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Abstract: The effective exploitation of renewable energy and the recovery of waste heat are two
crucial strategies in achieving carbon neutrality. As an efficient and reliable heat-to-power conversion
technology, the organic Rankine cycle (ORC) has been recognized and accepted by academia and
industry for use in solar energy, geothermal energy, biomass energy, and waste heat applications.
However, there remain unsolved technical challenges related to the design and operation of the
components and system. As the exergy destruction and investment cost of heat exchangers exert
significant influence on the performance of ORC, investigations on the performance improvement
of heat exchangers are of great significance. The aim of this paper was to provide a review on the
performance improvement of ORC in relation to heat transfer enhancement, heat exchanger design
optimization, and cycle construction based on a novel heat exchanger. The performance of ORC using
different types of heat exchangers was discussed and the importance of revealing the influence of heat
exchanger structural parameters on ORC performance was assessed. The heat transfer enhancement,
novel heat exchanger investigation, and the ORC configuration development based on a novel heat
exchanger were emphasized. Finally, developments and current challenges were summarized and
future research trends were also identified.

Keywords: organic Rankine cycle; heat transfer enhancement; heat exchanger; optimization

1. Introduction

The energy crisis and climate change caused by reliance on fossil fuels have emerged as
major threats in recent years [1]. To strike a balance between growing energy demand and
global environmental protection, corresponding carbon neutral targets have been proposed
worldwide [2]. The development and utilization of renewable energy and recovery of waste
heat are two effective measures to achieve the goal of carbon neutrality [3]. As a reliable and
efficient heat-to-power conversion technology, the organic Rankine cycle (ORC) has gained
recognition and acceptance in academia and industry for the utilization of waste heat [4]
and renewable energy (e.g., solar energy [5], ocean energy [6], geothermal energy [7], and
biomass energy [8]). As a result, promoting the application of ORC systems is one of the
primary techniques of achieving carbon neutrality.

ORC technology is a well-grounded and promising way to convert heat to power due
to its simple structure, moderate operating parameters, flexible operation, and excellent
thermo-economic performance [9]. Figure 1 displays the schematic of a traditional ORC
system, consisting of an evaporator, a condenser, a pump, and an expander. As shown in
Figure 1, the technical principle of ORC is consistent with that of the traditional Rankine
cycle. First, the working fluid becomes high-pressure vapor by absorbing heat energy
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from the heat source (waste heat or renewable energy) in the evaporator. Then, the low-
pressure exhaust flows into the condenser to release heat to the heat sink after driving the
expander to generate electricity. Finally, the liquid fluid is discharged from the condenser
into the working fluid pump to be pressurized. The first ORC prototype can be traced
back to 1826, when Howard [10] experimentally investigated a power cycle using ether
and established the principle of ORC technology. The ORC has experienced a much
more robust development due to economic incentives and surging energy prices since the
1970s [10]. Some reviews [11–13] focused on the development of the architectures, markets,
technologies, and applications of the ORC system. In the ORC system, heat exchangers
are vital components that absorb heat from the heat source or release heat to the heat
sink [14]. Literature studies have proven that the exergy destruction of heat exchangers
accounts for 70–90% of the total exergy destruction of the ORC [15,16]. Moreover, the
investment cost of the heat exchanger even takes up 80% of the ORC total investment [17].
Thus, enhancing the comprehensive performance of heat exchangers is currently a research
hotspot to improve the ORC’s efficiency in converting waste heat or renewable energy
into electricity.
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Figure 1. Schematic of a simple ORC system.

The heat exchanger is a device for heat transfer from a high temperature medium to
a low temperature medium and is widely applied in refrigeration, heating, combustion
engines, power plants, petrochemical plants, chemical plants, and natural gas refining [18].
The design and performance improvement of heat exchangers require multiple disciplines,
including thermodynamics [19], transport phenomena [20], fluid mechanics [21], and
materials [22]. There are various kinds of heat exchangers, e.g., plate, double pipe, shell-
and-tube, fin-and-plat, fin-and-tube, gasket, and spiral tube heat exchanger [23]. An ORC
system contains at least one evaporator that absorbs energy from the heat source and
one condenser that releases exhaust heat. The number of heat exchangers is determined
according to the ORC configuration [24]. It is worth noting that the temperature difference
between the condensation and evaporation temperatures is relatively small in the ORC.
Thus, the heat transfer enhancement of the heat exchanger has a remarkable influence on
the ORC’s thermo-economic performance [25]. As the exergy destruction and investment
cost of heat exchangers exert a major influence on the performance of the ORC, the heat
transfer enhancement of heat exchangers has been a long-term and hot topic in the research
community of the ORC, and has received increasing attention from the academia and
industry. Scholars have studied ORC heat exchangers in the field of design optimization,
heat transfer enhancement, experimental testing, performance comparison, configuration
improvement, fluid screening, and novel heat exchanger applications. However, the results
of this related research are scattered and independent.

Despite the fact that there have been a number of screening or performance enhance-
ment reviews on mechanical components in ORC systems [26,27], publication reviews
on the research status of heat transfer enhancement in ORC are still lacking, which seri-
ously impedes the systematic cognition of scholars and the development of heat transfer
enhancement in ORC.
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The contribution of this study was to provide a review on the performance improve-
ment of ORC related to theat transfer enhancement, heat exchanger design optimization,
and cycle construction based on an enhanced heat transfer process or novel heat exchanger.
The performance of ORC using various types of heat exchangers was discussed and the
importance of revealing the influence of heat exchanger structural parameters on ORC
performance was assessed. Heat transfer enhancement, novel heat exchanger investiga-
tion, and the ORC’s configuration development based on a novel heat exchanger were
highlighted. The conclusion summarized developments and current challenges, and also
identified future research trends.

2. Heat Exchangers Used in the ORC

Typical heat exchangers, such as fin-and-tube, plate, and shell-and-tube heat exchang-
ers, are mostly applied in ORC systems on account of their high performance, low cost, and
easy maintenance [28]. To reveal the connection between different types of heat exchangers
and ORC system, a comparison of ORC with different heat exchangers is necessary. Thus,
this section first presents a brief introduction of typical heat exchangers. Then, a com-
parison and systematic review of conventional types of heat exchangers in ORC systems
were presented.

2.1. Heat Exchanger Type

In Section 2.1, the three types of heat exchangers (plate, shell-and-tube, and fin-
and-tube heat exchangers) which are mostly applied in ORC systems are introduced from
the perspectives of their structures and characteristics.

2.1.1. Plate Heat Exchanger

A plate heat exchanger is made of corrugated metal sheets that are stacked on top of
each other and can be fixed in frames or welded [29]. Each group of plates is stacked by
two single plates with the same direction of corrugation, which is gripped and assembled
in the frame by clamping plate. The four edges of two adjacent plates groups are sealed
with special rubber gaskets. The plates and gaskets form the channel of thermal fluid after
being superimposed and assembled. High-temperature and low-temperature mediums
flow in channels on either side of each plate for heat transfer. There are three typical plate
forms: herringbone corrugated plate, horizontal straight corrugated plate, and beaded
plate. Figure 2 shows the structural schematic of herringbone plate. Compactness, con-
venient dismounting, and high heat transfer efficiency are the main features of the plate
heat exchanger.
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2.1.2. Shell-and-Tube Heat Exchanger

A shell-and-tube heat exchanger is composed of a bundle of tubes and a cylindrical
shell [31]. Figure 3 depicts the structural schematic of a shell-and-tube heat exchanger. One
fluid flows inside the bundles of tubes while the other fluid flows through the pressure
vessel shell. Straight tubes and U-tubes are common tube geometries of shell-and-tube heat
exchangers, while the arrangement of the tube bundle is generally in the form of a triangle
or square. The triangular arrangement yields the advantages of steady configuration and a
greater volume of tube installation to enhance the heat transfer area, and features high flow
resistance and pressure drop. The square pattern is simplified for easy maintenance and
cleaning by sacrificing a portion of the heat transfer area [32]. There are baffle plates on the
shell side which direct the fluid to effectively flush the tubes. Furthermore, the baffle plates
play a part in supporting the tube bundle.
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Figure 3. Structural schematic of shell-and-tube heat exchanger [33]. Reproduced with permission
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2.1.3. Fin-and-Tube Heat Exchanger

Figure 4 shows the structural schematic of a fin-and-tube heat exchanger. The main
components of a fin-and-tube heat exchanger are tubes, fins, and baffles. The tube side
of a fin-and-tube heat exchanger is divided into several tube passes consisted of short
tube banks and a pair of headers at both ends. The tube can be divided into a circular
tube, elliptical tube, and flat tube based on its shape. The surface structure of the fins
with longitudinal or radial forms includes flat wing, broken wing, corrugated wing, and
perforated wing, etc. In addition, the fin can be arranged outside the tube and/or inside the
tube. The high- and low-temperature medium transfers heat through the tube wall and fins.
The fin-and-tube heat exchanger is one of the earliest and most successful discoveries in
heat transfer enhancement [34]. This method is still the most widely used of all the surface
heat transfer enhancements for different types of heat exchangers [35].
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This sub-section elaborates on the commonly used heat exchangers in the ORC sys-
tem. The purpose of this study was to summarize various heat transfer enhancement
technologies in the ORC system. The involved heat transfer enhanced approaches or
novel heat exchangers are almost all based on the three types of conventional heat ex-
changers listed above. To demonstrate whether an improvement is effective, it is generally
essential to compare the thermo-economic performance of novel technologies with that of
traditional technologies.

