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Abstract: Organic Rankine Cycles (ORCs) are widely used for recovering low-temperature waste 

heat, particularly in renewable energy systems like biomass. However, their performance is often 

reduced by undetected heat and gas leakage. This review aims to identify, classify, and assess 

current leakage detection methods specifically suited for ORC systems, focusing on their effec-

tiveness under typical operating conditions. The scope encompasses thermal and gas leakage de-

tection techniques, including temperature, pressure, and flow rate monitoring, as well as advanced 

diagnostic technologies. The main findings indicate that heat loss from components, such as the 

expander, and undetected vapor leakage can significantly degrade system efficiency and output. 

Continuous temperature, pressure, and flow rate monitoring are the most effective methods for 

ensuring safety and optimizing system performance, among the reviewed options. Integrating 

these techniques with Internet of Things (IoT) devices and machine learning offers promising 

avenues for real-time diagnostics and predictive maintenance. Future research should focus on 

developing cost-effective, robust sensors suitable for high-temperature and high-humidity envi-

ronments common in ORCs. This review contributes to the broader discussion on improving ORC 

monitoring and reliability while proposing practical pathways for technological innovation and 

sustainable energy conversion.  

Keywords: heat loss; leakage detection system; Organic Rankine Cycle; system safety; working 

fluid leakage

1. Introduction 

The Organic Rankine Cycle (ORC), an eco-friendly tech-

nology, is an effective alternative for addressing waste heat. 

More than half of the energy utilized worldwide is lost as 

heat1). The main waste heat sources include exhaust gases 

from burners, furnaces, dryers, heaters, and heat exchang-

ers. For a more specific estimate, in the United States alone, 

the potential for unrecovered waste heat at temperatures 

below 150 °C is approximately 75 × 10⁹ kW/year2). These 

findings highlight the substantial potential for ORC de-

ployment in waste heat recovery. Due to the lower boiling 

points of organic working fluids, ORCs can operate effi-

ciently within this temperature range, converting heat from 

sources such as exhaust gases, furnaces, dryers, and heat 
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exchangers into electrical power. 

Recent studies have shown that the selection of working 

fluid and operating conditions has a significant influence 

on ORC performance. It has been shown that matching 

fluid thermophysical properties with heat source tempera-

tures is essential for maximizing efficiency3), while opti-

mized utilization of exhaust waste heat can significantly 

enhance net power output and cycle efficiency4). In addi-

tion, it has also been reported that incorporating recupera-

tors or additional heat exchangers enables internal heat re-

covery and leads to superior thermal performance com-

pared to the basic ORC configuration2). 

At the system level, a conventional ORC consists of four 

main components—pump, evaporator, expander, and con-

denser—undergoing compression, heat addition, expan-

sion, and heat rejection processes, respectively, as illus-

trated in Figure 11). Rather than serving as background, this 

schematic provides the reference framework for identify-

ing where heat losses and working fluid leakages are most 

likely to occur, particularly around the expander and heat 

exchange components. 

Component-level investigations have revealed that heat 

loss can substantially degrade ORC performance. External 

heat losses from a small-scale expander, and it was shown 

that convective, radiative, and conductive losses increase 

with operating temperature, resulting in a measurable re-

duction in shaft power5). Structural features, such as the 

connection between the expander and its support, have 

been identified as dominant contributors to conductive 

losses, indicating the need for improved designs and effec-

tive heat loss monitoring strategies. 

Similarly, working fluid leakage has been shown to affect 

both safety and thermodynamic performance. The flamma-

bility of common ORC working fluids has been identified 

as an inherent operational risk6). Quantitative risk assess-

ment has demonstrated that ventilation strategies and gas 

detection devices are critical for safe operation7). From an 

environmental and health perspective, refrigerant leakage 

has been shown to contribute to global warming potential, 

ozone depletion, and human toxicity impacts8). Thermody-

namic analyses have further reported that vapor leakage in 

ORC receivers can reduce net power output by up to 

20.81%9), while permeability and internal leakage in mi-

cro-ORC systems can cause power losses of several kilo-

watts and efficiency degradation of up to 4.4%10). Collec-

tively, these studies demonstrate that heat loss and fluid 

leakage are not marginal effects but critical factors that 

govern ORC efficiency, safety, and sustainability. 

