a
compression-ignition engine in the Isuzu FTR850 via a Heat Exchanger
(HEX). Both sensible-heat and PCM-based HEXs are considered. The
other sources of heat from the engine (exhaust gas recirculation, coolant,
lube oil, and charge air cooling) are not considered in this investigation,
since it is not practical to recover energy from multiple heat sources in
vehicle applications [16].

The electricity generated by the ORC is summed to the battery cur-
rent to feed the electric machine. The electric machine's mechanical
power is combined with the engine's mechanical output to power the
vehicle, as required by the parallel hybridization scheme. The auxiliaries
are meant to be powered by electric drives. Losses of energy in all
components of the power system (engine, electric machine, HEX, ORC,
and battery) are considered.

The distribution of energy flows in the power system is illustrated in
the qualitative Sankey diagram of Fig. 1, which corresponds to a parallel
hybrid electric architecture proposed in a previous investigation. Other
thermal losses of the engine, such as power dissipated through coolant,
lubricant oil, mechanical friction, pumping work, and radiation, are
denoted as “cooling + rad”. The presence of aftertreatment devices is
assumed not to contribute to the thermal flow, i.e., the temperature
change across the aftertreatment system is assumed to be negligible, as
suggested by Villani et al. [15].

A preliminary analysis performed by Donateo et al. [25] showed that
the adoption of the proposed WHR can improve fuel consumption
(—3.5%) or reduce the size of the battery (—16%), provided that the ORC
can generate an average power of 2 kW, as required by the auxiliaries of
the vehicle.

Fig. 2 illustrates the conventional WHR system layouts, which serve
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Fig. 1. Qualitative Sankey diagram of the proposed power system.

as the baseline for comparison with the PCM-based solution. The ORC
core includes the evaporator, the expander, the condenser, and an
electric pump decoupled from the expander to enable partial-load
operation. The working fluid is pumped to high pressure, preheated,
and vaporized in the heat exchanger using exhaust gas energy. The
vapor then expands in the turbine, producing mechanical power, and is
finally condensed before being recirculated. The regenerative configu-
ration integrates an Internal Heat Exchanger (IHE) to improve cycle
efficiency by preheating the working fluid before entering the evapo-
rator. The simple (a) and regenerative (b) ORC configurations operate
under transcritical conditions. The transcritical layout was selected for
detailed analysis due to its higher potential for energy recovery at
medium-to-high exhaust temperatures. This choice aligns with prior
engine waste-heat recovery works on supercritical cycles [26].

In the application to a vehicle, the WHR encounters a range of con-
ditions, requiring a flexible control strategy to ensure safe and efficient
operation. Fig. 2 also illustrates how the WHR system adapts to variable
exhaust conditions. A dedicated valve-based control strategy is imple-
mented to regulate the exhaust gas flow entering the evaporator, i.e., the
HRVG (Heat Recovery Vapor Generator), and ensure efficient and safe
operation. The valve bypasses the WHR system whenever thermody-
namic conditions fall outside the acceptable range for the heat
exchanger, i.e., when the exhaust temperature and/or mass flow rate are
excessive or insufficient. The control logic also aims to maintain the
nominal thermal input for as long as possible. When exhaust thermal
power exceeds the nominal value, the valve throttles the flow to pre-
serve the design input as long as possible and prevent organic fluid
chemical degradation. Conversely, if the available thermal power drops
below the nominal threshold, the ORC operates at partial load or is
temporarily shut down. Although this approach slightly reduces
instantaneous efficiency, it significantly extends the ORC system's cu-
mulative operating time. As discussed in the following paragraphs, PCM
integration further enhances this strategy by enabling longer operation
at nominal conditions through thermal buffering.

A critical aspect of WHR integration is heat dissipation at the

condenser, which strongly influences system performance and pack-
aging. For this reason, an air-cooled condenser was selected as a prac-
tical trade-off between thermal performance, system simplicity, and the
need to minimize WHR weight. In this quasi-static framework, the
condenser is not modeled explicitly. Instead, the ORC is evaluated at
fixed condensing-temperature setpoints (30 °C, 40 °C, 50 °C), consistent
with off-design studies that hold the condensing temperature constant
[27]. Full ORC model details are in the Appendix.

3. Design methodology

The sizing of the WHR performed in this investigation is based on the
maximum rectangle method [19]. It relies on a quasi-static frequency
analysis of the thermal power available under real-world driving
conditions.

Fig. 3 illustrates the methodological principle of the “maximum
rectangle” criterion. This criterion determines the nominal thermal
power input for the WHR system that maximizes the total recoverable
energy, assuming the flow control strategy described earlier. The
method is based on the following steps:

1) For each exhaust thermal power level, the corresponding cumulative
duration is calculated, and the grey area of Fig. 3 is obtained.

2) The value of Q,;, which maximizes the area of the rectangle Qunod
is found (red area of Fig. 3). This value of Q, corresponds to the
nominal power level for the WHR system, while d is time at which
the system can operate at nominal load. The nominal load will be
used to evaluate conversion efficiency and net power output through
the ORC and heat exchanger models.

3) At partial-load conditions, the WHR can absorb lower thermal inputs
up to the minimum ORC load, Q- This operating condition corre-
sponds to the blue trapezium of Fig. 3.

4) The sum of the two contributions gives the total recoverable energy:
the energy corresponding to the nominal power level (red rectangle),
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Fig. 2. WHR plant scheme with conventional or latent heat exchangers: (a) Simple configuration (b) Internal regenerative configuration (IHE); exhaust side bypass
valve bypasses the WHR outside admissible temperature/flow ranges.
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Fig. 3. Frequency-duration diagram and illustration of the maximum rectangle method.

and the additional energy recoverable at partial load (blue trape-

. - h . where Ty ou i the design temperature at the exhaust exit (see Ap-
zium), where the ORC operates below its nominal input.

pendix).
The electrical energy produced by the ORC at nominal load is

Under nominal operating conditions, the nominal admitted thermal calculated as:

power at the HRVG inlet under bypass control is the following

RC _ Aexh \
~exh Eg‘l,nom.LOAD - ch.nomAtflOmNrIORC,num (2)

: h
th.nom = mnomC;x (Texh,nom - Text,out) (1)

Fig. 4. Exhaust flow routing logic for robust ORC operation.
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where Aty is the duration corresponding to the nominal power
input, #opcnom i the ORC nominal efficiency, which depends on the
system configuration, the selected working fluid, and the condensation
temperature. The electrical energy recovered under partial load condi-
tions is given by:

Atrom
B = [ om0 ®

where 7ppc(t) is the time-dependent efficiency derived from the ORC
performance curves, as described in the following section and Qf}filct(t)
denotes the thermal power admitted to the HRVG after bypass valve—
action depicted in Fig. 4.

The total electrical energy recovered by the WHR system is therefore
the sum of the two contributions:

[EORC _ FORC | pORC )

el tot el,nom el.part

Finally, the overall ORC and global WHR efficiencies are as follows:

E9RS

Nore = —2— 5)
ORC = FORG
EC;RC

MR =~ (6)
Efy

where EORC represents the thermal energy delivered to the ORC cycle

through the HRVG over the analysis window, whereas Ef,lfh denotes the
exhaust-side energy that is both available and admissible for recovery
after applying the temperature and mass-flow compatibility filters
defined in Section 3.