2.2. Comparison and/or Screening of Heat Exchangers in the ORC

The selection of an appropriate type of heat exchanger is basically dependent on
the configurations of the ORC system, the working fluid, the working conditions, and
especially the evaluation criterion. As mentioned above, the life-span performances of
the ORC system, such as the thermal efficiencies, heat transfer efficiency, investment cost,
and payback period, are significantly affected by the performance of the heat exchanger.
However, each type of heat exchanger favors different working conditions due to the
different structures and heat loads, leading to variations in the operating performance of
the ORC. Consequently, the specific selection and comparison of the heat exchanger are
necessarily conducted according to the specific working conditions.

2.2.1. Comparison of ORC Using Different Types of Heat Exchangers

As mentioned above, heat exchangers obviously play an important role in ORC system
due to the high proportion of investment cost and exergy destruction. It is necessary to conduct
a comparison and/or screening of ORC systems using different types of heat exchangers to
verify the superiority of certain types of heat exchangers under specific conditions.

Walraven et al. [36] integrated shell-and-tube heat exchangers and plate heat exchang-
ers into ORCs with different working fluids and undertook a performance comparison
between the two categories of heat exchangers in ORCs. Consideration was given to the
impact of the system boundary conditions and heat exchanger structure parameters on the
operating performance of ORC. The results showed that the heat-transfer coefficients of
the plate heat exchangers outperformed those of shell-and-tube heat exchangers, resulting
in a smaller pinch-point temperature difference and system power output. Lee et al. [37]
studied the system response of a 50 kW ORC using a plate evaporator or shell-and-tube
evaporator. The results showed that the superheat depends on the type of evaporator used.
The system operation may be unstable when the superheat in the plate evaporator is less
than 10 ◦C. However, there is a large enough space above the tube bundle to mitigate
the shear effect of the vapor in a shell-and-tube evaporator. Bull et al. [38] conducted a
comparison between the shell-and-tube heat exchanger and the plate heat exchanger. The
results showed that the plate heat exchanger has a lower area requirement of slightly over
25% at the evaporator and almost 40% at the condenser. Similar results can be obtained in
the study by Xu et al. [39]. It is worth noting that these works only focused on component
performance. Xu et al. [39] pointed out that the ORC system level and the heat exchanger
level should be taken into account simultaneously to reduce the influence of improper
parameter assumptions on system technique parameters and economic indicators.

At the system level, Zhang et al. [28] pointed out that there are significant differences
and complexities in thermo-economic comparisons of different ORC system. Consequently,
they built a thermo-economic model to present a comparison of four ORC configurations
with different combinations of heat exchangers. The shell-and-tube heat exchanger, plate
heat exchanger, and fin-and-tube heat exchanger were considered as condensers or evapo-
rators in these four ORC configurations: both condenser and evaporator using a plate heat
exchanger (ORC-PP); a plate heat exchanger as a condenser and a fin tube bundle with
circular fins as evaporator (ORC-FP)-; both the condenser and evaporator using shell-and-
tube heat exchangers (ORC-SS); and a shell-and-tube heat exchanger as condenser and a
fin tube bundle with circular fins as an evaporator (ORC-FS). The results revealed that the
electricity production costs of ORC-PP and ORC-SS are 54.54–114.28% higher than that of
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ORC-FP and ORC-FS. The gap of various ORC configurations narrows gradually with the
increment of the evaporation pressure. Among them, ORC-FS is the most cost-effective
ORC configuration, with a payback period of 4.3–5.6 years.

The above-mentioned research on heat exchangers was based on specific operating
conditions to compare the design performance of the heat exchangers. However, the
steady-state condition is impractical for the ORC operation due to the volatility of the heat
source/sink. Therefore, the off-design operating performance of heat exchanger is worthy to
be investigated. Manuel et al. [40] compared the dynamic response of indirect evaporation
in the shell-and-tube evaporator and direct evaporation in the fin-and-tube evaporator
under fluctuations of an internal combustion engine exhaust in accordance with relevant
frequencies and amplitudes of a standard driving cycle. They found the most suitable
range of frequencies and amplitudes of heat source fluctuations for direct evaporation. A
case study of exhaust waste heat recovery from a diesel engine was conducted to verify the
superiority of a direct evaporator over an indirect evaporator in their explored work [41].
The expander can be protected from damage of liquid droplets with an amplitude below
approximately 20 kW using a direct evaporation in the fin-and-tube evaporator. The direct
evaporator has an 88% lower weight and a 70% smaller volume than the indirect evaporator.
Chatzopoulou et al. [42,43] also evaluated the off-design performance of an ORC using a
plate heat exchanger or double pipe heat exchanger in the heat recovery from a stationary
internal combustion engine (ICE). The results showed that the design area requirement
of plate heat exchanger was 50% lower than that of double pipe heat exchanger due to
the relatively higher equivalent heat transfer rate, reducing the investment cost. Under
off-design conditions in which the ICE load was dropped from 100% to 60%, the heat
transfer rate reduced remarkably, by up to 30% in the double pipe heat exchanger and 25%
in plate heat exchanger, respectively. The net power output (Wnet) of the ICE-ORC using
the plate heat exchanger was approximately 4–10% higher than that using the double pipe
heat exchanger.

These previous studies compared the thermodynamic and economic performance of
different heat exchangers under system designs, dynamic responses, thermo-economic per-
formance, and off-design operations, respectively. Among them, the plate heat exchanger
showed a strong heat transfer performance, leading to a compact structure. However,
the operating conditions of the plate heat exchanger are much stricter. The deficiency of
plate heat exchangers is that the geometry of both sides of the heat exchanger is identical,
bringing about an inefficient heat exchanger when the two fluid streams need completely
different channel geometries [36]. In addition, the economic performance of the heat
exchanger, which is related to heat transfer performance, heat transfer area, operating
pressure, should be taken into account alongside the ORC system operating performance
during the design process. The ORC configuration, which employs a fin-and-tube heat
exchanger as the evaporator and a shell-and-tube heat exchanger as the condenser, demon-
strates outstanding thermo-economic performance. Direct evaporation is a great method
to absorb waste heat when designing an ORC, but operating safety should be considered.
Overall, the economic performance of the ORC system, the dynamic responses, and the
off-design performance of the heat exchanger need to be simultaneously considered during
the design process.

2.2.2. Comparison of ORC Using Heat Exchangers with Different Structural Parameters

The geometrical parameters of the heat exchanger are a key factor in evaluating the
performance of system. In theory, the larger the size of the heat exchanger, the better
the operation performance. For an air-cooled-ORC, the investment cost of the heat ex-
changer takes up approximately 80% [17]. Simply increasing the size of the heat exchanger
does not improve the economic performance of the ORC. The comparison between differ-
ent structural parameters of the same type of heat exchanger warrants correspondingly
further research.
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Some scholars investigated the influences of various heat exchanger arrangements
and forms of the components on ORC performance. Rohmah et al. [44] evaluated the
influence of different plate spacing on the total heat transfer area and total pressure drop.
In the plate condenser, the channel velocity and Reynold number decrease with the in-
crement in the plate spacing due to the increase of the equivalent diameter-, and channel
cross-sectional area, resulting in an increment in the total heat transfer area and a de-
crease in pressure drop. Ravi et al. [45] tested the effects of changing the fin geometries
of the internally–externally protruded and fin counter flow heat exchanger on heat recov-
ery performance. The results indicated that the brake thermal efficiency was enhanced
by 32–37% by increasing the number and length of the fins. However, the economic perfor-
mance of the ORC system was not considered in Rohmah et al. [44] or Ravi et al. [45]. Luo
et al. [46] studied the effects of different tube configurations of a liquid–vapor separated
condenser on the thermo-economic performance of the ORC system. They stated that the
investment cost varied sharply and monotonously with the tube length, tube inner diameter
and tube pass configuration, whereas the thermal efficiency of the ORC changed slightly
with the tube pass configuration. Li et al. [33] analyzed the effects of the flow direction of
the heat source/sink medium and working fluid in a shell-and-tube heat exchanger on the
thermo-economic performance of the ORC system. The results demonstrated that the opti-
mal heat exchanger arrangement is dependent on the heat source temperature and working
fluid, and that the ORC investment costs for different heat exchanger arrangements can
vary by as much as 14.7%.

