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Abstract: Low- and medium-temperature thermal sources have the potential to reduce reliance on
pollutant energy carriers such as fossil fuels. Among the most promising sources globally are solar
thermal, geothermal, and residual heat. Organic Rankine Cycles (ORCs) are systems capable of
harnessing these resources to produce electricity efficiently. The method by which heat is transferred
from the thermal source to the working fluid plays a crucial role in ORC performance. This study
evaluates several thermal oils as intermediate heat transfer media between the thermal source and the
working fluid, aiming to support their selection based on key performance indicators. The parameters
assessed include thermal and exergetic efficiencies, as well as mass and volumetric flow rates of both
the working fluid and the thermal oil. Results indicate that incorporating a thermal oil significantly
enhances the exergetic efficiency of the ORC system.

Keywords: organic rankine cycle; thermal energy recovery; thermal oil; exergy; efficiency

1. Introduction

Efficient energy use is crucial for mitigating climate change driven by anthropogenic carbon
dioxide (CO,) emissions, primarily from fossil fuel consumption [1,2] and other greenhouse gases
(GHGs), such as hydrofluorocarbons (HFCs) [3]. Enhancing energy efficiency has been identified as
one of the most cost-effective measures to curb GHG emissions [4]. In this context, Organic Rankine
Cycles (ORCs) have emerged as a prominent technology due to their operational flexibility, compact
design, and capacity to harness low-grade thermal energy for electricity generation or mechanical
work [2,5]. Traditional methods for improving ORC performance have focused on optimising working
conditions [6,7] and selecting appropriate working fluids to maximise thermal (77;) and exergetic (711)
efficiencies [8,9].

ORC optimisation strategies prioritised increasing the heat source temperature to elevate the
vapour pressure of the working fluid, thereby enhancing the thermodynamic cycle’s output [10,11].
Several studies have investigated using fluids such as R134a, R245fa, and R236fa for improved thermal
conversion. However, these compounds are being phased out due to their high Global Warming
Potential (GWP) mandated by the Kigali Amendment [12-14]. Beyond fluid optimisation, innovative
designs have integrated Thermal Energy Recovery (TER) subsystems into ORCs to enhance heat
transfer efficiency and system stability. These TER units commonly employ intermediate fluids, such
as commercial thermal oils, to decouple the ORC from the primary heat source, mitigating exergy
destruction and improving control over the heat exchange process [15,16]. This thermal decoupling

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://orcid.org/0009-0007-7719-2599
https://orcid.org/0009-0001-8573-0963
https://orcid.org/0009-0005-5941-822X
https://orcid.org/0000-0001-8953-6140
https://orcid.org/0000-0001-8740-8743
https://doi.org/10.20944/preprints202505.0695.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2025 d0i:10.20944/preprints202505.0695.v1

20f13

enables more resilient system performance under variable heat input conditions, promoting sustainable
energy conversion.

Recent studies have highlighted the growing interest in Organic Rankine Cycles (ORCs) coupled
with thermal energy receivers (TERs) or accumulators (TEA) systems using thermal oils. These config-
urations enhance energy efficiency and operational flexibility, particularly in applications involving
intermittent or low-temperature heat sources. TER systems allow for effective heat management and
improved stability of ORC operations, enabling continuous power generation even during fluctuations
in thermal input. For instance, an ORC pilot plant with a thermal energy storage chamber has been
experimentally analysed, demonstrating enhanced system stability and efficiency under varying ther-
mal loads [17]. Similarly, other studies have explored advanced configurations integrating ORC with
sensible and phase change thermal storage using commercial thermal oils as heat transfer media. This
integration optimises waste heat recovery in industrial settings and contributes to higher exergetic
efficiencies [18,19]. The literature also emphasises the importance of selecting appropriate thermal oils
and designing efficient TER systems to maximise ORC performance. From a general point of view,
integrations of indirect heating improve energy efficiency and support sustainable energy utilisation
by enhancing renewable energy integration and reducing greenhouse gas emissions [20].