To ensure the safe and efficient operation of the ORC system, i.e., to
ensure proper heat exchange and avoid degradation of the organic
working fluid, the exhaust gas temperature must be limited. As sug-
gested in the literature [28], the maximum temperature for the organic
working fluid can be set to 250 °C, representing a trade-off between
thermodynamic performance and fluid stability. However, during par-
tial load operation, the inlet conditions to the expander can vary
significantly, with the turbine-inlet temperature decreasing as load is
reduced. Accordingly, the maximum exhaust gas temperature entering
the heat exchanger, Tpq, is limited to 380 °C. This choice is also
consistent with established practice: in both general ORC applications
[29] and engine-coupled WHR [30], the maximum hot-source tem-
perature is 400 °C. Although the internal combustion engine may pro-
duce higher exhaust temperatures at full load, a strict cut-off is imposed
to preserve the chemical integrity of the organic fluid. On the exhaust
side, a minimum temperature of around 90 °C must be maintained to
ensure proper operation of the after-treatment system and to avoid
condensation-related corrosion. Additionally, an approach temperature
difference of approximately 50 °C is required at the heat exchanger to
ensure effective thermal transfer between the exhaust gases and the
working fluid. Outside this compatibility band, the valve-based bypass
limits the admitted temperature and flow. The logic used to avoid
overheating, preventing overload beyond nominal sizing is depicted in
Fig. 4. The controller uses exhaust admissibility checks on two variables,
i.e., exhaust temperature (Tp,) and mass flow rate (m,). If the exhaust
temperature is above the allowed maximum (Tpqy) or the mass flow rate
is below the minimum (m,,;,), the entire stream is bypassed to the tail-
pipe, and the ORC is temporarily stopped. If the exhaust mass flow rate is
higher than the allowed maximum, the valve admits only the nominal
flow to the HRVG and routes the excess (Meyy-Mnom) directly to the
tailpipe. When conditions are within the admissible range, the valve
modulates the admitted flow to keep the thermal input at its nominal
value whenever possible, i.e., if the source can provide less than nominal
but still above the minimum, the ORC operates at part load. When a PCM
unit is present, any surplus thermal energy during high-power phases is
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stored and later released to extend operation at nominal conditions.

3.1. Phase change materials

In addition to the conventional heat exchanger, this study introduces
an innovative configuration based on a PCM, which acts as an inter-
mediate thermal buffer. This configuration employs a dual-channel heat
exchanger embedded in a PCM matrix, i.e., a structured system of
thermally coupled ducts, designed to act as an intermediate medium
between the exhaust gases and the organic working fluid.

The PCM operates most effectively during its melting phase, main-
taining a nearly constant temperature. This thermal plateau enables
stable heat exchange and decouples exhaust gas fluctuations from ORC
operation. Consequently, the selection of the PCM (particularly its
melting temperature) is a critical design parameter.

Fig. 5 complements the methodological description by illustrating
the architecture of the innovative PCM-based heat exchanger. The left
part of the figure shows the layout: one duct network carries the exhaust
gases (red arrows), transferring heat to the PCM; the other conveys the
organic working fluid (blue arrows), which absorbs the stored energy
before entering the ORC. The correct figure presents the temperature
profiles along both flow paths, highlighting the PCM’s plateau (green
line). Note that the PCM-based HRVG corresponds to the latent heat
exchanger option in Fig. 2 since the PCM acts as an intermediate thermal
buffer between the exhaust stream and the organic working fluid. The
exhaust gases enter at a high temperature (T%,,) and cool down as they
transfer heat to the PCM, exiting at T%y; Simultaneously, the organic
fluid enters at a lower temperature (PgRC) and is heated by the PCM
material up to its evaporation temperature (Tgg.). The green horizontal
line represents the PCM melting temperature (The), highlighting the
phase change plateau where the PCM maintains a nearly constant
temperature.

The configuration and its operation suggest the existence of an
optimal PCM melting temperature that maximizes the energy stored and
transferred to the ORC system. This optimum results from a trade-off. On
the one hand, higher melting temperatures enhance ORC efficiency by
increasing the working fluid inlet temperature, but they also reduce the
amount of heat transferred from the exhaust gases. On the other hand,
lower melting temperatures improve heat transfer but penalize ORC
efficiency. Therefore, an intermediate melting temperature is expected
to yield the highest overall energy recovery.

Fig. 6 illustrates the conceptual benefit of integrating PCM into the
WHR system. It presents the frequency-based representation of the
exhaust thermal power and the cumulative duration during which each
power level is available. The red hatched area represents the energy
directly used by the ORC to operate at nominal load. The yellow hatched
area indicates the thermal energy that exceeds the nominal requirement
and can be stored in the PCM. This stored energy can later be reused to
extend the duration of ORC operation at nominal conditions, even when
the instantaneous exhaust power is insufficient.

In a conventional WHR system, the ORC can operate only at nominal
load when the exhaust thermal power exceeds the required threshold.
When the available power drops below this level, the ORC must operate
at partial load or shut down, resulting in reduced efficiency and inter-
mittent operation. This limitation reduces the overall energy recovery
potential and compromises system continuity.

Thanks to thermal buffering, the PCM-based system allows excess
thermal energy to be accumulated during high-power phases and reused
during low-power phases. This mechanism extends the duration of ORC
operation at nominal conditions, improving overall energy recovery and
system stability.

While the integration of PCM offers clear thermodynamic advan-
tages, it also introduces additional mass to the system. This added
weight may affect vehicle performance, fuel consumption, and payload
capacity. Therefore, a careful trade-off must be made between the
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Fig. 5. Schematic of the PCM-based heat exchanger, where the PCM acts as an intermediate thermal buffer between the exhaust gases and the ORC working fluid.
Temperature profiles highlight the role of the PCM melting point in regulating heat transfer.

Fig. 6. Frequency-duration diagram for the PCM-based configuration.

thermal benefits of PCM integration and the associated weight penalty.
Optimizing the PCM selection, both in terms of material and mass, is
mandatory to balance energy storage capacity with system mass and
ensure overall efficiency.

To estimate the mass of PCM required, the stored energy is assumed
to be related exclusively to the latent heat of fusion, neglecting the
sensible heat contribution before and after the phase change. This
conservative assumption leads to a slightly higher estimated mass,
ensuring a robust design margin. The mass of PCM is computed using the
following equation:

o Qstored

Mpey = 2

(7)

where Qgqoreq is the energy to be buffered (yellow area of Fig. 6), and 1 is
the latent heat of the PCM. In this quasi-static, upper-bound assessment,
PCM sizing prioritizes energy capacity and time extension. Instanta-
neous charge/discharge rates are not quantified, as they require a
dedicated transient model beyond this work's scope.

4. Exhaust gases properties under real-world driving conditions

The temperature and flow rate of a vehicle's exhaust gases change

continuously during a trip not only because of dynamic variations in
engine load and speed, but also because of variable boundary condi-
tions, such as engine temperature and ambient conditions of tempera-
ture, pressure, and humidity. Moreover, the temperature of the exhaust
gases decreases along the exhaust line, from the value immediately
downstream of the exhaust valve (hot-end) to the tailpipe (cold-end). To
obtain realistic information on the variability of exhaust enthalpy, the
authors postprocessed the dataset made available by Joubert et al. [20],
which contains a comprehensive collection of variables measured on a
heavy-duty vehicle (Isuzu FTR 850). The main specifications of the
vehicle Isuzu FTR 850 and the engine considered for the investigation
are reported in Table 1.

The dataset of Joubert et al. [20] includes 28 trips: the first eight
were conducted with the flatbed unloaded, the next 10 with a 1500 kg
load, and the last 10 with a 3000 kg load.

However, the temperature values in this dataset refer to the tailpipe,
i.e., the cold end of the exhaust line, while the WHR is usually imple-
mented upstream, at an intermediate position between the hot end
(engine turbine exit) and the cold end.

To solve this issue, the numerical approach developed and validated
in a previous investigation [31] is adopted to determine the temperature
at which the gases enter the HEX, which is assumed to be the average of
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Table 1
Vehicle and engine specifications.

Vehicle Isuzu FTR 850

Mass during tests 10740 kg + + payload

Engine Isuzu 6HK1-TCN
displacement 7.79L
bore 114.8 mm
stroke 125 mm
number of cylinders 6

210 kW @ 1900 rpm
0.342 1b/HP-h (208 g/kWh)
Automated Hydraulic-controlled

Brake power
Fuel consumption (H-series)
Transmission and drive

number of gears forward 6
gear ratios {8.51, 4.66, 2.73, 1.78, 1.27, 1.00}
final ratio 5.875

Fuel capacity 400 L

Tires 11 R22.5-16PR (radius 0.52 m)

the hot-end and cold-end temperatures. This temperature will be
henceforth defined as T™ or “intermediate temperature”. The valida-
tion of the proposed model for trip #4 is shown in Fig. 7. In particular,
Fig. 7a shows the dynamicity of the mass flow rate and exhaust tem-
perature with a time-based analysis, while Fig. 6b verifies the accuracy
of the model in terms of the frequency distributions of exhaust tem-
perature and mass flow rate. While the thermodynamic model for the
ORC system is based on our previously validated work [17], the evap-
orator model, which establishes the thermal coupling between the en-
gine and the ORC, has been developed specifically for this study. Its
formulation and integration are described in detail in the Appendix.