Some scholars evaluated the impacts of heat exchanger size on the performance of
components and/or ORC. Chen et al. [16] constructed an ORC test bench with different
evaporators (heat transfer area of 3.30, 6.56, and 3.71 m2) and condensers (heat transfer area
of 10.00, 13.59, and 1.62 m2), as shown in Figure 5. Advanced exergy analysis on the ORC
was conducted. However, the comparisons between heat exchangers of different sizes were
not reported. In addition, Zhang et al. [47] experimentally studied the ORC systems with
rated power capacities of 3 kW and 10 kW. Different sizes of plate evaporator were applied
in the 3 kW (area of heat transfer: 4.175 m2) and 10 kW (area of heat transfer: 16.18 m2)
ORC systems. The results showed that based on the same environmental conditions and
the similar system structure, the ORC system with a larger capacity operates better with
sufficient heat source input. However, the behaviors of the heat exchanger were also not
reported. Since the reported experiment test rigs vary from and the ORC test rig lacks a
benchmark, it is hard to compare the experimental results in the literature. Thus, based on
the ORC test bench by Chen et al. [16], Zheng et al. [48] compared the ORC performance
ORC with six combinations of plate heat exchangers. They defined an equivalent overall
heat transfer coefficient and a heat exchanger area utilization indicator to compare the
operating behavior of different sizes of plate heat exchangers. The heat transfer temperature
differences of heat exchangers tend to decrease with the rise in heat transfer areas, leading
to a increase in Wnet and thermal efficiency. Figure 6 demonstrates the operation behavior
of different heat exchanger combinations in Zheng et al. [48]. As shown in Figure 6a,b
(E and C represent the evaporator and condenser, respectively), the overall heat transfer
coefficient of evaporator (Ueva) decreases significantly when the area increases from 3.71 m2

to 6.56 m2. The downward trend of the overall heat transfer coefficient of condenser (Ucon)
is similar to that of the evaporator. It is worth noting that the Ucon is considerably affected
by the evaporator area because the condenser inlet density of the working fluid drops with
the increment in the heat load of the evaporator. As shown in Figure 6c, the heat exchanger
area utilization indicators decrease with the increment in the heat exchanger area because
the increment rate in Wnet is lower than that in the heat exchanger area, which states that
the heat transfer areas are ineffectively utilized.
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These previous experimental studies compared the thermodynamic performance of the
different structural parameters of the same type of heat exchanger, demonstrating that the
heat transfer areas and combinations remarkably influence the operation behavior of these
heat exchangers and ORC systems. However, comparison studies of heat exchangers of
different sizes are scarce, and many other types of heat exchangers have not been reported.
It is an emerging topic that deserves further study.
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Figure 6. Operation behavior of different heat exchanger combinations: (a) overall heat transfer
coefficient of evaporator; (b) overall heat transfer coefficient of condenser; and (c) heat exchanger
area utilization of the ORC with different evaporator and condenser combinations [48]. Reproduced
with permission from Zheng et al., Energy Conversion and Management; published by Elsevier, 2020.

3. Heat Transfer Enhancement and/or Novel Heat Exchanger Applied in ORC

In the previous section, the screening and comparison of distinct types and configura-
tions of heat exchangers in the context of ORC were reviewed. Because of the significance
of heat exchangers in the ORC, the application of routine heat exchangers is insufficient to
meet the urgent requirement for a low-carbon or zero-carbon energy system. Accordingly,
it is pressing and necessary to conduct research on heat transfer enhancement technology
to enhance the performance of the heat exchanger and ORC. Several studies have been
published on the investigation of innovative configurations of heat exchangers. Novel
concepts for heat exchangers, which cover the innovation of materials [49], structures [23],
and manufacturing [50], have been developed to reduce the weight, working fluid charge,
and impact on the environment. In this section, the heat transfer enhancements and/or
novel heat exchangers applied in ORC are reviewed from the perspective of component
performance. The relevant performance enhancements via heat transfer enhancement
and/or novel heat exchangers at the ORC system level are reviewed in Section 4.
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3.1. Innovative Material Used in the Heat Exchanger

Metal is the most-used material in the heat exchangers of thermal systems. Due
to the rapid development of novel heat exchangers, new materials have recently been
applied in the manufacturing of heat exchangers. Aláez et al. [51] evaluated the feasibility
of replacing metallic heat exchangers with plastic components in a 20 kW ORC plant to
reduce the investment cost. For one thing, due to the material stress limitations of the
plastic heat exchanger, careful consideration must be given to the operating pressure of
the working fluid. For another, considering the presence of corrosive heat sources such
as geothermal water, the strength of the materials adopted in the evaporator should be
boosted. Their analysis indicated that the investment costs can be significantly reduced
if plastic heat exchangers are used in a small ORC plant. Compared with the ORC plant
equipped with stainless steel heat exchangers, the cost of the produced electricity of plastic
heat exchanger can be reduced by 6.60%. Kim et al. [52] proposed a novel plate evaporator
by inserting high-porosity metal foams into plate channels to improve heat transfer and
decrease the heat exchanger area. Then, Nematollahi et al. [53] experimentally investigated
the operating performance of a brazed nickel foam plate heat exchanger in an ORC test
rig. The results indicated that, compared with a commercial brazed plate heat exchanger
under the same working conditions, the energy density of brazed nickel foam plate heat
exchanger increased by 250%, while the pressure drop grew by 500%. However, the
overall performance of the ORC was not negatively influenced. It is worth noting that the
volume and the flow area of the brazed plate heat exchanger tested were one-third that
of commercial brazed plate heat exchanger, which suggested positive prospects for the
application of the brazed nickel foam plate heat exchanger.

3.2. Novel Structure or Arrangement of Heat Exchangers

In addition to the application of new materials, innovations in the structure or arrange-
ment of heat exchangers are also one of the primary measures to improve heat transfer
performance. Cao et al. [54] found out that tilting the horizontal arrangement of a shell-
and-tube condenser can enhance the heat transfer rate. Thus, they suggested that the
shell-and-tube condenser with a 30 degrees inclination angle makes it easier to trigger the
churn flow pattern and stratified-wavy pattern featured by “turbulent”, which is beneficial
to the improvement of heat transfer performance of the condenser in the ORC system.
Ravi et al. [45] designed an innovative double-pipe internally–externally protracted-finned
counter flow heat exchanger and adapted it to an engine-ORC system. The heat transfer
rate rose with the increase in fin numbers and lengths, which enhanced the performance of
the ORC and raised brake thermal efficiency from 32% to 37%. In addition, a remarkable
reduction in engine emissions was achieved because of the application of diesel oxidation
catalyst coatings in the proposed novel heat exchanger. Zhang et al. [55] used a genetic
algorithm to acquire the optimal nonuniform structure of a fin-and-tube evaporator. A star-
shaped fin and elliptical tube were applied to enhance the performance of the evaporator
in the ORC system. The windward area and the wake region behind the elliptical tube
were smaller than that of a circular tube on account of the short windward radius, which
was conducive to heat transfer enhancement and flow state improvement. In addition, they
investigated a novel heat transfer enhancement technology using pulsating flow in Zhang
et al. [56]. For the trans-critical ORC, Wang et al. [57] conducted an experimental compari-
son between an internally ribbed tube and a micro-finned tube used in a heat exchanger.
According to the experimental data, they provided a more general tube selection criterion
for the tube selection of the trans-critical ORC system.

The use of micro-channels in the heat exchanger of the ORC system is a promising
technology due to its advantages in high heat transfer efficiency and compactness [58].
Figure 7 shows the structure of a condenser with a micro-channel. Mastrullo et al. [59]
presented a novel design of an aluminum-made shell and louvered fin micro-channel tubes
heat exchanger in an engine-ORC system. The micro-channel was carved into the flat
tube to improve the heat transfer rate and decrease the working fluid charge, which exerts
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a positive influence on both the environment and safety. The results indicated that the
proposed novel heat exchanger can maintain a relatively stable high efficiency of 80% under
off-design conditions in the engine-ORC. The weight and space of the proposed louvered
fin micro-channel tubes heat exchanger satisfied the requirements for on-road uses.
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3.3. Liquid–Vapor Separation Concept Applied in the Heat Exchanger

The aforementioned reviews of novel heat exchanger structural improvements focus
on surface enhancement without modifying the fluid flow direction, which limits the heat
transfer enhancement ceiling. Liquid–vapor separation condensation is a newly developed
heat transfer enhancement technology in which the two-phase working fluid is separated
into vapor and liquid during condensation. The liquid working fluid is drained out while
the vapor working fluid flows into the next pass with a high vapor quality, allowing for an
improvement in the condensation heat transfer coefficient in the condenser. The pressure
drop of working fluid in the condensing pass decreases simultaneously due to the decrease
of the mass flow rate after the drainage of liquid working fluid. The advantages of the
liquid–vapor separation condenser (LSC) over traditional condenser have been adequately
validated through theory analysis and experiment [60–64]. The investigations have been
further conducted on the application of liquid–vapor separation technology to different
types of heat exchangers. Figures 8–10 display the schematic of different types of LSCs.
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Figure 8. Model of a liquid–vapor separation shell-and-tube condenser [65]. Reproduced with
per-mission from Li et al., Applied Energy; published by Elsevier, 2017.