This study presents a comprehensive thermodynamic analysis of an ORC system enhanced by a
TER unit operating with three industrial thermal oils: Therminol LT, Paratherm HR, and Paratherm NF.
Two TER configurations are evaluated to analyse the impact of temperature profiles and pinch-point
temperatures on energy delivery quality and overall system performance. An integrated simulation
model is developed to assess thermal (1) and exergetic (#;;) efficiencies, net power output, mass and
volumetric flow rates, and key design parameters of the heat exchangers. The primary objective of
this work is to identify optimal conditions and configurations that maximise system efficiency while
minimising irreversibilities, providing clear guidelines for the sustainable design of ORC-TER systems
in industrial applications, leveraging low-temperature waste heat sources.

2. Thermodynamic Theory and Modelling
2.1. Thermodynamic Model

Figure 1a shows a basic ORC fed by a thermal source, while Figure 1b displays the same layout
connected to a thermal energy recovery (TER) that operates with a thermal oil. In the standard ORC,
depicted in Figure 1a, a saturated liquid (1) is compressed in a pump, obtaining a subcooled liquid (2);
the liquid is heated until a saturated liquid at high pressure (31) and then vaporised (3). These isobaric
processes (2 to 3) obtain energy from exhaust gases. Finally, the saturated vapour (3) is expanded until
the condenser pressure (4). In contrast, in Figure 1b, the thermal source energises the boiler while the
remaining energy is used to heat a thermal oil. The oil preheats the fluid from the subcooled liquid to
saturation. The rest of the cycle is identical to the previously described.

The configuration of Figure 1 are represented in the temperature vs entropy projection in Figure 2.
Figures?2 represent the thermal source (exhaust gases) in crimson lines, while the TER is depicted
in blue. In both cases, the points of the cycle are illustrated in green. The latter profile shows three
fundamental points for analysing the source. The thermal source enters the boiler or heat exchanger
with a temperature T ;. After the phase change of the working fluid, the temperature of the thermal
source is Try s, constituting an intermediated temperature of the source. The remaining energy from
the thermal source is then delivered to the working fluid to preheat the saturated liquid after the
compression in the pump, yielding a final temperature of Ty .
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Figure 1. Schematic representation of an ORC composed of a pump, a heater, a heater or heat exchanger, a turbine,
and a condenser. (a) The ORC is powered by exhaust. (b) The ORC is powered by a TER fed by exhaust gases.
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Figure 2. Schematic illustrations of a rudimentary ORC in the temperature vs entropy projection. Illustrations
also depict the thermal source and thermal energy recovery temperature profiles. (a) ORC without TER. (b) ORC

with two TER configurations.

Figure 2b displays two different TER configurations representing the limiting conditions of of the
system. The configuration C1 is set to have a thermal oil with a temperature near to the thermal source
with a pinch point, Tpp,Cl/ as a fixed parameter. The second configuration, C2, is defined as having a
pinch point Tpp, ¢ as a function of the outlet temperature of the condenser, as shown in the blue lines.
In both cases, configurations can be set using the design of the heat exchanger, the temperature of

the thermal source, and the mass flow of oil or the

heated fluid. The entropy scales in Figure 2 are

merely illustrative. It is important to remark that the pinch-point temperature is defined differently
depending on the configuration, as shown in Figure 2b.
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The thermal efficiency of a power cycle is determined by the ratio between the net power output,
Wi, to the energy used in the process, Qy. In a single-stage ORC, where each piece of equipment has
the same mass flow, the thermal efficiency, 71, is given by

i

m= 3 )

The added heat is the sum of the amount of energy of the heater and the boiler, Q = Q}, + Qp.
Additionally, the net work may be written as W, = Q — Q, being Q. the amount of extracted heat in
the condenser.

The amount of heat can be calculated by the enthalpy differences between two points of the cycle.
For instance, for the heater stage, the energy change is given by

Qh = m(HSI - HZ) = —1is (Ho,s - Hc,s) )

where the subscripts represent the same nomenclature shown in Figure 2. The ORC uses one of the
most common working fluids, R134a [21,22]. The thermophysical properties are obtained using the
multiparametric equation of state for the compound [23].

The flow-specific exergy can be defined as [24]

e = Hy — Ho — To(Sk — So) 3)

where the subscript k concerns the cycle’s flows while the subscript 0 represents the dead-point
condition, chosen at a temperature of 293.15 K.