The vehicle model is based on a standard quasi-static approach that
was also extended in this investigation to the WHR. This methodology,
validated by Villani et al. [28], justifies the use of the two alternative
approaches to ORC sizing described in this section: the most frequently
operated engine modes and the frequency-duration diagram.

The introduction of the Heat Recovery Vapor Generator into the
exhaust gas path increases backpressure and negatively affects engine
performance and emissions [28], including Brake Specific Fuel Con-
sumption [30]. The magnitude of this backpressure penalty and its
overall impact on system efficiency depend critically on the heat
exchanger design and the specific engine characteristics, including the
turbocharging strategy [32]. In heavy-duty applications, the achievable
output and system design flexibility often allow the net benefit to be
maintained or optimized, supporting the hypothesis that the penalty is
relatively lower or more acceptable compared to the ORC output.
Studies focusing on heavy-duty diesel power generators (1.5 MW, V12)
typically investigate backpressure ranges up to 100 mbar [33]. In a
heavy-duty truck application, Zhao et al. [34] demonstrated that at high

a) Time-based analysis
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load and high speed (95 km/h, full cargo), the combined penalty (weight
and backpressure) is close to 0.71 kW. The same authors quantified the
impact of ORC integration on a heavy-duty truck, reporting a power
penalty due to system weight of 0.647 kW at 95 km/h, corresponding to
17.1% of the ORC net output at that condition (3.78 kW). Conversely, in
low-load scenarios, the recovery potential drops significantly, and the
system often operates at zero or negative profit.

In stationary heavy-duty applications, Michos et al. [33] evaluated
the effect of ORC evaporator backpressure on a 1.5 MW marine diesel
generator. For a recuperated cycle using acetone and a VGT turbo-
charger, the combined system achieved a 9.8% reduction in BSFC at 50
mbar backpressure. The backpressure penalty reduced the ORC benefit
by 10.8%. At 50 mbar, the attenuation was 3.9%.

In their experimental study on a marine diesel engine, Ma et al. [35]
reported backpressure-induced power losses of 37.2%, 17.5%, 10.6%,
and 10.4% at 100%, 75%, 50%, and 25% loads, respectively. Such losses
reduce exergy efficiency, raise brake specific fuel consumption, and
increase exhaust exergy waste.

On-road turbocharged HD diesels show lower impacts [36]: typically
1-2%, max 3% at worst point. Design studies confirm ~80 mbar HRVG
pressure drop limits fuel penalty to ~0.6% at reference conditions [30].
Our investigation conservatively neglects backpressure effects on
exhaust temperature and mass flow. In the proposed system, PCM buffer
stabilize ORC operation during transients, while hybridization over-
come power loss and efficiency penalty through electric motor assis-
tance, kinetic energy recovery and optimized engine operating points
[371].

4.1. Most frequently operated engine modes

In the approach, all trips were aggregated to obtain a global fre-
quency distribution representative of the whole dataset. Since each trip
has a drive time of about 1.78 h and the data were sampled with a
frequency of 1hz, the whole database corresponds to about 180 thou-
sand operating conditions, comprehensive of different levels of vehicle
parameters (speed, acceleration, grade, trailer load), ambient conditions
(temperature, pressure, humidity) and engine status (speed, load,
coolant temperature, etc.)

The results of the frequency analysis for the 28 trips in the dataset are
reported in Fig. 8 as engine operating points. To obtain this distribution,
the engine map was segmented into bins measuring 100 rpm by 50 Nm.
Then, each bin was color-coded according to how frequently the cor-
responding torque and speed occurred across all 28 trips. Note that the
most frequent engine operating points (indicated by the red bins) are
concentrated in the central area of the plot, corresponding to medium-
—low speeds and very low torque.

b) Frequency-based analysis

Fig. 7. Validation of the engine model (trip #4).
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Fig. 8. Results of the frequency analysis and selected modes for the entire dataset.

Four modes were considered for the design of the WHR; their details
are listed in Table 2.

The first three modes correspond to the top three most frequent bins
of the red region, while the fourth mode was chosen as representative of
the high-torque, high-speed region, where the engine exhibits higher
exhaust gas temperatures and mass flow rates-conditions that are
favorable for sizing the ORC. The fuel flow rate and the engine efficiency
reported in Table 2 were obtained from the engine model described in
the Appendix.

Fig. 9 shows the distribution of energy flows in the four modes; the
exhaust power varies between 25 and 46 percent of the fuel power,
while the brake power (BHP) is in the range 19-24% of the fuel power.
These ranges are consistent with data reported in scientific literature.
The thermal power associated with those modes, P, was calculated
considering the difference between the exhaust temperature and 90°, a
typical value registered at the heat exchanger outlet.

The remaining power flows include contributions from heat dissi-
pated through coolant, lubricant oil, mechanical friction, pumping
work, and radiation [38]. All these contributions are noted here as

Pcoala.nt‘m .

4.2. Frequency-duration diagram

A frequency-duration diagram, similar to that of Fig. 3, was built by
cumulating all the thermal power values in the dataset to allow the
application of the “maximum rectangle” method to the design of the
WHR system. It is important to note that this analysis refers to the
thermal power available at the WHR system inlet, not the ORC's net
power output.

The analysis can be conducted considering two possible installation
positions for the WHR system:

1. At the hot end, where the maximum exhaust temperature, T, is
available;

Table 2

Details of the selected engine modes.
Mode Symbol  Unit 1 2 3 4
Frequency - 4219 3803 4381 2000
Engine speed Nicg rpm 1550 1450 1250 2250
Engine torque Tice Nm 325 475 75 375
Engine efficiency Nice - 0.22 0.24 0.19 0.21
Fuel flow rate me g/s 5.45 6.90 1.22 9.61
Exhaust flow rate Mexh kg/s 0.109 0.114 0.059 0.152
Hot-end temperature Texh °C 639.1 718.2 462.3 720.3
Intermediate temperature Tt °C 464.1 5432 287.3 5453

exh
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2. At an intermediate location along the exhaust line, using the esti-
mated values of T,

The first assumption (hot-end) is useful for estimating the maximum
theoretical recovery potential of the WHR system, but it is not a realistic
installation scenario, especially given its application to biodiesel-fueled
engines, which typically have lower exhaust temperatures [39].

The application of the maximum rectangle criterion to the frequency
distribution of exhaust thermal power for both temperatures is shown in
Fig. 10. The maximum values of power are about 48 kW for the hot-end
installation (Fig. 10a), and 21 kW when using T‘&’}fh (Fig. 10b).

These plots also show the rectangles corresponding to the four
operating models of Table 2. Note that mode three almost coincides with
the optimal value of thermal load when using the intermediate instal-
lation (T™). This can be explained by noticing that this mode corre-
sponds to the higher value of exhaust energy (see the energy distribution
diagrams of Fig. 9).

On the one hand, this indicates an alignment between the two ap-
proaches in the more realistic installation scenario, reinforcing the
robustness of the sizing strategy. On the other hand, the two methods
reflect different perspectives: the mode-based approach identifies the
most frequent engine operating point, while the frequency-based
method identifies the most persistent thermal power level available
for recovery.

To refine the WHR system sizing, the frequency distribution of
exhaust gas temperatures was filtered using the compatibility range of
the ORC (330 °C —380 °C) identified in Section 3 to ensure thermody-
namically viable and operationally safe operation of the ORC. Moreover,
a minimum load of 50% was chosen. The updated frequency analysis is
shown in Fig. 11 for the realistic case of installation (T’;‘fh); the filtering
determines a reduction from 21 kW to 18 kW of the nominal thermal
power.