Li et al. [65] applied the liquid–vapor separation condensation technology into a
shell-and-tube condenser with two paths in a zeotropic ORC system and analyzed the
impact of separation quality on the heat transfer performance. Figure 8 shows that the
vapor and liquid fluid from the first flow path are separated in the liquid separation unit
driven by the density difference. The liquid fluid falls into additional tubes through the
holes on the metal laminates and the vapor is restrained by the liquid seals on the metal
laminate surfaces. The results indicated that the liquid–vapor separation condensation
technology can lead to a 23.8% increase in the average heat transfer coefficient compared
to the conventional condenser under the same conditions. The optimal separation quality
may be distinct for different mixture compositions. In their follow-up study, they found
that the liquid–vapor separation condensation method was more appropriate to conditions
involving a low cooling water temperature rise, small tube diameter, low inlet velocity
inside the tubes, and high inlet velocity outside the tubes [66]. LSC is more effective in
increasing the condensation heat transfer coefficient of zeotropic mixtures than that of pure
fluids [67].

Figure 9 shows the liquid–vapor separated fin-and-tube condenser model [46]. Num-
bers of round bronze sheets with several orifices and non-uniform diameters utilized as
baffles are set in the headers to drain the liquid from the liquid–vapor flow during con-
densation in the previous path, hence leaving only the refrigerant with high vapor quality
to condense.

As depicted in Figure 10, Luo et al. [68] applied the plate type LSC to the zeotropic ORC
system. A traditional plate condenser is separated into two paths by the liquid separation
unit. In the first path, the working fluid flows into the odd-numbered channels, while the
cooling fluid flows through the even-numbered channels. The liquid separation unit is
installed at the bottom of the first path. The separated liquid fluid is drained out and the
vapor enters the second path. In the second path, the vapor flows into the even-numbered
channels, while the medium of the heat sink flows through the odd-numbered channels.
The results indicated that, the temperature glide of the mixture increased after the liquid–
vapor separation in the LSC, reducing the logarithmic mean temperature differences of the
LSC. Figure 11 shows the heat transfer performance of plate type LSC in Luo et al. [68] and
Lu et al. [69]. As shown in Figure 11a (The horizontal coordinate represents the normalized
value of condensation, and the black dotted line represents the location of the liquid–vapor
separation unit.), there is a sharp increase in overall heat transfer efficiency at the liquid–
vapor separation unit. Thus, the condenser area of LSC is 11.6–17.6% smaller than that of a
traditional condenser. Lu et al. [69] applied the plate type LSC as the upper structure of
a composition adjustable unit in the ORC system (LCAZORC). As shown in Figure 11b
(BZORC represents the basis ORC with conventional condenser, HSIT represents the heat
sink inlet temperature, EHTC represent Equivalent heat transfer coefficient, the subscripts
e and c represent the evaporator and condenser, respectively.), given that the mass flow of
the heat sink is impacted by temperature glide of working fluid, the heat transfer efficiency
of the LSC decreases due to the reduction of the heat-absorbed load in the ORC system. The
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LSC had a 34.93% higher heat transfer efficiency than the conventional condenser because
of the advantages of the LSC in heat transfer intensification.
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Table 1 shows tabularized information about the various research studies on heat
transfer enhancements and/or novel heat exchangers. Current research on novel heat
exchangers in the ORC system mainly focuses on theoretical calculations and simulations.
Even though the thermo-economic performance of the different types of heat exchangers
has been extensively demonstrated, there are few reports on the experimental research
or practical applications of novel heat exchangers. This is an important direction for heat
transfer enhancement in the heat exchangers of ORC systems in the future, which may lead
to a significant advancement with regard to ORC systems in practical applications.

Table 1. Relevant research on the heat transfer enhancements and/or novel heat exchangers.

Ref. Method Index Benefit

[51] Plastic manufacturing Cost of the produced electricity Reduce 6.60%

[52] Inserting high-porosity
metal foams Component volume Reduce 33.33%

[45]
Using double-pipe

internally-externally
protracted-finned counter flow

Thermal efficiency of ORC Enhance 5%

[59] Using micro-channel Heat transfer rate Maintain 80%
[68] Using liquid–vapor separation Heat transfer are Reduce 11.6–17.6%

[69] Using liquid–vapor separation Equivalent heat
transfer coefficient Enhance 34.93%

4. ORC Performance Enhancement via Heat Transfer Enhancement Technology or
Novel Heat Exchanger

To further increase ORC system performance, scholars have tried to utilize a novel heat
exchanger in the ORC. It was noted in the previous section that each novel heat exchanger
has a unique heat transfer characteristic depending on its inner structure and application
(e.g., evaporator, condenser, and recuperator) [71]. Moreover, the application of a novel
heat exchanger in the ORC is bound to influence the ORC system structure, and as a result
the ORC system will exhibit some new operating characteristics [33,48,68]. Hence, it is
necessary to review the ORC with a novel heat exchanger to clarify the enhancement of
the novel heat exchanger in system performance. The studies of novel heat exchangers
used in ORCs with different configurations, such as basic ORC and dual/multi-pressure
evaporating ORC, are reviewed from a thermal system perspective.
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4.1. ORC with Novel Heat Exchangers

A lot of studies have focused on the design and optimization of novel heat exchangers
in the ORC system. The application of novel heat exchangers, such as the shell and louvered
fin mini-tubes heat exchanger [59], brazed metal-foam plate heat exchanger (BMPHE) [53],
fin-and-tube heat exchangers with the enhanced structures of fin and tube [55,57], and
evacuated flat plate photovoltaic-thermal collector [72], showed a preferable performance
improvement in the ORC systems. Mastrullo et al. [59] reported that the utilization of
a novel fin and mini-tube heat exchanger increased overall system efficiency by up to
9%. Nematollahi et al. [53] discovered that the performance of the ORC system was not
remarkably improved, but the power density increased by 2.5 times when the BMPHE was
utilized in the ORC.

Liquid–vapor separation condensation is a promising technology that may simultane-
ously achieve improvement in the heat transfer coefficient and reduction in the pressure
drop of the condenser. During the condensation, the liquid portion of working fluid can be
discharged, thereby reducing the liquid film thickness and improving the vapor quality
of condensate simultaneously. The liquid–vapor separation condensation technology has
been widely applied in ORC and refrigeration systems, with notable improvements in
thermodynamic and thermo-economic performance [63,67]. Luo et al. [73] proposed a pass-
by-pass tube side modeling method for the LSC design, taking into account the impacts
of pass number, tube number, fin number, tube-fin type and investment cost. Then, Luo
et al. [46] applied the LSC in the ORC and conducted a performance comparison of the LSC,
parallel flow condenser (PFC) and serpentine condenser (SC). They found that the thermal
efficiency and exergy efficiency of the ORC using LSC- were 13.75% and 11.82% higher
than those of the ORC using SC-, respectively. Next, they [68] utilized the zeotropic mixture
in the LSC-based ORC and revealed that the specific investment cost of the proposed ORC
was reduced by 13.3–18.4% compared with the conventional ORC. Yi et al. [74] developed
a novel mathematical modeling method for the LSC-based ORC and optimized the con-
figurations of components and operating parameters of system simultaneously. Results
illustrated that the electricity production cost of the LSC-based ORC was decreased by
12.29%. Their subsequent work paid attention to the –multi-objective optimization of the
LSC-based ORC to obtain a trade-off solution considering thermodynamic, economic and
environment performance, and a comprehensive evaluation framework that included a
life-cycle inventory of raw materials was reported [70].

Luo et al. [75] found that the compositions of the vapor and liquid that separated
from the LSC are different in the zeotropic ORC system. Thus, Lu et al. [69] proposed a
novel LSC-based- zeotropic ORC system with composition adjustment. The composition
adjustment, which can achieve a better heat matching for a stable long-term off-design
operation and the expansion ratio adjustment of the expander, is an important application
of LSC that contributes to the improvement in system performance. Lu et al. [69] designed
an LSC-based unit combining the heat transfer enhancement and mixture composition
adjustment, tuning them conceptually and integrating the unit into a zeotropic ORC, called
LCAZORC. As shown in Figure 12, the composition adjustment system consists of a storage
tank that regulates the mass flow rate and two buffer tanks that adjust composition. It is
noted that the buffer tanks can be utilized to reserve or supply a mixture at each operation
period. A tailored algorithm and sequential method were developed to carry out the
component design, thermodynamic and thermo-economic optimization of the proposed
ORC. They found that the proposed ORC increased the annual average Wnet by 0.52%, the
annual average thermal efficiency by 2.20%, and reduced the average electricity production
cost by 21.43%, compared with the conventional ORC.
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tion regulation system [69]. Reproduced with permission from Lu et al., Energy Conversion and
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In summary, the application of novel heat exchangers in the ORC system has proven
to be a promising measure to achieve performance improvements. The heat transfer
coefficient of the novel heat exchanger can be improved mainly because of the increase in
the heat transfer area and the enhancement in stream disturbance. The performance of the
LSC-based basic ORC systems was superior to that of the ORC systems with conventional
heat exchangers.