In a simple and adiabatic tube-and-shell heat exchanger, the supplied exergy is obtained through
the decrease in the hot-flow exergy. Also, the recovered exergy is the increase in the cold-flow exergy,
as long as it is not at a lower temperature than the surroundings [24,25]. Therefore, the exergetic
efficiency between the heater-boiler and the source yields

(s — 2)
il (lpo,s - lPi,s)
In the same way, which is evaluated as heater-boiler exergetic efficiency, the heater and the boiler

can be separately assessed. This study is centred on the evaluation of heater exergetic efficiency. The
latter can be written as

(4)

n = "is = —

(3 — )
mS (wm,s - lPO,S)
Adding the TER between the thermal source and the working fluid changes Eq (4). Considering
Configuration 1 and 2, the exergetic efficiency for both configurations can be expressed as

(5)

Mih =

(31 — §2)
= =— 6
Mic1 = Miu,c2 1o (o0 — Po.) (6)
where the differences in the TER exergies for both configurations are given by
T2 T
von=toi = [ (1= 32 )Crat 7)

where Tj is the dead-point temperature, while T and T; are the operational temperatures. Additionally,
the isobaric heat capacity of the thermal oil, Cp,, may be function of the temperature.

Three commercial thermal oils have been analysed in this work: Therminol LT (M = 134
g/mol) [26], Paratherm HR (M = 240 g/mol) [27], and Paratherm NF (M = 340 g/mol) [28]. The
selection among twenty nine thermal oils was performed based on a first analysis of the density,
viscosity, heat capacity, thermal conductivity, flash point, and, mainly, operational temperature range.

d0i:10.20944/preprints202505.0695.v1
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The isobaric heat capacity of the selected thermal oils had been fitted to experimental data [26-28] by a
second-order polynomial as

CP,o

MR

Table 1 shows the constants, #; for the thermal oils heat capacity in the temperature range between

313.15 to 493.15 K. Table 2 presents the assumptions that delimit this study’s scope, including using

an ORC turbine with a displaced volume of 120 cm? per revolution. A steam turbine is probably the

= +0¢2T+0c3T2 (8)

most flexible driver available to industry. With the advent of modern precision gears, turbine speeds
are seldom below 1200 rpm and may be as high as 25000 rpm [29]. This study is considered 2900 rpm
for the operation of the ORC turbine. The condenser has a fixed temperature of 303.15 K. Moreover,
the driving equipment is isentropic, i.e., their efficiency is 100 %. In any event, the efficiency of the
turbomachinery does not influence the exergetic evaluation of the isobaric stages.

Table 1. Parameters for the isobaric heat capacity for the used thermal oils valid in the range between 313.15 K to

493.15 K.
Commercial o T s - 100 rof
name

K1 K2
0il 1 Therminol LT 12.8067 5.5078 2.4950 [26]
0il 2 gﬁatherm 43.8256 2.8091 46.8136 [27]
0il 3 Paratherm NF 7.7397 23.0976 ~15.0726 [28]

T 72 73 - 104

kg m~3 kg m3K~! kg m 3K 2
Oil 1 Therminol LT 1027.42 ~0.3530 —6.8775 [26]
0il 2 E"Eatherm 1188.77 ~0.7852 0.1843 [27]
0il 3 Paratherm NF 1081.53 ~0.6787 0.1990 [28]

Table 2. Input parameters and boundary conditions for ORC thermally powered by thermal energy recovery.

Value Range
Organic Rankine cycle
Turbine displaced volume 120.00 cm3 -
Turbine revolutions per minute 2900.00 rpm -
boiler saturation temperature - 330.15 to 368.15 K
Condenser temperature 303.15 K -
Expander isentropic efficiency 1.0 -
Pump isentropic efficiency 1.0 -
Energy source and TER
Exhaust gases temperature - 493.15K t0 373.15K
Pinch point temperature - 5,10,and 15K

Combustion exhaust gas is used as the thermal source. The gas is modelled using the standard air
assumptions and data [30]. The air temperature entering the ORC is fixed at 493.15 K. In contrast, the
outlet temperature is fixed at 373.15 K. Consequently, the mass flow ratio of the thermal source varies
depending on the energy the working fluid needs to reach the saturated vapour state. As shown in
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Table 2, three values for the pitch point temperature are considered in typical operation ranges. The
enthalpy and entropy of the air are calculated using second-order polynomial [31]. Furthermore, to
simplify the analysis, the system is considered to have steady-state conditions in all components, and
the heat and friction losses in the system are neglected.