Advances in ORC design and optimization have been syn-

thesized, demonstrating how cycle modifications and com-

ponent improvements enhance efficiency in ORC applica-

tions with solar, biomass, and industrial waste heat sources 

have been analyzed, highlighting their suitability for di-

verse energy recovery scenarios11–14). System-level per-

spectives on ORC power systems and configurations have  

 

Fig. 1: Components and processes in ORC1) 

been provided15–17), while small-scale and engine waste 

heat recovery applications have been assessed18–21). Bibli-

ometric analyses have mapped the evolution of ORC re-

search and identified performance optimization and work-

ing fluid development as dominant themes22–24). Further re-

views have addressed solar ORC development25), working 

fluid selection and optimization26–29), efficiency enhance-

ment30) and performance evaluation31–33). 

Despite these comprehensive contributions, existing re-

views predominantly emphasize efficiency improvement 

through design, fluid selection, and system optimization. 

To the best of the authors’ knowledge, none has systemat-

ically focused on methods for detecting and monitoring 

heat loss and working fluid/gas leakage in ORC systems. 

This omission is notable, given that experimental and mod-

eling studies have already demonstrated that external heat 

losses5) and leakage phenomena9) can cause substantial 

power and efficiency degradation, while also posing seri-

ous safety6) and environmental risks8). 

Therefore, a clear research gap exists in the lack of a fo-

cused synthesis of leakage detection and monitoring ap-

proaches tailored to ORC systems, particularly in relation 

to operational safety, real-time condition monitoring, and 

long-term performance reliability. In response to this gap, 

this review aims to examine and evaluate various heat and 

gas leakage detection technologies, focusing on their ap-

plicability to ORC systems. Although such methods are 

widely applied in broader thermal and industrial systems, 

they remain underexplored in the ORC context. By synthe-

sizing recent and impactful studies, this work seeks to clar-

ify current capabilities, identify limitations, and outline fu-

ture research directions toward safer, more reliable, and 

higher-performance ORC operation. 

This paper is structured as follows: Section 2 outlines the 

review methodology. Section 3 presents applicable detec-

tion methods. Section 4 provides an in-depth discussion. 

Section 5 evaluates the effectiveness of these methods for 

ORC systems, and Section 6 outlines future research direc-

tions related to system reliability and environmental per-

formance. 
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2. Method 

This study employed a narrative semi-systematic review 

methodology to explore the topic of heat and thermal 

losses within ORC systems. This approach is especially 

appropriate for multi-disciplinary research areas and is ex-

amined from diverse theoretical and practical perspectives. 

Unlike a fully systematic review, which requires strict in-

clusion/exclusion criteria and quantifiable comparisons, 

the semi-systematic or narrative review allows for a 

broader exploration of themes and conceptual patterns. 

Identifying themes, theoretical viewpoints, or recurring is-

sues within a particular research field, or analyzing com-

ponents of a theoretical concept, are valuable applications 

of a semi-systematic review34).  

The literature search was conducted primarily using the 

Scopus database, which is known for its comprehensive 

coverage of peer-reviewed scientific publications. To iden-

tify relevant studies, a combination of keywords was used, 

including ‘heat leak’, ‘heat loss’, ‘thermal leak’, and ‘ther-

mal loss’, each paired with ‘ORC’ or ‘organic Rankine’ to 

narrow the focus to the specific domain of interest. These 

keywords were selected to encompass various terminolo-

gies commonly used in thermal systems research, ensuring 

inclusiveness in the search results while maintaining rele-

vance to ORC systems. 

After retrieving the relevant articles, the studies were 

screened and assessed based on their applicability to ORC 

system configurations. The selected papers were then the-

matically analyzed and categorized. This categorization 

enabled the synthesis of key insights, including advantages 

and disadvantages, emerging trends, and potential direc-

tions for future ORC research. The flow of the review pro-

cess is depicted in Figure 2. 