4.2. Dual/Multi-Pressure Evaporating ORC

Unlike the basic ORC, the dual/multi-pressure evaporating ORC with more than one
evaporating stage leads to better matching between the working fluid and heat source,
mainly due to the decline in the heat transfer temperature difference [76,77]. Figure 13
gives an example of the dual-pressure evaporating ORC flowsheet and the corresponding
temperature-entropy diagram. Recently, the liquid–vapor separation condensation method
from the condenser side and partial evaporation from the evaporator side, as the two
promising technologies for system performance improvement, have received considerable
attention for the dual/multi-pressure evaporating ORC.
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4.2.1. Dual/Multi-Pressure Evaporating ORC with Liquid–Vapor Separation
Condensation Method

Luo et al. [75] proposed a novel dual-pressure evaporating ORC, coupling the LSC
and zeotropic mixture (LMZORC). Regarding the LMZORC, the condensate stream is first
separated into two streams in the LSC and then the two streams are pumped into different
pressures, as shown in Figure 14. From the viewpoint of thermodynamic performance,
the LMZORC clearly outperforms both the traditional simple zeotropic ORC and the
dual-pressure evaporating zeotropic ORC. The increment in Wnet reached 13.05–26.18%
in the case studies. They demonstrated that the involvement of LSC was beneficial to
the thermodynamic performance improvement for the dual-pressure evaporating ORC,
primarily because the composition and mass flow rate of streams at different pressures can
be regulated by the effective quality adjustment in the LSC. They specifically analyzed the
influence of various levels of economic improvement (DLEI, the relative improvement of
heat transfer coefficients of the LSC compared to the same type of condenser without liquid
separation) on the LMZORC’s performance under the same specific heat exchanger area.
As shown in Figure 15, the LMZORC achieved an 8.22% increase in Wnet, compared with
the dual-pressure evaporating ORC without LSC.
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To further evaluate the influence of heat exchanger structure on the dual-pressure
evaporating ORC’s performance, Li et al. [66] studied a dual-pressure evaporating ORC
with LSC based on two levels, namely, a shell-and-tube condenser (component) and ORC
(system). At the component level, they pointed out that the low inlet velocity in the tubes,
high inlet velocity outside the tubes, short tube diameter, and low cooling water tempera-
ture rise were advantageous to the application of the liquid-separated condensation method
in the condenser. At the level of the system, the ORCs with LSC can reduce the specific
investment cost by 2.8–4.6% compared with ORCs without LSC under design conditions.

Zhang et al. [78] applied the LSC to a dual-pressure evaporating ORC for ocean
thermal energy conversion. They conducted a comparative analysis of the traditional
zeotropic ORC and other six zeotropic ORCs with different types. The results proved that
the improved performance of the dual-pressure evaporating ORC with LSC results from
the increase in the heat transfer coefficient. The dual-pressure evaporating ORC with LSC
can increase Wnet by 1.48% and reduce the levelized cost of electricity (LCOE) by 3.40% in
contrast to the ORC without LSC.

To sum up, the heat transfer coefficient improvement in LSC than traditional condenser
is primarily attributable to the timely drain-off of the condensate and the appropriate tube
and pass arrangement. A better matching between the working fluid and heat sink is
expected on account of the change of cooling duty. As stated previously, the use of a
zeotropic mixture in the multi-pressure ORC with LSC is usually well accepted to further
improve the thermodynamic performance, especially by reducing the irreversibility during
the condensation process. However, previous studies only focused on the performance
comparison and evaluation of the predefined combination of the multi-pressure evap-
orating ORC, zeotropic mixture, and LSC. Thus, it is necessary to complete the model
framework, including the LSC geometrical optimization, ORC operating optimization, and
highly accurate thermophysical properties and heat transfer models of zeotropic mixtures
to realize simultaneous optimization and system configuration design.

4.2.2. Dual/Multi-Pressure Evaporating ORC with Partial Evaporation

Partial evaporation improves the structure of the multi-pressure evaporating ORC
from the evaporation side by optimizing the energy distributions among different heat
exchangers [79]. Relevant research on the partial evaporating multi-pressure ORC can be
found in Table 2. As far as we know, the multi-pressure evaporating ORC usually utilizes
a rejector, vapor regenerator and separator to achieve partial evaporation. Moreover, the
examined working fluids are mostly concentrated in pure fluids because it is challenging
to accurately assess the zeotropic mixture composition of liquid and vapor portions after
separation. Figure 16 shows the cycle architecture based on the partial evaporation and the
corresponding temperature–entropy diagram. An important parameter that determines
the ORC performance is vapor quality, which has a significant impact on how the energy is
distributed among evaporators.

Table 2. Relevant research on the multi-pressure ORC based on partial evaporation.

Ref. Working Fluid Partial Evaporating Type Performance

[80] Cyclopentane Vapor regenerator Thermodynamics

[81] R245fa, R236ea, R600,
R600a, R601, R601a Separator Thermodynamics,

Thermo-economics

[79]
Propane, R227ea,

R152a, R124, R142b,
Butane, R245fa, R601a

Separator Thermodynamics

[82] Cyclopentane Ejector/Vapor regenerator Thermodynamics

[83] R600, R600a, R601,
R601a, R1234ze Separator Thermodynamics,

Techno-economics
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Figure 16. Diagrams of partial evaporating multi-pressure ORC: (a) system configuration; and
(b) cycle process.

Li et al. [79] proposed a novel partial evaporating dual-pressure ORC based on the
separator (PEDORC). The influences of evaporating temperature, vapor quality, and degree
of superheating temperature on the thermodynamic performance were analyzed, and
the multi-parameter optimization of PEDORC was also conducted in Li et al. [79]. The
results showed that the PEDORC achieved up to 9.2%, 4.0%, and 0.86% increases in Wnet,
exergy efficiency, and thermal efficiency respectively, compared with the conventional
dual-pressure evaporating ORC (DORC). Thus, they considered the PEDORC system a
promising alternative scheme for the DORC because it effectively distributes the energy
input for the two evaporators, reducing the irreversibility of heat transfer.

Surendran et al. [82] added an ejector to the working fluid mixing process of DORC
and designed a new system called trans-critical ejector regenerative series two-stage organic
Rankine cycle (TER-STORC). They also proposed two operating modes, namely partial
evaporation (PE) and full evaporation (FE) for the TER-STORC. The performance of the
TER-STORC operating in FE mode was similar to the DORC, and the heat exchange load
requirement of TER-STORC was decreased by up to 18%, reducing system complexity.

In conclusion, adopting partial evaporation can further suitably distribute the heat
input of each evaporator, and raise the thermodynamic and economic performance of
the ORC. However, the ORC with partial evaporation requires precise control of two-
phase flows because the quality significantly affects system performance. In addition, the
liquid carryover caused by heat input fluctuations leads to corrosion of the turbine blades,
especially for dual/multiple heat sources. Consequently, it is indispensable to develop a
tailored control strategy for the real-time operation of multi-pressure evaporating ORCs
with partial evaporation. Moreover, an accurate model framework is also required to
monitor the operating characteristics that fluctuate with the environment.

4.2.3. Dual/Multi-Pressure Evaporating ORC Integrates Liquid–Vapor Separation
Condensation and Partial Evaporation

Liquid-separated condensation and partial evaporation, as the two main measures
to improve the system performance, reconstruct the ORC structure from the condenser
and evaporator sides, respectively. However, few studies in the literature have focused
on the ORC with liquid–vapor separation condensation and partial evaporation simulta-
neously on account of the complexity of the structure and operating controls. To the best
of our knowledge, Huang et al. [84] first proposed an ORC integrating LSC and ejector
(LEORC), as shown in Figure 17. The ORC implements the LSC to separate the compo-
sition of the zeotropic mixture, and the composition is mixed again in the ejector. It is
noted that a four-way valve was used to direct the liquid zeotropic mixture with different
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compositions to different processes and thus, two operating modes were developed. They
conducted a comparison between the LEORC and LMZORC proposed by Luo et al. [75]
and found that the LEORC was advantageous to LMZORC in terms of an average increase
in Wnet of 3.36–8.48%, and the power consumption of pump for the LEORC was reduced
by 21.6%. Figure 18 presents the comparison results between LEORC and LMZORC using
R600a/R601 in Huang et al. [84]. Furthermore, they evaluated the influence of entrain-
ment ratio and heat source/sink inlet temperature on system performance for the LEORC
operating in different modes and summarized the preferred operating conditions of each
mode. As reviewed above, different from the traditional DORC using a zeotropic mixture,
the LEORC achieved efficient heat exchange between the heat source and working fluid
composition at different pressures by adjusting the composition in accordance with the
heat exchange characteristics of compositions with different boiling points, The research
facilitates the research of dual-pressure evaporating ORC system with a new idea.
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Figure 18. Performance comparison between LEORC and LMZORC [84]. Reproduced with permis-
sion from Huang et al., Energy; published by Elsevier, 2022.