2.2. Heat Exchanger Sizing Model

In order to size the shell-and-tube heat exchanger used for the heat transfer between the thermal
oil and the refrigerant, the mass flow oil that passes through the heat exchanger is the key parameter.
The ass flow refrigerant is obtained using compressor load [31,32], which is given by

1 = ViRopy ©)

where Vj; is the displaced volume in m® h~!, R, the volumetric performance, and p4 the working fluid
density in the turbine outlet. The mentioned density is related to the maximum value that may take the
vapour density in an ORC. Therefore, also is related to the maximum value of mass flow working fluid
that may be taken advantage of in the turbine. Further, R, = 1 — 0.03r. is a function of the compression
relation, r. = P3/D;.

The oil mass flow in the heat exchanger varies depending on the energy the working fluid needs
to reach the saturated vapour state. Therefore, their values also depend on the mass flow of working
fluid. To compute the volumetric flow, V = 1i1/p, the density as a function of the temperature is
obtained by a fitted second-order polynomial. Table 1 shows the constants, -;, for

p=71+7T+7T? (10)

The velocity in the heat exchanger is a critical variable. Shell-side velocity lies between 0.6 to 1.5
m/s for water and similar liquids, and the number of tubes is chosen so that the tube-side velocity
for water and similar liquids lies between 0.9 to 2.4 m/s [33,34]. In this work, the velocity is used as a
function of the volumetric flow and piping diameter concerning the selection and sizing of the piping,
fitting, valves, and pumps in hydraulic systems [35]. The velocity can calculated as

1%
0= 35367855 (11)

where v is the velocity in m/s, V is the volumetric flow in m® h~1, and D is the interior tube diameter
in mm, limited to the commercial diameter (DN or NPS). The heat exchanger’s base case comprises six
tubes, as in Pasupuleti’s work [33].

3. Thermodynamic Behaviour of ORC-TER System

To elucidate the performance enhancement introduced by the integration of an intermediate
energy accumulator based on thermal oil, a direct-heated ORC configuration is employed as a bench-
mark. Figure 3 presents the thermal and exergetic efficiencies for the three evaluated scenarios: the
two TER configurations (C1 and C2) and the direct thermal source case, each assessed as a function of
the boiler saturation temperature. The thermal efficiency, #;, as depicted in Figure 3a, demonstrates no
sensitivity to the inclusion of a TEA. This outcome is consistent with the thermodynamic expectation
that the mode of heat delivery to the boiler does not influence the first-law performance of the cycle.
Furthermore, a positive correlation between boiler saturation temperature and thermal efficiency is
observed, reflecting the classical behaviour of Rankine-based systems. Notwithstanding these trends,
the selection of operational parameters must account for critical system constraints, including the need
to avoid proximity to the working fluid critical point [36], to operate below the maximum allowable
pressure of construction materials, and to ensure a sufficiently high vapour quality at the turbine
outlet [14] to mitigate the risk of mechanical degradation.
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Furthermore, Figure 3b illustrates the exergetic efficiency of both TEA configurations at a fixed
pinch temperature of 10 °C concerning the working fluid, compared to the direct-heated benchmark,
depicted in black. Configuration C2 exhibits a markedly higher exergetic efficiency than C1. This
result highlights the importance of aligning the thermal oil temperature with the working fluid profile,
maintaining proximity to the system’s saturation temperature while preserving the specified pinch
temperature difference. From a design perspective, this alignment enables more effective utilisation of
the available thermal potential, reduces irreversibilities in the heat transfer process, and maximises the
quality of the delivered energy.
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Figure 3. Basic thermodynamic analysis of the ORC-TEA system. (a) Thermal efficiency as a function of the
boiler saturation temperature. (b) Exergetic efficiency of the ORC-TEA system at a fixed pinch temperature of
10 °C with Therminol LT (thermal point No. 1). Solid line corresponds to configuration C1, and dashed line to
configuration C2.