 

Fig. 2: Method flow diagram 

3. Available Leakage Detection Methods  

Based on insights from various articles, the broad princi-

ples applicable to heat and gas leakage detection in ORC 

systems can be categorized alphabetically as follows: (1) 

energy balance calculations, (2) flow rate measurement, 

(3) heat transfer analysis, (4) optical analysis, (5) pressure 

monitoring, (6) temperature monitoring, (7) ultrasonic 

leakage detection, and (8) vibration/acoustic analysis. 

Among these methods, (1) and (3) rely on calculations or 

simulations, making them well-suited for detecting heat 

loss. In contrast, the remaining methods involve physical 

measurements and are more appropriate for monitoring 

working fluid leakage. Notably, temperature monitoring 

using infrared (IR) thermography can be applied to detect 

heat loss and fluid leakage. 

3.1. Energy balance calculations 

Energy balance calculation is a method to measure energy 

transfer in a system, by taking into account energy gain and 

loss35). Energy balance involves calculating all forms of 

energy, including thermal, mechanical, chemical, and elec-

trical energy, which are input, output, or transformation in 

a system36). This method is widely used to assess system 

efficiency and identify energy loss, for example, due to 

system leakage36–38). The application of this method is 

demonstrated, among other things, by Saini et al38) to cal-

culate the efficiency and heat rate of the Unit 2 PLTU Ta-

kalar (Punagaya) system and Elhanafi et al.37) to evaluate 

the performance of the Oscillating Water Column (OWC). 

In general, energy balance involves mathematical equa-

tions that show the interaction between energy entering 

and energy leaving a system based on units of operating 

time39). The general diagram of energy balance is shown in 

Figure 3. 

This method is based on the conservation of energy, as for-

mulated by Smith et al.35), where the energy input equals 

the energy output plus the change in system energy. El-

hanafi et al.37) demonstrated that deviations in this balance 

can be used to quantify unaccounted losses, while Bernardi 

et al.40) showed that detailed energy balance terms enable 

the identification of hidden inefficiencies. Karim et al.41) 

further reported that persistent energy imbalance is a 

strong indicator of system leakage. For ORC applications,  

 

Fig. 3: The general diagram of energy balance39) 
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Mahmoudi et al.42) derived a simplified energy balance for-

mulation and showed that deviations from the expected 

balance directly reflect heat loss or working fluid leakage. 

The organic Rankine cycle (ORC) is similar to the steam 

Rankine cycle (SRC), except that the water in the SRC is 

replaced by organic compounds (e.g., hydrocarbons, re-

frigerants, ethers, and siloxanes), while the other compo-

nents are the same, namely the vaporizer, expansion device, 

condenser, and pump43). Energy balance, as part of the 

ORC thermodynamic analysis, involves calculating the en-

ergy entering, leaving, and transforming within each com-

ponent of the ORC44). The purpose of this analysis is to 

ensure the conservation of energy according to the first law 

of thermodynamics, namely that the energy entering the 

system must be equal to the energy leaving and transform-

ing within the system44). If the energy entering the system 

and the energy leaving the system have a significant dif-

ference, which the system’s efficiency cannot explain, then 

this indicates a leak. The application of the energy balance 

equation to evaluate ORC was carried out by Carcasci et 

al.45). 

The advantages of this method are that it helps optimize 

processes, reduce energy waste, and improve overall effi-

ciency by identifying and correcting areas of energy loss36). 

Energy balance calculations provide insight for improving 

system design37). However, energy balance calculations re-

quire a significant amount of resources to accurately meas-

ure all energy inputs and outputs. 

3.2. Flow rate measurement 

Flow rate is measured by mass flow meters, which measure 

the mass of a fluid moving through a device over time. 