To sum up, novel heat exchangers have been widely applied in the ORC systems with
satisfactory performance improvements. Especially, the liquid–vapor separated conden-
sation technology and partial evaporation method are expected to gain more application
value in ORC systems. However, the quality and composition should be well controlled
during evaporation and condensation. Therefore, the composition adjustment adds com-
plexity to ORC systems. The type and fluctuations of heat sources, the working fluid as
well as the system configuration have great impacts on the performance of the ORCs with
the LSC, flash evaporator or ejector. Precise dynamic control and reliable performance
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prediction need to be further developed to ensure that the system operates with high
efficiency, flexibility, and stability.

5. Design and Optimization of Heat Exchanger and ORC System

Due to the complex correlation and coupling of the structural and operating parame-
ters between the heat exchanger and ORC system, it is hard to guarantee the optimal design
scheme. Optimization is a well-accepted approach for achieving the optimal schemes of
heat exchanger and ORC system. The design modelling, heat transfer correlation, and opti-
mization algorithm are indispensable parts in the optimization process for heat exchanger
and ORC system. Many scholars have conducted in-depth research on the optimization of
heat exchanger and ORC system.

5.1. Design Modelling of Heat Exchanger

Because the difference between the condensation and evaporation temperature is
relatively smaller, the overall performance of the ORC system is significantly affected
by the environmental parameter fluctuation. Thus, the heat exchanger design that aims
to achieve an optimal life-span system performance is a complicated process because of
the complexity of the interactions among the heat transfer characteristics, environmental
parameters, and the structural parameters. Walraven [36] pointed out that the majority
of ORCs were designed based on past experience, which usually deviates a lot from
the optimal configuration. To effectively design a heat exchanger, the production cost,
temperature ranges, pressure limits, pressure drop, fluid flow capability, thermal efficiency,
cleanability, materials, maintenance, and other factors are also necessary and should be
given due regard [23]. Therefore, the development of the ORC system surely calls for an
efficient heat exchanger design tool that effectively solves the complexity and instability at
the design stage.

Several studies investigating various heat exchanger designs are presented in Table 3,
which can be divided into two categories [85]. The first category places emphasis on the
optimal design of the geometry under steady-state design conditions without considering
the thermal inertia and therefore ignores transient phenomena. The finite element method
based on equal enthalpy or volume difference, which is one of steady-state design mod-
elling method, is commonly used -for detailed analysis of the heat transfer behaviors of
the heat exchanger in the ORC. In the ORC heat exchanger design, the applications of
the commonly steady-state design modelling method appear in the field of supercritical
fluid applications [86], structural parameter optimizations [44], micro-channel dimension
decisions [87], experimental validation and simulations [87], and renewable energy-driven-
ORCs [88]. Karellas et al. [86] noted that it is essential to study the relatively unknown
heat transfer mechanisms around the critical point, which required a much larger heat
transfer area to improve the heat exchanger surface. Then, they offered a handy and ac-
curate tool for future research in this field. Wajs et al. [87] presented a novel design and
manufacture method of the shell-and-tube condenser with a micro-channel for the ORC
system. The calculations of the convective heat transfer coefficient for the proposed micro-
channel condenser were accomplished based on a semi-empirical model developed from
the experiment. Finally, an experimental validation of the proposed prototype construction
was completed in a micro-ORC installation. Wajs et al. [87] presented a complete process
for designing and testing the heat exchangers. In general, the steady-state design model
is suitable for ORC running under relatively stable boundary conditions, which pursue
effective heat transfer and reflect the overall energy efficiency.

The second category concentrates on dynamic models of the heat exchangers, guiding
the prediction of dynamic operation for control purposes in the ORC. These design mod-
elling methods, which often rely on dynamic modules in commercial software, attempt to
simulate the real heat transfer behaviors of the heat exchanger in response to the fluctuant
heat source/sink. The most common application scenario is the heat exchanger design in
the engine-ORC system [89]. Whether to prevent the fluctuation of the heat source and to
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protect the integrity of the working fluid, or to obtain an easily controlled system, the tradi-
tional steady-state heat exchanger design methods do not adapt to engine-ORC suitably
because of the specific large-gradient temperature drop and fluctuation of engine waste
heat. Zhang et al. [90] provided a useful method to design a fin-and-tube evaporator in an
engine-ORC. First, they assessed the exhaust heat of the diesel engine to obtain the mea-
sured data. Then, a mathematical model of the evaporator was created based on detailed
geometry and specific ORC working conditions. Finally, the heat transfer behaviors were
estimated, and the operating regions of the evaporator were defined by the engine speed
and the load. The results showed that the heat transfer area is affected by the engine’s most
typical operating region, which should be selected carefully. Jiménez-Arreola et al. [85]
pointed out that taking into account the thermal response time of the evaporator at the
design stage is important due to the highly dynamic operation under fluctuating waste
heat sources. The “response time” was defined as a key factor for systematically evaluating
the thermal inertia of an ORC evaporator in the study by Jiménez-Arreola et al. [85]. They
provided a dynamic-state design method, depicted in Figure 19, to bridge the gap between
the optimal evaporator design and its behavior under dynamic conditions, thereby guiding
a custom design of the dynamic behavior of the ORC system. Lastly, they demonstrated
that the design geometry is contingent on the operational characteristics at a given time.
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Overall, these two heat exchanger design methods can effectively address complex
problems in the design process. The relationship between the heat transfer performance
of the heat exchanger and its geometry and operating conditions can be quickly obtained
by the steady-state design method. However, the steady-state design is only appropriate
for ORC systems under relatively stable working conditions. It cannot reflect the thermal
inertia of the heat exchanger under off-design working condition changes to guide the
design of the control strategy of the ORC system. Dynamic design methods can prevent
heat exchanger performance loss under off-design conditions, which is a more promising
design method. However, this method currently relies on commercial software, and its
solution accuracy is dependent on the number of grids. High-precision design will prolong
the design time and increase the cost of design. Because of the fluctuating operation of the
ORC system, the dynamic heat exchanger design method will have more development
potential. A heat exchanger design model with high precision and versatility for the
comprehensive design of ORC systems remains one of the future’s most important trends.
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5.2. Heat Transfer Correlation

The high precise heat transfer correlation (HTC) can effectively reveal the real heat
transfer characteristics, which are affected by the categories of working fluids, operating
conditions, and structural parameters of heat exchangers. Thus, the investigation of
heat transfer characteristics in the ORC serves as the foundation for research on heat
exchanger design, performance enhancement, and optimization directions. On account of
the relatively high evaporation temperature in the ORC, the high-temperature flow boiling
heat transfer experiments for organic working fluids and their corresponding correlations
are an important part of the development of the heat exchanger and the ORC system.

Bao et al. [91] reviewed the research on the working fluid selection for ORC and
summarized the recommended working fluids, including both pure working fluids and
mixed working fluids. Many scholars have carried out different flow boiling heat transfer
experiments for these working fluids and developed corresponding correlations. Char-
nay et al. [92] studied the two-phase flow pattern of R245fa within an inner diameter of
3 mm horizontal circular tube and an evaporating temperature between 60 ◦C to 120 ◦C.
The results showed that as the evaporation temperature rises, the liquid film thickness
at the bottom increases gradually and the local dry-out occurs in lower vapor quality.
Furthermore, the annular flow occupied a narrower vapor quality range while the range
for intermittent flow and the mist flow becomes larger. In addition, as the blood of the
ORC, mixed working fluids have attracted extensive attention from scholars because they
more easily meet the demands of thermodynamic performance, environmental protection,
and safety than pure working fluids [93]. As shown in Figure 20, the temperature glide
enables the improvement of the heat match between the working fluid and heat source [94].
However, the mass transfer resistance of the zeotropic mixtures leads to the deterioration
of heat transfer. Guo et al. [95] studied the flow boiling heat transfer characteristics of
R245fa/R134a (0.67:0.33) in a horizontal tube with an inner diameter of 10 mm and an
evaporating temperature of 55–95 ◦C. The results showed that, due to the mass transfer
resistance, the HTCs of the zeotropic mixture were much lower than that of R134a and closer
to that of R245fa. Zhang et al. [96] experimentally studied the condensation heat transfer
characteristics of R134a/R245fa in a plate heat exchanger. By comparing the experimental
data with linear interpolation values of pure fluids, they stated that the heat transfer of the
zeotropic mixture deteriorated, and the HTC could be reduced by up to 48% because of the
mass transfer resistance.
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Table 3. Some design investigations conducted on different types of the heat exchangers.