As illustrated in Figure 3b, the improvement in heat delivery quality is substantial when thermal
oil is employed to indirectly preheat the working fluid. Consequently, it is essential to evaluate the
influence of thermal oil properties and pinch-point temperature on this effect. Figure 4 presents the
average relative percentage difference in exergetic efficiency for the three thermal oils analysed.
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Figure 4. Average relative percentage difference in exergetic efficiency for the three thermal oils evaluated,
across varying pinch-point temperatures, in configurations (a) C1 and (b) C2. In both figures, crimson represents
Therminol LT, blue corresponds to Paratherm HR, and yellow denotes Paratherm NF.

In configuration C1, shown in Figure 4a, exergetic efficiency decreases at low pinch-point temper-
atures and exhibits only a slight improvement as the pinch-point increases, with minimal variation
across the different oils. Conversely, configuration C2, shown in Figure 4b, demonstrates a pronounced
increase in exergetic efficiency at low pinch-point temperatures, reaching up to a twofold improvement.
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These findings indicate that configuration C2, combined with a low pinch-point temperature, yields
superior performance. Nevertheless, the pinch-point must be sufficiently high to ensure adequate heat
transfer, depending on the heat exchanger design.

The characteristics of the system impose constraints on the working fluid flow rate, while turbine
specifications define the flow demands and the mechanical output. Equipment design and dimensions
are also established based on these parameters. Figure 3a illustrates the mass flow rate, whereas
Figure 5b presents the volumetric flow rate. Although volumetric flow is the primary variable for
equipment sizing and scaling, the mass flow exhibits a distinct minimum near 80 °C. This trend
provides a practical guideline for system optimisation, as selecting a boiler temperature in proxim-
ity to this minimum allows for a balanced design that reduces equipment size while maintaining
efficient operation.
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Figure 5. Working fluid flow rates as a function of turbomachinery characteristics and boiler temperature. (a)
Mass flow rate. (b) Volumetric flow rate.

Once the working fluid flow rates are characterised, it becomes essential to compare them with
the thermal oil flows, which constitutes a critical design parameter for the boiler. Figures 6a—c illustrate
the mass flow rates of the thermal oils, while Figure 6d—f present the corresponding volumetric flow
rates as functions of the working fluid saturation temperature, under three different pinch-point
temperature conditions. In all mass flow cases, configuration C2 exhibits higher flow rates compared to
the configuration that follows the working fluid temperature profile. A similar behaviour is observed
in the volumetric flows, where the thermophysical properties of each oil influence the slope and
magnitude of the curves. For instance, Oil 2 displays limited thermal expansion across the evaluated
pinch-point temperature range. Additionally, a notable variation in flow behaviour is observed at
higher working fluid temperatures (above approximately 80 °C), where flow rates either significantly
increase or decrease depending on the configuration. This effect must be considered in the design
of heat exchangers. Although configuration C2 achieves superior efficiency, it also demands higher
flow rates, which in turn increases the required heat transfer surface and equipment size. Therefore,
while elevated working fluid temperatures enhance system efficiency, their impact on the physical
dimensions and overall feasibility of the thermal equipment must be carefully balanced during the
design phase.
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Figure 6. Mass (a—) and volumetric (d—f) flow rates of the thermal oils under study. Solid lines represent
configuration C1, while dashed lines correspond to configuration C2. blue, green, and crimson lines indicate
pinch-point temperatures of 5 °C, 10 °C, and 15 °C, respectively.