At part load, in the blue area of Fig. 10, the ORC performance was
evaluated using the transcritical model described in the Appendix. In the
red zone (Fig. 11), no exhaust gas temperature regulation (e.g., via air
dilution) is assumed, since the nominal condition can be continuously
assured.

5. Results

The optimal power level identified in the previous section, 21 kW,
was used to size the ORC plant, based on the Design of Experiments in
Table 3, and to determine the optimal configuration. As already stated,
the simulations were carried out assuming a maximum working fluid
temperature of 250 °C, with the condensation temperature fixed at
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Fig. 9. Energy distribution in the selected operating modes.

(2)

position (b).

30 °C.
The performance indicators considered for the design of the ORC
plant are:

e The net electric power output, Pogc;

e The isentropic efficiency of the turbine, n i, Which reflects the
quality of the expansion process.

o The net electric efficiency of the ORC plant, ngge;

e The inlet temperature of the organic fluid to the HRVG, Tipjet of;

e The mass flow rate My, i.e., the design mass flow rate of the WHR.

e The minimum acceptable off-design mass flow rate m;.

5.0.1. Simple vs IHE

Fig. 12 shows the thermodynamic cycles with IHE in the T-s diagram
for the three selected working fluids, while Table 4 reports the numerical
results for both configurations (SIMPLE and IHE) and the three fluids.

Internal regeneration, achieved by preheating the working fluid
before it enters the evaporator, clearly outperforms the simple layout in
terms of both efficiency and energy recovery, but at the cost of increased

(b)

Fig. 10. Power and thermal energy graphs in the frequency domain and most frequent engine operating modes calculated at the hot-end (a) and in the intermediate

11

complexity and volume.

Among the fluids, R245FA and R1234ZE(E) show comparable per-
formance, while Isobutane, despite a slightly lower net power output,
offers advantages in power-to-weight and power-to-volume ratios.

These results provide a preliminary ranking of the working fluids and
configurations, which will be further refined through a detailed com-
parison of heat exchanger sizing and system integration constraints.

5.0.2. Compatibility with the exhaust gas sources

A frequency-based evaluation of the exhaust gas mass flow rate was
performed using the same experimental dataset from Joubert et al. [20].
This analysis aims to assess how often the exhaust mass flow rate falls
within the operating range required by the ORC system, considering the
thermal coupling between the exhaust gases and the organic working
fluid through the heat exchanger. Mass flow rate data were filtered to
exclude conditions unsuitable for heat exchanger operation and mini-
mum load ORC operation.

Fig. 13 shows the results for the R245FA working fluid. Panel (a)
shows the time series of experimental data while panel (b) presents the
cumulative frequency distribution of the exhaust mass flow rate.
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(b)

Fig. 11. Power and thermal energy graphs in the frequency domain for unfiltered (a) and filtered (b) temperature.

Table 3
Design of an experiment for the design of the ORC.
Variable Nooflevels  Values
ORC cycle 2 Simple, IHE
ORC fluid 3 R245FA, R1234ZE(E), Isobutane
ORC condensation 3 30 °C, 40 °C, 50 °C
temperature
Type of HEX 2 Shell and Tube (STHE), Plate (PHE)
Use of PCM 2 Yes, No
PMC material 6 NaNO,, NaNOs,NaOH, KNOs,
LiOH

Filtering ensures compliance with working-fluid limits and heat
exchanger design. The shaded bands in Fig. 13b) indicate the flow rate
ranges required for nominal operation of the ORC in both the SIMPLE
(blue) and IHE (red) configurations. The comparison shows that the
required flow conditions are frequently met in real-world operations,
particularly with the IHE configuration, which offers a broader

(a) (b)

compatibility range. This supports the feasibility of continuous ORC
operation and validates the system size based on the selected working
fluid.

The contribution of the cooling circuit was excluded from the WHR
design because its energy potential is marginal, about 20% of the total
engine waste energy. Fig. 14 illustrates this trend: the ratio of coolant
energy to exhaust energy always remains between 10 and 20% for the
IHE configuration. For the simple configuration, it is always lower than
15%.

In the following analysis, the authors focused exclusively on exhaust
heat, ensuring a simpler architecture and a better energy return, which
is crucial for heavy-duty applications where packaging and mass con-
straints are critical.

5.0.3. Plate vs shell and tube HEX

Fig. 15 presents the T-Q diagrams for the three working fluids,
R245FA, R1234ZE(E), and Isobutane, using a plate heat exchanger

(©)

Fig. 12. T-s diagrams and thermodynamic cycle of the IHE system at 250 °C maximum temperature and 30 °C condensation temperature for the fluids (a) R245FA,

(b) R1234ZE, and (c) ISOBUTANE.

12
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Table 4
Main performance indexes for the configuration analyzed. Timax,0rc = 250 C,Qiin = 18kW, Teond = 30" C,Prom = 1.6*Peritical-
ISOBUTANE R245FA R1234ZE

Type SIMPLE IHE SIMPLE IHE SIMPLE IHE
Mexn (kg/s) 0.067 0.085 0.0696 0.079 0.0696 0.081
mop(kg/s) 0.024 0.0384 0.0473 0.067 0.0487 0.077
Porc(kW) 1.78 2.98 2.02 3.01 1.59 2.79
i curbine 0.599 0.622 0.604 0.621 0.595 0.618
Nore 0.103 0.175 0.116 0.179 0.093 0.161
Ti intet 32.8 135.8 32.8 121.6 32.8 124.4

Fig. 13. Exhaust mass flow rate frequency diagram for WHR configuration operating with R245FA.

Fig. 14. Contribution of the energy available to the coolant circuit compared to
the exhaust recoverable energy for simple and IHE configurations across torque
levels (partial load conditions).

(PHE). These plots illustrate the thermal interaction between the
exhaust gases and the organic fluid along the heat exchanger. The shape
of the curves reflects the thermophysical behavior of each fluid,
particularly during the isothermal evaporation phase. The slope and
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length of the isothermal segment vary among the fluids, indicating dif-
ferences in latent heat and heat transfer effectiveness. Notably, the
regenerative configuration (IHE) results in a higher inlet temperature to
the evaporator, shifting the evaporation plateau and improving thermal
matching with the exhaust stream.

Table 5 and Table 6 report the performances of the heat exchangers
for the plate (PHE) and shell-and-tube (STHE) configuration, respec-
tively, while their geometrical specifications are reported in the
Appendix.

In both cases, the IHE layout requires a larger heat transfer area due
to the increased energy recovery and the higher inlet temperature of the
working fluid Tyt exn(°C). The PHE configuration offers higher thermal
effectiveness, Ny, (up to 92.6%) and more compact dimensions, making
it suitable for space-constrained applications. Conversely, the STHE
design, while slightly less efficient, provides greater mechanical
robustness and is better suited for high-pressure operation.

5.0.4. Choice of the PCM and integration in the WHR system

As introduced in the methodology, the innovative PCM-based heat
exchanger relies on the phase change material as an intermediate ther-
mal buffer between the exhaust gases and the ORC working fluid. Since
the PCM operates most effectively during its melting phase, selecting its
melting temperature is a key design parameter. An innovative contri-
bution of this work is the optimization of the PCM melting temperature
to maximize the energy storage potential of the WHR system.

Fig. 16 illustrates the thermal energy stored by the PCM-based heat
exchanger as a function of the PCM's melting temperature, aiming to
identify an optimal value that maximizes energy recovery. This optimal
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c)

Fig. 15. T-Q diagrams for the three working fluids—R245FA, R1234ZE(E), and Isobutane—using a plate heat exchanger (PHE).