Ref. Types Methods Challenges Applications

[86] Plate heat exchangers Finite element method based
on equal enthalpy difference

Component selection aiming
at minimizing cost

Under supercritical
conditions

[44] Plate condenser -
Evaluating the effect
of plate spacing on

operating performance
Common approach

[97] Plate heat exchangers 1D pressure-enthalpy based
discretized method

Determining the dimension
of the heat exchangers Common approach

[90] Fin-and-tube
evaporator

Finite element method based
on equal enthalpy difference

Evaluating the off-design
operating performance

Engine exhaust
heat recovery

[85,98] Fin-and-tube
evaporator

Finite element method
modeled in the commercial
software Dymola using the

commercial TIL library

Dynamic time response Engine exhaust
heat recovery

[99] Fin-and-tube
evaporator

CFD simulation model
modeled in the commercial

software Fluent

Evaluating qualitatively the
thermal-hydraulic

characteristics

Engine exhaust
heat recovery

[100] Fin-and-tube
evaporator

Finite-volume
dynamic model Dynamic time response Heavy-duty vehicle

waste heat recovery

[40,41]
Fin-and-tube or
shell-and-tube

evaporator

1D Finite-volume dynamic
model modeled in the

commercial software Dymola
using the commercial

TIL library

Dynamic time response Engine exhaust
heat recovery

[101]

Shell-and-tube
heat exchanger

with double-
segmental baffles

Finite-volume dynamic
model modeled in the
commercial software
DYMOLA 2015 FD01

Experimental validation Single phase flow

[88] Shell-and-tube
heat exchangers

Logarithmic mean
temperature difference

method and a two-stage
Taguchi method

Evaluating the influence of
the solar irradiation intensity

on the optimum
design parameters

Solar ORC

[102] Shell-and-tube
pool boilers

Finite-volume
dynamic model Dynamic time response Common approach

[87]
Shell-and-tube
condenser with
micro-channel

Semi-empirical model Experimental validation Micro ORC

In summary, the aforesaid research demonstrates that different working fluids, evapo-
ration temperatures, and pipe diameters have a great impact on flow boiling heat transfer
characteristics. Zeotropic mixtures can improve ORC performance, but the poor heat
transfer characteristics limit their application. However, little research has been conducted
on heat transfer characteristics at the temperature range that is suitable for ORC evapora-
tion. Figure 21 shows the distribution of experimental conditions of the flow boiling heat
transfer characteristics of the ORC-recommended working fluid from Bao et al. [91]. The
testing conditions of the ORC-recommended working fluids are mainly concentrated on
the small pipe diameter and low evaporating temperature range. The research on large
pipe diameters and high evaporating temperatures, which are typically employed in the
ORC, is relatively limited [103]. Moreover, there is a dearth of research on the flow boiling
heat transfer characteristics of mixed working fluids suitable for ORC, which seriously
hinders the development of accurate designs for ORC heat exchangers. Therefore, more
attention should be paid to studies of heat transfer characteristics in the context of the ORC
in the future.
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5.3. Simultaneous Optimization of Heat Exchanger and ORC System

Heat exchanger optimization is a critical link in the enhancement of thermodynamic
and economic performance of the ORC system. Generally, the optimization of heat exchang-
ers can be classified into two kinds: structural optimization, and topology optimization.
Among them, the development of structural optimization for the heat exchanger in the
ORC system has received much focus in recent years. In practice, remarkable performance
improvement can be achieved by carefully selecting the initial structures and optimization
criteria. Currently, the research on optimizing ORC heat exchangers mainly focuses on the
plate, shell-and-tube, and fin-and-tube heat exchangers.

Table 4 lists some heat exchanger optimization methods and models for ORC systems.
Some of them only focused on heat exchanger performance [56,104,105]. Due to the strong
correlation between the heat exchanger and the ORC system, it is recommended that the
operating parameters and heat exchanger geometry are optimized jointly to guarantee
that the configuration of the heat exchangers is optimal for ORC performance. Realistic
heat exchanger models, describing the heat transfer performance of the heat exchangers
according to geometric parameters, are required to carry out such a system optimization.
As shown in Table 4, some researchers dealt with single objective functions while ignoring
the development of other objectives. In most single objective optimization studies, specific
investment cost is a common choice because it reflects the application and investment
potential of the ORC system. The specific investment cost is related to the heat exchanger
type, raw material, and manufacturing process. On the other hand, other researchers
adopted the weighted sum or the true multi-objective optimization to intensify the heat
transfer and improving the thermo-economic performance concurrently of the ORC system.
As mentioned above, the cost reduction is in conflict with the performance improvement.
The multi-objective optimization is applied to deal with the contradictory relationship
between the thermodynamic and economic target and to provide investors with a trade-off
solution. For the optimization, the optimization variables need to be selected according to
the specific heat exchanger type and optimization targets. For example, the optimization
variables of a plate heat exchanger consist primarily of plate width, plate length, and
plate spacing due to their strong correlation with HTC and pressure drop [104,105]. The
optimization variables of shell-and-tube heat exchangers are usually tube diameter, shell
diameter, tube pitch, and baffle spacing [33,106], while the tube-and-fin heat exchangers
includes tube length, tube diameter, fin thickness, and fin length, etc. [73,74,107,108].

An optimization algorithm with high precision and fast solutions is required for the
optimization. In rigorous modeling and optimization of a heat exchanger, the optimization
variables consist of geometrical and structural parameters at given heat load and operating
parameters. However, the optimization problem is challenging to resolve because of the
thermophysical properties coupled with the geometry structural parameters. Particle
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swarm [109], gradient-based optimization method [110], and genetic algorithms [111] are
the common stochastic optimization tools for heat exchanger optimization in the ORC
system, while the NSGA-II [112] is suitable to address the multi-optimization problem.
These stochastic algorithms are direct and random search methods that explicitly use
multiple solutions in each iteration. Even though single -objective optimization and multi-
objective optimization are entirely distinct concepts, the optimization logic of stochastic
algorithms for ORC systems and heat exchanger is similar. Walraven et al. [106] introduced
the logic of performing an iteration between the optimization of the system level and the
component level using a stochastic algorithm. The ORC system level was optimized firstly
using pinch analysis, pursuing an optimal value of the pressure drop and the pinch point
temperature differences. Then the heat transfer area of each heat exchanger was minimized
separately based on the heat load from system level. At last, the optimal result could be
obtained after iterating the optimization between the system level and the component level.
The optimization method introduced by Walraven et al. [106] is a common method used
in the studies of heat exchanger optimization [33,39,55,68,73,74,107,108,113,114], while the
optimal parameters of the system level or component level should be chosen with care
according to the objective functions. Obviously, there are many studies that only optimize
at the system level [59,115] or component level [104,105].

The iteration between the optimization of the system level and component level,
which requires extensive calculation time, is a necessary step to avoid a locally optimal
solution when using a stochastic algorithm in the optimization process. However, when the
variables and constraint equations are many or when the design problems involve a couple
of interactions between multiple disciplines, it is typically challenging to find a feasible
solution using a stochastic algorithm [116]. Mathematical programming and deterministic
algorithms have distinct advantages to solve problems with several continuous variables,
discrete variables, and constraint conditions. Luo et al. [73,114] and Yi et al. [74] formulated
a mixed integer non-linear programming (MINLP) model and developed a solution strategy
for LSC design optimization involving multiple continuous and discrete variables. The
formulated MINLP optimization model is non-convex. A sequential optimization algorithm
using CONOPT, MINOS, and SNOPT was proposed to solve the relaxation model of the
original MINLP model, avoiding solutions prematurely stuck in the local minimum. Then,
an effective local MINLP solver was applied to obtain a local solution for the original
MINLP model. Finally, a global solver was used to search for a global solution based on
the local solution achieved by using the local MINLP solver. It should be emphasized that
this method was suitable for solving single-objective optimization problems. Yi et al. [70]
developed a two-step solution algorithm to solve the multi-objective problem. First, two
single-objective optimization problems were solved separately to obtain the bounds for
the two objectives by using the solution strategy developed in Luo et al. [73,114] and
Yi et al. [74]. Then, an ε-constrained method [117] was adopted to conduct the multi-
objective optimization.

Overall, this sub-section introduces the major optimization methods for the heat ex-
changers in the context of ORC. The critical factors of heat exchanger optimization work,
such as optimization variables, objective functions, optimization algorithms, and solution
strategies, are generally summarized. Most optimization frameworks presented in the
current literature, which are shown in Table 4, can achieve the thermally, environmentally,
and economically optimal design of the ORC system and heat exchangers in a reasonable
amount of time. However, due to the complex interactions between multiple variables,
there is no almighty optimization method suitable for all optimization scenarios to simulta-
neously achieve fast, accurate, and precise optimal results. Apparently, future efforts will be
needed to optimize the heat exchanger, particularly to implement appropriate parametriza-
tion schemes and develop optimizers capable of handling multiple objectives, integrating
the various constraints and predicting more complex system–component problems.
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Table 4. Summary and comparison of the heat exchanger optimization in ORC.