Figure 7 provides a general overview of the thermodynamic behaviour of the cycle in the absence
of the thermal oil heating system. Although the behaviours are independent of the thermal oil
configuration, the analysis offers valuable insights into the internal heat distribution and phase change
characteristics. In Figure 7a, the black bold line represents the total heat input to the boiler, while
the crimson line denotes the heat distribution between the boiler and the heater. An inverse trend
is observed: as the boiler temperature approaches the critical point of the working fluid, the heat in
the boiler decreases, whereas the heat absorbed in the heater increases. Despite the differing heat
transfer mechanisms, the total energy input remains almost constant, maintaining thermal balance and
aiding in equipment sizing. Additionally, Figure 7b presents the vapour fraction at the boiler outlet.
As shown, increasing the boiler temperature results in a higher proportion of liquid phase at the outlet.
However, the vapour fraction remains below 0.90 in all cases, ensuring stable operation within the
design specifications.
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Figure 7. Key thermal parameters of the ORC system. (a) Heat input to the boiler: the total heat is shown as a
bold black line, the heat delivered to the heater as a solid crimson line, and the heat for vapour generation as a
dashed crimson line. (b) Vapour fraction at the turbine outlet.
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The previous analysis indicates that the design and operational parameters converge to favourable
values around 80 °C for R134a, the working fluid under study. Therefore, a detailed discussion of
system performance at the aforementioned temperature is warranted to elucidate its behaviour near
optimal operating conditions. This evaluation should account not only for thermal and exergetic
efficiencies but also for design and sizing considerations of the involved components.

Figure 8 presents the performance of the overall system at an operating temperature of 80 °C. In
Figure 8a, the exergetic efficiencies of all configurations are displayed. The grey line denotes the refer-
ence case of a direct-heated ORC, while the grouped bars represent the results obtained using different
thermal oils. A general decrease in exergetic efficiency is observed when Configuration 1 is employed,
except for a pinch-point temperature of 15 °C, which slightly exceeds the benchmark. Conversely,
Configuration 2 consistently enhances the quality of heat delivery from a second-law perspective.
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Figure 8. Exergetic and sizing key parameters of the ORC-TER system for the three pinch-point temperatures, in
crimson, yellow, and blue, respectively, are at 5 °C, 10 °C, and 15 °C. (a) Exergetic efficiencies. (b) volumetric flows.
(c) pipeline diameters.

Figure 8b shows the corresponding volumetric flow rates. These remain consistent across the
thermal oils and are significantly lower than the flow rate of the working fluid. Figure 8c illustrates the
resulting pipe diameters, determined based on average flow velocities. The calculated diameters fall
within standard commercial ranges: approximately 6.35 mm (3/8 in) for thermal oil circuits and 19.05
mm (3/4 in) for the working fluid lines.

These results indicate that the most influential factors in system performance are the configuration
and operating conditions rather than the specific choice of thermal oil, as key design parameters
remain comparable across all tested fluids.

4. Concluding Remarks

This study assessed the quality of energy transfer from a residual heat source to a working
fluid in an Organic Rankine Cycle (ORC), focusing on the use of a shell-and-tube Thermal Energy
Receiver (TER) as a benchmark configuration. The results indicate that both thermal and exergetic
efficiencies increase with boiler temperatures approaching the critical point of the working fluid. For
the direct-heated ORC, thermal efficiency depends primarily on the temperature difference between
the boiler and the heat source, with a maximum value of approximately 50 %.

Incorporating a TER with an optimised temperature profile significantly enhances the exergetic
efficiency. Two limiting configurations were evaluated: one following the thermal source profile and
the other aligned with the isobaric heating profile of the working fluid. The latter showed superior
performance, with exergetic efficiency reaching nearly 90 %. The pinch-point temperature exhibited
negligible influence on system thermal efficiency.

Furthermore, all thermal oils investigated yielded similar mass and volumetric flow rates, inner
velocities, and required pipe diameters, which correspond well with commercially available tubing
(6.35 mm). Thermal Oil 2 demonstrated favourable behaviour among the tested fluids due to its
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thermal stability and minimal variation in thermophysical properties under operating conditions.
These results indicate that the most influential factors in system performance are the configuration and
operating conditions rather than the specific choice of thermal oil, as key design parameters remain
comparable across all tested fluids.
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The following abbreviations are used in this manuscript:

C1 Configuration 1

2 Configuration 2

GHG  Greenhouse gases

GWP  Global Warming Potential
ORC  Organic Rankine cycle

TEA  Thermal Energy Accumulator
TER  Thermal Energy Receiver

WF Working Fluid
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