Table 5
Performance of plate heat exchangers.
ISOBUTANE R245FA R1234ZE
Type SIMPLE HE SIMPLE IHE SIMPLE IHE
Heat transfer area (m®) 0.185 0.201 0.205 0.259 0.187 0.238
Touof (°C) 249.6 249.4 249.9 250 248.93 249.8
Toutexh CC) 100.9 156.7 100.4 140.4 100.3 144.6
NiEx 79.5 91.1 79.5 92.6 79.5 91.9
U (W/m’K) 1509.3 1670.3 1062 1360.2 1158.4 1143.4
temperatures reduce the amount of energy transferred from the exhaust
Table 6 . gases to the PCM, since the exhaust temperature must remain above the
Performances of conventional shell and tube heat exchangers. . .
melting point to enable heat transfer.
ISOBUTANE R245FA R1234ZE The curve in Fig. 16 shows that the optimal melting temperature,
Type SIMPLE  IHE SIMPLE  IHE SIMPLE  IHE marked by a yellow diamond, is 330.8 °C and corresponds to a
Heat transfer area 0.359 041 0.382 0.44  0.358 0.42 maximum stored energy of approximately 3.2 kWh. A shaded grey band
2 . . . . . .

) highlights the region where the stored energy remains within 10% of the
Touo CC) 2506 2500 249.2 2494 2516 247.2 optimum, indicating a practical range of melting temperatures with
Toutexh (CC) 99.2 156.6 98 144 101.47  148.2 Pt > §ap 8 8 P
i 79 905 792 898 78.3 89.6 minimal performance loss.

U (W/m?K) 617.9 834 570.1 7355  606.6 730.7 To assess the feasibility of this optimum, seven existing PCM mate-

result arises from a trade-off between two opposing effects. As the
melting temperature increases, the ORC efficiency initially improves due
to higher fluid inlet temperatures. On the other hand, higher melting

Fig. 16. Optimization of PCM Melting Temperature for Maximum En-
ergy Recovery.
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rials are considered and positioned along the x-axis. NaNO3 (Tper ~
330 °C) lies almost exactly at the optimal point, making it an excellent
candidate. NaOH (Tyneir ~ 320 °C) and KNO3 (Tl ~ 340 °C) fall within
the 5% loss zone, showing strong potential for practical application.
Finally, NaNOg (Tl = 280 °C), KOH (Tper = 380 °C), Zn (=420 °C),
and LiOH (Tyeir = 450 °C) are further from the optimum and outside the
grey zone, suggesting lower suitability for this specific configuration.

Fig. 17 illustrates how the energy stored in the PCM allows the ORC
to operate continuously at nominal load, even during periods when the
exhaust thermal power falls below the design threshold. In particular,
the yellow-shaded area of Fig. 17 represents the additional energy buffer
required to maintain nominal ORC operation across all 28 driving cy-
cles. The total energy to be stored is approximately 7562 kJ, which
corresponds to the cumulative deficit between available and required
thermal power. This energy can be stored during high-load phases and
released during low-load intervals, effectively smoothing the thermal
input to the ORC and extending its operating time at optimal efficiency.

Note that the frequency distribution of thermal power appears
truncated at lower values, likely due to limitations in the dataset. In real-
world scenarios, the curve would be expected to decay more gradually
toward zero. This implies that the PCM-based configuration could offer
even greater benefits in extending ORC operation under partial-load
conditions by recovering residual thermal energy that is currently un-
accounted for in the current analysis.

It is also important to note that the performance enhancement pro-
vided by PCM-based configurations could be even more significant in
subcritical ORC systems. In these systems, the efficiency drop under
partial load conditions is typically more pronounced than in transcritical
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Fig. 17. Sizing of the WHR system based on PCM heat exchangers.

cycles. Therefore, the ability of PCMs to extend nominal operation by
buffering excess thermal energy becomes even more valuable. Although
this study focused on transcritical ORC architectures to explore the
highest performance potential, the results suggest that PCM integration
may offer even greater benefits in subcritical applications, where the
efficiency decay with load is steeper and the recovery of residual energy
is more critical.

The seven PCMs are compared in Table 7 in terms of melting tem-
perature (Tyer), latent heat (A), and thermal conductivity. Moreover, it
shows the mass of PCM required for different materials to store the
exhaust energy made available by the exhaust gases. For instance, 28 kg
of KNOg, a salt with a melting point close to the optimal value (Table 7),
would be sufficient to store the required energy. In contrast, materials
with lower latent heat, such as potassium hydroxide (KOH), require up
to 50 kg to achieve the same storage capacity. In addition to mass, the
required volume of PCM varies significantly across the analyzed mate-
rials. The estimated volume ranges from about 13.5 L for KNOs to nearly
25 L for KOH. NaNO3 and NaOH fall in an intermediate range (around
19-21 L), highlighting the importance of considering packaging con-
straints alongside thermal performance. This highlights the importance
of selecting a PCM with both a suitable melting temperature and high
latent heat.

This PCM-based strategy complements the previous findings on ORC
performance and heat exchanger sizing. While the IHE configuration
already improves efficiency by increasing the fluid inlet temperature,
the PCM bulffer further enhances system robustness by decoupling the
ORC from the instantaneous variability of the exhaust source. This is
particularly valuable in real-world driving conditions, where thermal
input fluctuates rapidly.

In summary, the PCM selected for the present design is potassium
nitrate (KNOs), identified through a melting temperature optimization
with an optimal melting temperature of 330.8 °C (Fig. 16). For ease of
reference, the key properties and sizing figures are highlighted in
Table 7; required PCM mass and volume are 28.4 kg and 13.5 L,
respectively.

Table 7
Properties and required mass of candidate phase change materials.
PCM Melting Latent Conductivity Density PCM
temperature heat [W/(mK)] [g/cms] weight
[°C] [kJ/kgl [kgl
NaNO, 283 212 - 2.168 -
NaNO3 310 172 0.5 2.257 43.9
KNO3 330 266 0.5 2.109 28.4
NaOH 318 165 0.9 2.130 45.8
KOH 380 150 0.5 2.044 50.4
LiOH 462 873 — 1.460 -
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5.0.5. Effect of condensation temperature on part-load behavior

A parametric analysis across different condensation temperatures
highlights the sensitivity of ORC performance to ambient conditions,
offering useful guidance for control strategy and component sizing,
especially in applications such as the automotive sector, where ambient
temperature fluctuations are significant. In fact, to minimize weight and
complexity, vehicle ORC systems typically adopt air-cooled condensers.
Performance is thus evaluated at fixed condensing-temperature set-
points in a quasi-static framework (i.e., constant condensing tempera-
ture under off-design conditions) [27].

points when the condensation temperature increases from 30 °C to
50 °C.

Three condensation temperatures (30, 40, and 50 °C) were consid-
ered, with a maximum cycle temperature fixed at 250 °C. Fig. 18 shows
electrical and thermal efficiency versus load for both Simple and
regenerative configurations, highlighting the impact of condensation
temperature. The minimum modeled load is about 60%, imposed by
transcritical operation and pressure constraints (x1.03 times the critical
pressure [40]). Both simple and IHE configurations exhibit similar
trends, but IHE shows a nearly uniform upward shift in electrical effi-
ciency. The results show that increasing the condensation temperature
from 30 °C to 50 °C reduces electrical and thermal efficiency at the
design load in a similar manner across all conditions and configurations
analyzed. Raising the condensation temperature from 30 °C to 50 °C
penalizes both electrical and thermal efficiency across all
configurations.

For brevity, let us consider R245 as the working fluid. For the Simple
arrangement, electrical efficiency rises slightly with load, from about
11.6% at minimum load to 12.7% at full load for the minimum
condensation temperature (30 °C). Furthermore, it drops to 9.8%
(minimum load) and 10.6% (full load) at 50 °C condensation tempera-
ture. Thermal efficiency follows the same pattern, decreasing by roughly
2.5 percentage.

On the other hand, the IHE configuration consistently improves
electrical efficiency across the load range, reaching up to 19.2% at full
load, with gains of about 6.5 points compared to the simple one, while
slightly reducing thermal efficiency (2 points). This advantage remains
stable even at higher condensation temperatures, confirming the effec-
tiveness of regeneration in improving electrical performance. The
improvement is nearly uniform across the load band, achieved with the
addition of a single component, i.e., the internal heat exchanger. These
results confirm robust operation over the range; efficiency decreases
with higher condensation temperature, but viable performance is
maintained up to 50 °C—even under air-cooled onboard conditions.