Ref. Type Algorithm Objectives Variables

[104] Plate condenser NSGA-II
The total heat transfer

surface area and
pressure drop

Length, width and plate spacing

[105] Plate evaporator NSGA-II

Minimum cost
of evaporator
and minimum
pressure drop

Length, width and plate spacing

[56] Shell-and-tube
evaporator with Particle swarm Volume fraction of the

vapor at the tube outlet
Angular frequency and oscillating

velocity amplitude

[59]
Shell and louvered

fin mini-tubes
heat exchanger

- Maximize the
system efficiency

Heat transfer load, mass flow rate,
evaporation and

condensation pressure

[33] Shell-and-tube
heat exchangers - Minimize specific

investment cost

Pinch point temperature differences in
the evaporator and condenser,
evaporation pressure, turbine

inlet temperature

[106] Shell-and-tube
heat exchangers

Gradient-based
optimization

method

Maximize the
system efficiency

Tube outside diameter, relative tube
pitch, relative baffle cut, baffle spacing,
shell diameter, ratio of tube diameter

to shell diameter

[36]
Plate heat exchangers

and shell-and-tube
heat exchangers

Gradient-based
optimization

method

Maximize the
system efficiency

Corrugation amplitude, width, angle,
channels, ratio of corrugation width to
corrugation amplitude; shell diameter,

tube outside diameter, relative tube
pitch, relative baffle cut, baffle spacing,

ratio of tube diameter to
shell diameter

[115] Fin-and-tube
evaporator NSGA-II

Net power output per
unit heat transfer area

and exergy
destruction rate

Evaporation pressure, superheat
degree and condensation temperature

[108] Fin-and-tube
evaporator Particle swarm

Volume of tube bundle,
exhaust pressure drop,
and total annual cost

Inlet radius, fin height, fin thickness
and fin spacing. Operating pressure
and temperature of the ORC system

[55] Fin-and-tube
evaporator Genetic algorithms

Influence of the
evaporator on the
operation of the

diesel engine

Ellipticity ratio of the tube in the
evaporator and tooth depth of the

star-shaped fin

[39]
Shell-and-tube heat

exchangers and plate
heat exchangers

Genetic algorithms

Maximum exergy
efficiency, minimum

specific cost and
minimum heat

exchanger area per unit
power output

The outer diameters of the tubes, the
tube length, the outside diameter of

the shell, pitch between the tube
centers, and the baffle spacing; The

plate length, plate width, plate
thickness, chevron angle, and

channel spacing

[107]

Fin-and-tube
condenser with
liquid-separated

condensation

CONOPT, MINOS,
and SNOPT

Minimize the total
annual cost

Continuous variables (e.g., tube
length, tube diameter, fin length, fin
thickness), discrete variables (e.g.,
tube number per pass, tube pass

number, fin number per length, total
tube number)

[73]

Fin-and-tube
condenser with
liquid-separated

condensation

CONOPT, MINOS,
and SNOPT

Minimize the total
annual cost

Tube diameter and tube length, the
selection of integer variables (e.g.,

total tube number, number of passes
of LSC, tube number per pass, and fin

number per unit tube length), and
correlation coefficients
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6. Prospects

In the light of the above systematic review of the existing research, Figure 22 summa-
rizes research aspects that require further development.
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Novel heat transfer enhancement technologies or heat exchangers with high heat
transfer coefficient, low cost, and fast response used in the ORC are gaining in popular-
ity. The ORC system usually operates under off-design working conditions on account
of the frequent variations of heat source/sink parameters. Although conventional heat
exchangers have strong adaptability in ORC systems, they still have shortcomings and are
not completely favorable for the ORC. New forms of heat exchangers, including material
innovations and structural creations, will effectively promote the popularization of the
ORC system. The afore-mentioned literature involves multiple research projects of design
modelling, experimental study, operating optimization, and economic verification. Sim-
ilarly, the application of a novel heat exchanger in the ORC is bound to affect the ORC
system structure, leading the ORC system to perform with new operating characteristics.
The specific novel heat exchangers should be custom-made for different configurations
of the ORC system [118]. Precise dynamic control, reliable performance prediction, and
performance comparison of the new ORC configuration with a novel heat exchanger should
be further developed after proposing a novel heat exchanger to ensure that the system
operates with high efficiency, flexibility, and stability.

High-precision and general heat exchanger design models will provide positive as-
sistance for the widespread application of the ORC. The economic performance, dynamic
responses, and the off-design performance of the heat exchanger need to be considered
during the design process simultaneously. Dynamic models reflecting off-design operating
characteristics are particularly required. The prediction accuracy of general dynamic mod-
els needs to be improved. However, dynamic heat exchanger design usually depends on
commercial software, driving up the design cost. The application scenarios of the ORC are
complex because of the different characteristics of heat sources or sinks, which leaves the
existing design models scattered and independent. More attention should be paid to the
investigation of high-precision and widespread heat exchanger design models according to
the features of the ORC.

It is urgent to conduct investigations on the heat transfer characteristics for
ORC-recommended working fluids. The research on heat transfer characteristics in
the ORC is the foundation for enhancing the heat exchanger and system performance.
Zeotropic mixtures have become a new trend for performance enhancement in ORC. The
zeotropic mixtures have the potential to improve ORC performance, but their application
is limited by poor heat transfer characteristics. However, there is little research on the flow
boiling heat transfer characteristics of the zeotropic mixtures suitable for ORC. Even for
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traditional pure fluids, the lack of heat transfer correlations between large pipe diameters
and high evaporating temperatures restrains the accurate design of heat exchangers and
practical applications of the ORC. It is necessary to conduct investigations on heat transfer
characteristics for ORC systems for different working fluids, evaporation or condensation
temperatures, and geometric parameters.

Cooperative optimization of system and heat exchanger levels should be carried
out during the design process to guarantee optimal life-span performance. Heat ex-
changer optimization is a critical aspect in the enhancement of thermo-economic perfor-
mance of the ORC system because of the strong relevance of the optimization variables
between the system level and heat exchanger level. The system level consists of operating
parameters, working fluid types, and system configurations, while the heat exchanger level
comprises the materials, types, and structural parameters. The independent optimization
of the heat exchanger is easy to underestimate with regard to the ultimate performance
of the ORC. Multi-objective optimization is attracting more and more attention due to
the competitive relationship between thermodynamic performance, environmental perfor-
mance, and economic performance. The trade-off solution that strikes a balance between
energy, economy, and environment is more in line with application and development of the
ORC system under carbon neutral policies. In addition, collaborative optimization of heat
exchange topology and system parameters is also a performance enhancement measure
that deserves further study [119]. Future work is necessary to optimize the heat exchanger,
particularly to implement suitable parametrization schemes and develop optimizers capa-
ble of handling multiple objectives, integrating the various constraints and predicting more
complex system–component problems.

Experimental investigations on the ORC with novel heat transfer enhancement
technologies or heat exchangers needs to be implemented. Previous studies on t novel
heat exchangers have concentrated on theoretical analysis, while the influences of system
parameters on the practical thermodynamic properties and heat transfer enhancement
remain as yet uncertain for novel heat exchangers. Experimental evaluations and verifica-
tions for heat transfer enhancement and off-design operation characteristics of the ORC
with novel heat transfer enhanced technologies or heat exchangers are urgently needed.

7. Conclusions

This study conducted a systematic review of the literature on ORC system performance
improvements related to design and optimization based on heat transfer enhancement
technologies or novel heat exchangers. The developments and current challenges were
summarized, and future research trends were identified.

The literature review on heat exchanger screening in the ORC revealed that there is
no unique type of heat exchanger that yields optimal performance for all configurations
of ORCs. Conducting type screening and structural optimization for heat exchangers in
specific configurations or operation conditions of the ORC is an ongoing topic. Improv-
ing the structure of heat exchangers and cycles can achieve more desirable performance
enhancement for different types of ORCs. Innovations in new material applications and
structures are promising heat transfer enhancement technologies for the heat exchangers
in ORCs. Micro-channel and liquid–vapor separation have shown superior performance
in ORC systems with different configurations. New material applications in the heat ex-
changer is a viable solution to reduce the investment cost and impact on the environment,
though it is rarely reported. Constructive suggestions regarding the development of novel
heat exchangers and their ORC systems were proposed in this study.

Dynamic models are imperative for reflecting the off-design performance of heat
exchanger and the life-span operation performance of the ORC. Developing an accurate
and general dynamic model for the heat exchanger as well as the ORC system is urgently
necessary for widespread application of the ORC. Studies have been widely conducted with
a single-minded focus on component level or system level of the optimization. Cooperative
optimization of system and heat exchanger levels has not yet been fully explored due to
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their complex coupling interactions. Future solutions were also proposed in this review
for addressing the current difficulties. As an accurate heat exchanger model is heavily
dependent on the heat transfer correlations of heat transfer fluid, the experimental studies
on heat transfer characteristic around suitable working conditions of ORC were reviewed.
The prospects of high precision and widespread heat transfer corrections were highlighted.
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