5.1. Global performance and comparison

This section provides a comparative overview of the global perfor-
mance indicators for WHR configurations, both conventional and
innovative, with phase change material integration. Fig. 19 and Fig. 20
show the final aggregated performance indicators over the entire set of
real-world driving cycles: overall WHR system efficiency, ORC thermal
efficiency, and the heat source utilization factor.

Fig. 19 refers to the six traditional ORC configurations (i.e., without
PCM). For each configuration, a triplet of bars represents the three key
performance indicators. The regenerative WHR arrangement operating
with R245FA achieves the highest ORC thermal efficiency (17.59%) and
WHR efficiency (10.55%), while maintaining a utilization factor above
96%. The nominal power of the system found through the maximum
rectangle method described reaches the highest value (3.1 kW). This
confirms the effectiveness of internal regeneration in enhancing cycle
performance, especially under variable thermal input conditions. The
utilization factor values are always close to 96% across all configura-
tions, indicating that the traditional systems are almost constantly active
and able to process thermal energy from the exhaust gases throughout
the driving cycles, thanks to their effective part-load capabilities.
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(a) (b)

(©) (d)

(e) )

Fig. 18. Electrical and thermal efficiency at partial load of the TORC system in Simple and IHE configuration for the fluids R245FA, R1234ZE, and ISOBUTANE
at 250 °C.

When the PCM-based heat exchanger is introduced (Fig. 20), all ability to store excess thermal energy during high-load phases and

configurations show a slight improvement in both ORC and WHR effi- release it during low-load intervals, thereby extending the duration of
ciencies. The regenerative R245FA system achieves ORC and WHR ef- nominal ORC operation and reducing the frequency of partial-load
ficiencies of 18.54% and 11.35%, respectively, an increase of nearly one conditions. The utilization factor reaches 97% for the PCM-based
percentage point over the non-PCM case. This gain is attributed to PCM’s configuration, indicating that PCM integration enhances the quality of
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Fig. 19. Electrical and thermal efficiency at partial load of the ORC system for
the simple configuration for the fluids R245FA, R1234ZE, and ISOBUTANE at
250 °C (no PCM).

Fig. 20. Electrical and thermal efficiency at partial load of the TORC system in
the THE configuration for the fluids R245FA, R1234ZE, and ISOBUTANE at
250 °C (with PCM).

energy conversion by stabilizing the thermal input.

Overall, the bar plots highlight the synergistic benefit of combining
regenerative ORC architecture with PCM-based thermal storage. This
approach not only improves energy recovery but also supports more
robust and efficient operation under real-world driving conditions,
aligning with the broader goals of the IRIDESCENT project.

5.1.1. Impact of PCM addition on the vehicle

The power-to-weight ratio (PWT) of ORC systems vary considerably
due to multiple design parameters, including the choice of working
fluid, the specific system configuration, and, notably, the condensation
temperature. These factors collectively influence the size and mass of
key components, particularly the heat exchangers. Among the various
fluids examined in the literature, R245fa has emerged as one of the most
widely adopted in automotive applications, thanks to its favorable
thermodynamic properties and compatibility with compact ORC lay-
outs. According to the data reported by Pili et al. [41], for ORC systems
operating with R245fa, the estimated unit weight ranges from
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approximately 17.3 kg for a 2 kW system to 34.9 kg for a 4 kW system. In
addition to the ORC unit weight (17-35 kg for 2-4 kW class, consistently
with power-to-weight results in long-haul trucks), the optimized PCM
selection (KNOg3) adds 28.4 kg, yielding a total mass of about 58 kg for
the analyzed case. Vehicle-scale ORCs reported in the literature reach
masses around one hundred kilograms (e.g., ~129 kg in heavy-duty
truck studies [14]), which frames the present design toward the lower
end of typical vehicular additions [14,42].

6. Limitations of the present work and future directions

Vehicle-scale Organic Rankine Cycle (ORC) systems typically induce
exhaust backpressure in the range of 5-20 kPa (corresponding to a 2-4%
engine power penalty), and face significant packaging constraints in the
vicinity of turbochargers, DPF, and SCR units. These aspects are not
explicitly addressed in the present investigation. Indeed, experimental
studies on automotive ORCs rarely report system mass, exhaust back-
pressure, and installation constraints in a comprehensive and consistent
manner. Among the available contributions, Soldado et al. [43] provide
one of the most complete vehicle-scale assessments by simulating heavy-
duty truck ORC systems equipped with axial turbines and using R134a as
the working fluid. Their study reports fuel consumption reductions of
2-10% over NEDC and Artemis cycles and discusses packaging limita-
tions; however, system mass and backpressure are not experimentally
quantified and are instead inferred through GT-Power simulations. Sun
et al. [44] experimentally investigated a 3 kW laboratory-scale ORC
prototype under steady-state conditions, achieving efficiencies between
3 and 9.6% and highlighting the sensitivity to condensation tempera-
ture, but without addressing vehicle-level integration. Similarly, Sri-
vastava et al. [45] developed a 10 kW turbine, yet vehicle integration
aspects were not considered. Recent five-year review papers focused on
internal combustion engine applications further confirm the limited
number of fully built automotive ORC prototypes and emphasize space-
driven constraints as a key barrier. These surveys also highlight the need
for a deeper understanding of the impact of waste heat recovery (WHR)
unit backpressure on overall engine performance, calling for dedicated
assessments [46]. In light of these limitations, the present study adopts a
feasibility-oriented perspective, relying on literature-based ranges for
system mass and exhaust backpressure. Future work will extend the
analysis to a targeted techno-economic assessment of the transcritical
layout, with particular attention to the implications of increased
maximum pressure and component complexity. This will allow identi-
fying operating conditions under which the performance gains associ-
ated with higher cycle pressures and temperatures justify the additional
costs in heavy-duty vehicle applications.

The present investigation is further limited to steady-state operating
conditions and does not address the dynamic response of the ORC sys-
tem to variations in the hot source. This choice is consistent with the
main objective of the paper, namely the assessment of the thermody-
namic performance of an ORC-based waste heat recovery system at
representative engine operating points, and with common practice in
the literature. Incorporating thermal and mechanical inertia effects, as
well as transient interactions between exhaust gases and the ORC loop,
would require a fully dynamic modeling framework based on time-
dependent mass and energy balances and detailed information on en-
gine geometry, operating strategies, control logic, and exhaust gas pul-
sations. Such data are not available for the literature-based engine
considered in this study. Under these conditions, a simplified transient
analysis could yield misleading results. Accordingly, the steady-state
approach adopted here is sufficient to identify achievable performance
levels and to compare the proposed ORC configuration against alter-
native solutions. Future developments will therefore focus on a
comprehensive dynamic modeling of the entire waste heat recovery
system, including both the ORC loop and the tailpipe. This activity will
be conducted using a different engine for which detailed geometrical,
operational, and control data are available, enabling a consistent and
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physically meaningful assessment of transient behavior.

Finally, this design-oriented modeling study does not address
thermal-cycling durability, corrosion and compatibility issues, or the
long-term stability of the selected phase change material (PCM), namely
KNOj3. While nitrate-based PCMs such as KNO3/NaNOj are generally
less aggressive than chlorides, they require strict control of moisture and
impurities; for instance, unprotected NaNOs has been reported to lose up
to 12% of its latent heat over repeated cycles, a degradation that can be
mitigated through encapsulation or composite formulations [47,48].
More aggressive PCMs, such as NaOH, demand corrosion-resistant
containment specifically designed for high-temperature molten salt en-
vironments [49]. Addressing these aspects requires component-level
experimental investigations at higher technology readiness levels
under vehicle-representative exhaust conditions. Such efforts are
beyond the scope of the present work and are being addressed separately
in a dedicated PCM literature survey currently under development by
the authors.

7. Conclusions

The investigation described the design process and off-design anal-
ysis of an advanced WHR system that exploits the exhaust gas of a
compression-ignition thermal engine in a heavy-duty vehicle. In
particular, a quasi-static frequency-based analysis was performed on 28
real-world driving cycles to determine the most persistent thermal
power levels available from exhaust gases. The heat exchanger model
used to evaluate the thermal power input to the ORC was validated
against reference data from literature. Simulation outcomes confirmed
the model’s accuracy against reported results, with relative errors below
3%, indicating its suitability for supercritical ORC applications. A key
innovative contribution of this work was the optimization of the PCM
melting temperature to maximize the energy storage potential of the
WHR system. The analysis considered two methodologies for exhaust
gas frequency analysis, two locations for the WHR, different configu-
rations, fluids, and operating conditions of the ORC plant, two types of
HEX, and seven options for selecting the PCM.

The main findings of the present work are the following:

- The frequency analysis of the engine's thermal output for ORC sizing,
using the “maximum rectangle” criterion and the most-frequent en-
gine operating modes, resulted in very close values: 21 kW and 23
kW, respectively.

The parametric analysis of the ORC unit under nominal and partial-
load conditions highlighted the best performance of the regenerative
configuration, which yielded gains of 5.3-6.7 percentage points in
electrical efficiency and 3.0-4.1 points in thermal efficiency
compared to the simple layout. For R245FA, the penalty from
increasing condensation temperature from 30 °C to 50 °C was
quantified: electrical efficiency dropped by 2.2 points at design load
and 3.4 points at minimum load.

- The PCM analysis identified an optimal melting point of 330.81 °C,
corresponding to a stored energy of 3.2 kWh. Based on this result,
potassium nitrate (KNO3) was selected as the most suitable material,
requiring only 28.4 kg to store the necessary 7562 kJ of thermal
energy. This enables the ORC to maintain nominal operation even
during low exhaust power phases, significantly enhancing system
robustness and energy recovery.

The PCM optimization analysis, along with the ORC parametric
investigation, was used to calibrate the WHR model for global per-
formance evaluation. The regenerative configuration consistently
outperformed the simple cycle arrangement. For example, the con-
ventional recovery unit operating with R245FA increased the global
efficiency from 7.51% to 10.55%.

The integration of PCM into the heat exchanger significantly
extended the operational range of the ORC system, with a significant
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improvement in performance, raising ORC efficiency to 18.54% and
WHR efficiency to 11.35%, and achieving a utilization factor
exceeding 96% in all cases.

Note that the potential benefit of PCM integration could be even
greater in terms of global performance improvement in subcritical ORC
systems. In fact, such systems are characterized by sharper efficiency
drops under partial load, and the ability of PCM to extend nominal
operation could become even more valuable. Under transcritical oper-
ation, the working fluid temperature increases continuously along the
heater, without an isothermal evaporation plateau. As a result, the
evaporator operates with smaller temperature differences and maintains
higher effectiveness over a wider load range. In contrast, subcritical
configurations include an isothermal phase-change section, leading to
larger temperature gradients between the heat source and the working
fluid. Based on experimental ORC data reported by Jiménez Arreola
[50], the efficiency at approximately 80% load reaches about 95.48% of
the nominal value for a subcritical cycle, whereas the corresponding
transcritical configuration (R245fa as the working fluid, IHE arrange-
ment, condensation temperature of 30 °C) retains roughly 97.61% effi-
ciency. This difference of about 2.1 percentage points is non-negligible.
Accordingly, the integration of a phase change material (PCM) unit
upstream of the HRVG can provide comparatively larger benefits in
subcritical layouts, since the more pronounced efficiency degradation at
part load leaves a greater fraction of recoverable heat available for
storage and subsequent release during periods of reduced source
availability.

In conclusion, this investigation demonstrates that integrating
regenerative ORC architecture with PCM-based thermal storage enables
a compact, efficient, and robust utilization of exhaust-gas thermal en-
ergy to generate on-board electricity. Therefore, the validated method-
ology and quantified performance indicators provide a solid foundation
for future activities of the IRIDESCENT project, which involve applying
the methodology to hybrid biodiesel-electric heavy-duty vehicles and
executing a system-level optimization.
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Appendix

This appendix describes in the details the quasi-static modeling of the engine and the modeling approach used for the WHR.

7.1 Prediction of the exhaust gases temperature and mass flow rate under real-world driving conditions

A backward quasi-static simulation approach with a discretization of 1s was adopted for the simulation of the conventional thermal power system
of the Isuzu FTR850. At each step, the vehicle speed and road grade profiles are used to calculate the traction force F,(i) and the required engine power
Pr(i)

M + Pouy, V(i) > 0
Piez(i) =f Mg ) ®)

Pau, V(i) <0

In this equation, er,, is the overall efficiency of the drivetrain while Pgy, is the parasitic power of the auxiliaries. The engine operating point is then
estimated using the value rpm(i) from the dataset and the required power of eq. (8) and used to enter the maps of exhaust mass flow rate and
temperature (hot-end). To account for the thermal loss and inertia in the exhaust line, the temperature at the cold-end was obtained by subtracting
350°C independently from the engine load and speed and applying a moving window filter. The value of 350°C was identified from the matching of
experimental data for trip #4 and the applied to all other trips. An intermediate temperature was calculated as the average between the other two. The
estimation of the cold-end and intermediate temperature is performed by the block “exhaust system model” of Fig. 21. The development of the engine
maps and the validation of the whole modeling approach can be found in [51]. Future works will address the effect of ORC integration in heavy-duty
engines, focusing on higher exhaust energy and operational stability, to quantify and mitigate the impact of backpressure and additional weight, and
the adoption of biofuel instead of fossil diesel.

Fig. 21. Flowchart of the modeling approach.

7.2 ORC Thermodynamic model

The thermodynamic model adopted for the ORC system is based on a previously validated framework developed in our earlier works [17], and is
here applied to evaluate the performance of a transcritical cycle under variable thermal input conditions. However, the evaporator model, which links
the ORC system to the exhaust flow of the engine, has been specifically developed for this study and is described in detail in the following section.
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The model assumes steady-state conditions for the quasi-static analysis at partial load and neglects pressure drops and heat losses. Thermophysical
properties of the working fluids are retrieved from the REFPROP database. The net electric power output is calculated as:

P,
Py =t Pe ——— )

emp

where P, and P, are the expander and pump powers, and 7,,,,, and 7,y are the electromechanical efficiencies of the turbine and pump, respectively.

The expander's isentropic efficiency was calculated via a generalized correlation proposed in a previous work [52]. It is derived from fitting exper-
imental data available in scientific literature for various dynamic expanders. The correlation reflects the typical trend of increasing isentropic effi-
ciency with expander size, as expressed in the following equation:

Nise = 53.94P2081 10)

where P;, . is the rated isentropic power of the expander, expressed in kilowatts. Furthermore, the thermal power input due to the engine waste gas is
defined as:

th = Mexh (Texh.in - Texh.out) (€RD)

The ORC efficiency is then:

Pel
Norec = O (12)

The effectiveness of low-temperature heat recovery heavily depends on the working fluid selection, which must be capable of efficiently extracting
heat from the available source. The choice is driven by a combination of factors, including thermodynamic performance, environmental impact (e.g.,
GWP, ODP), safety (e.g., low flammability), and overall system design requirements.

For this study, a comparative analysis of three promising working fluids was conducted. Their main properties are summarized in Table 8. R245fa
is already well established in the scientific literature, which could simplify its integration and adoption into existing vehicle architectures. Its proven
performance and compatibility with current infrastructure make it a reliable choice. R1234ze(E) is a fourth-generation refrigerant from the hydro-
fluoroolefin (HFO) category, characterized by a very low environmental impact. Finally, isobutane (R600a) is distinguished by a high power-to-weight
and power-to-volume ratio according to the literature [42]. Its favorable thermodynamic properties, i.e., critical pressure and temperature, density,
and molar mass, allow for a more compact and lightweight system design, which is ideal for integration into space-constrained vehicles.

The saturation curves of the three fluids are depicted in Fig. 22. Table 9 shows the main parameters of the TORC under design conditions.

Fig. 22. Saturation curve of organic fluids used in the model.
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Table 8
Specification of the organic fluids considered in this investigation.
Type fluid Critical Temperature (°C) Critical Pressure (kPa) Critical (kg/m3) Molar Mass (kg/kmol)
R245fa 154 3650 516 134
R1234ze 109 3640 489 114
Isobutane 135 3630 225 58.1

The evaporator exploits the thermal power of the exhaust gases. Off-design performance of the turbine was evaluated using the Stodola ellipse approach. The pump
operates with variable shaft speed to ensure the correct mass flow rate, while the condensation pressure and temperature are considered constant [27] and an iterative
procedure is performed which ends when the physical feasibility of the solution is guaranteed [17]. The model has been validated in a previous work [17].

Table 9

Main input parameters to the ORC model.
Parameters Unit Values
Condensation Temperature Q) 30-40-50
Maximum temperature Q) 250
Maximum pressure ) 1.6 Peitical
Pump isentropic efficiency (%) 70
Expander isentropic efficiency (%) Variable with size
Electro-mechanical efficiency (%) 90
ICE outlet exhaust gas temperature Q) 350
Design outlet exhaust gas temperature Q) 90
Exhaust gas mass flow rate (kg/s) 0.18

7.2.1. Heat exchange model and comparison

The heat exchanger is a key component in the ORC system, responsible for transferring thermal energy from the exhaust gases to the organic
working fluid. This section presents the modeling approach adopted for the evaporator and compares two common configurations: plate heat ex-
changers (PHE) and shell-and-tube heat exchangers (STHE). Plate heat exchangers are characterized by a compact design and high thermal efficiency
due to their large surface-to-volume ratio. However, they are typically limited to moderate pressure applications (usually up to 40 bar) and are less
suitable when the pressure difference between the hot and cold sides is significant. They offer compactness and high heat transfer efficiency due to
their large surface-to-volume ratio. However, they are generally limited to applications with moderate pressures (typically below 40 bar) and are less
suitable for fluids with significantly different pressures on the hot and cold sides. In contrast, shell-and-tube heat exchangers are more robust and
better suited for high-pressure applications, as they do not require gaskets and exhibit lower pressure drops—an important factor for WHR system
efficiency. Shell-and-tube heat exchangers, on the other hand, offer greater mechanical robustness and are better suited for high-pressure conditions.
Their gasket-free design and lower pressure drop make them preferable for WHR systems operating under demanding conditions.

The heat exchanger is discretized into 100 elementary sections, each characterized by a constant enthalpy difference [24]. For each section, the
heat transfer rate is computed according to equation (1):

AT; — AT
AT,
In (ATM)

where U; is the local overall heat transfer coefficient, A; is the heat transfer area of the section, and ATj,; is the logarithmic mean temperature
difference between the exhaust gas and the working fluid at the inlet and outlet of the section.
In transcritical conditions, the convective heat transfer coefficient is estimated using the Jackson and Hall [53] correlation for the Nusselt number:

Q = UiAAT; = UA 13)

03/ = n
Nuy = 0.0183Re)*Pro® Puwan & 14)
* pof Cpuf

where Re is the Reynolds number, Pr is the Prandtl number, p is the density, c; is the specific heat capacity. The exponent n is equal to:

04 Tof <T, < TpcandTpc < Tuf < Tyau

T,
0.4+ 02( ,;au — 1) s Tof < Tpc < Tyau

pc

(15)

T, T,
0.4+0.2(TL“”— 1) {1 - S(T—°f— 1> },Tpc < Top < 1.2T,
pc pc

The exponent n depends on the proximity to the pseudo-critical temperature The subscripts “of” and “wall” refer to the organic fluid and the wall,
respectively. The pseudo-critical temperature is defined as the temperature at which the specific heat capacity of the organic fluid reaches a maximum
at a pressure above the critical point. The wall temperature is approximated as the average between the temperatures of the organic fluid and the
exhaust gas. The average specific heat of the working fluid is calculated as:

_ hwall— huf

= (16)
i Twall - Tof
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where h,q is the specific enthalpy of the fluid in contact with the wall
The convective heat transfer coefficient (hs) of the organic fluid is calculated as

Ni llofkof

hy = D,

a7

Dove ks e is the thermal conductivity and Dy, is the hydraulic diameter (equal to the tube diameter in the STHE case). The overall heat transfer
coefficient:

U= (18)

L4 L0 4R

Qof ' Aexh  Kshen

where h,,, is the convective coefficient of the exhaust gas, estimated using the Dittus-Boelter correlation, § is the tube wall thickness and Ry is the
fouling resistance. The total heat transfer area is computed as follows:

QexhlICE
A = ZA AT U 19

where e Q'exhvi,,CE is the thermal power recovered by the Heat Exchanger in each section.

The main input parameters for the heat exchanger model are summarized in Table 9. The exhaust gas enters the evaporator at 350°C and exits at
90°C, with a mass flow rate of 0.18 kg/s. The maximum working fluid temperature is set to 250°C, and the maximum pressure is assumed to be 1.6
times the critical pressure of the selected organic fluid. These values are used as boundary conditions for the thermal sizing of the evaporator. The
thermal effectiveness of the heat exchanger is defined as:

e= i _ rbflurg(harg,out. - hurg..in) (20)

Qrax muhcpexh(n?(h - T})’r"g)

where horg o and horgin are the enthalpies of the working fluid at the evaporator outlet and inlet, respectively.
The same modeling approach was applied to simulate both PHE and STHE configurations. The two models differ in the definition of the hydraulic
diameter and the heat transfer area. For the plate heat exchanger, the total heat transfer area is calculated as

Aptae = WLN 1, @1

where w and L are the plate width and length.

For the shell-and-tube heat exchanger, the area is computed as Ageape = dexternar™L* I\fwbe
the tube length, and N,,, is the number of tubes.

7.2.2. Validation of the heat exchanger model

The heat exchanger model was validated using reference data from Karellas et al. [24], who investigated the design of plate heat exchangers for
supercritical Organic Rankine Cycles (ORCs).

7, where deyernq iS the external diameter of the tubes, L is

Table 10

Exchanger characteristics for validation [24].
Characteristics Unit Value Reference value
Width mm 100
b (distance between plates) mm 2
& (plate thickness) mm 0.45
Fluid - R134a
n (number of section) - 100 100
Organic fluid Pressure bar 50 50
Area m2 1.83 2.2
U (global heat exchange coefficient) W/m2K 2220 2500
¢ (efficiency) - 81% 83%
ATpin °C 10.1 10

To validate the model, a simulation was performed replicating the geometric and operating conditions reported by Karellas et al. for R134a at 50
bar. The geometric configuration used in the simulation is summarized in Table 10.
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Fig. 23. validation plate heat exchanger model: a) T-Q diagram, b: dynamic viscosity and thermal conductivity [24].

The temperature profiles of the organic fluid and the exhaust gas, shown in Fig. 23(a), closely match the trends observed in Karellas et al.,
especially the characteristic inflection in the organic fluid curve caused by the peak in specific heat capacity near the pseudo-critical point. Fig. 23(b)
shows the variation of dynamic viscosity and thermal conductivity with temperature and provides physical insight into the thermophysical mech-
anisms responsible for the shape of the curve of Fig. 23(a). These properties change rapidly near the pseudo-critical temperature, directly affecting the
local heat transfer coefficient. This variation leads to a nonlinear heat transfer behavior, visible as a slope change in the organic fluid temperature
curve. The strong sensitivity of heat transfer to these properties in the supercritical regime reinforces the importance of using temperature-dependent
correlations in the model.

The simulated global heat transfer coefficient and thermal efficiency are in good agreement with the reference values, with relative errors of 2.80%
and 2.17%, respectively. These results validate the accuracy of the model for the design and performance prediction of supercritical ORC heat
exchangers.

Data availability

Data will be made available on request.
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