Since volumetric flow rate depends on thermodynamic pa-

rameters such as temperature and pressure, mass flow rate 

measurement is a useful flow metering method for indus-

trial metrology. This is because mass flow rate is independ-

ent of changes in viscosity, density, temperature, and pres-

sure46). Three mass flow measurement methods are direct, 

indirect, and thermal. The direct technique measures mo-

mentum, Coriolis force, and other characteristics directly 

related to mass flow. The indirect technique combines a 

volumetric flowmeter and a densitometer, and correlations 

are used to infer mass flow. The indirect approach is rarely 

used in real applications. Meanwhile, the thermal method 

analyzes thermal conductivity and specific heat, which can 

be connected to mass flow by heat transfer or heat dissipa-

tion via heating/cooling fluid. The devices comprise a ther-

mal profile flow meter, a Thomas flow meter, a boundary 

layer-type mass flow meter, and a hot-wire anemometer 

that measures heat dissipation46). For an ORC system, Cor-

iolis mass flow meters are generally more suitable due to 

their accuracy, versatility, and durability in handling the 

specific requirements of ORC operations47). The practical 

relevance of Coriolis mass flow meters has been demon-

strated in several ORC studies. Their use has enabled the 

identification of pressure pulsation and cavitation phenom-

ena in micro-ORC systems, as well as the accurate quanti-

fication of cycle performance and efficiency in low-grade 

heat recovery applications48–51). More recently, high-reso-

lution mass flow measurements are essential for character-

izing variable-speed ORC operation and capturing transi-

ent performance behavior48–51). 

Monitoring the mass flow rate of the working fluid is es-

sential in ORC. Another study showed that mass flow rate 

is a key parameter to be controlled in a plethora of ORC 

studies52). It is common to analyze the effects of the work-

ing fluid’s mass flow rate on key parameters, such as the 

expander’s inlet-outlet pressure and temperature, the 

shaft’s rotational speed, and power53). The effect of vary-

ing mass flow rates and heat source temperatures on a 

steady-state operation characteristic of an ORC using 

R123 and a scroll expander showed that the isentropic ef-

ficiency of the expander sharply increases with mass flow 

rate, even though it decreases slightly initially54). It is sug-

gested that optimizing the mass flow rates of the heat 

source, working fluid, and cooling water is part of the op-

eration optimization problems of an ORC; setting them in 

a suitable allocation value could yield the highest net 

power production or efficiency55). 

Not only for performance, controlling ORC systems is crit-

ical to their safety52). Thus, measuring, monitoring, and 

controlling the mass flow rate are also included in main-

taining the safety of an ORC. A research study investigated 

a control method to prevent working fluid from entering 

the ORC-based system’s expander as moist vapor56). They 

propose two approaches to ensuring safe transient opera-

tion: managing the mass flow rate of the cooling water at 

the condenser or controlling the mass flow rate of the 

working fluid.  

Leakages within an expander can significantly impact both 

the expander’s properties and the cycle conditions. It is re-

lated to the mass flow rate in Eq. 1, which represents the 

evaporator’s energy balance. When the working fluid en-

ters the evaporator with constant heat input and enthalpy, 

the output enthalpy of the vapor is proportional to its mass 

flow. Furthermore, vapor pressure entering the expander 

depends on its mass flow rate. Assuming steady-periodic 

conditions, the total mass flow rate through the expander 

can be calculated as the sum of the theoretically displaced 

mass flow rate and the mass flow rate through the leakage, 

as expressed in Eq. 257). 

𝑀̇𝑤𝑓 ⋅ (ℎ𝑜𝑢𝑡,𝑒𝑣 − ℎ𝑖𝑛,𝑒𝑣) = 𝑄̇𝑖𝑛,𝑒𝑣    (1) 

𝑀̇𝑤𝑓 = 𝑀̇𝑡ℎ𝑒𝑜𝑟 + 𝑀̇𝑙𝑒𝑎𝑘    (2) 

Where M is mass flow rate (kg/s), h is specific enthalpy 

(J/kg), and Q is heat flux (W). 

The permeability effect in ORC can also be detected using 

the mass flow rate. ‘Permeability’ is the relationship 
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between mass flow rate and maximum pressure of an ORC 

that shows the plant’s ability to traverse the working fluid. 

The higher the volumetric losses, the greater the mass flow 

rate circulating inside the plant at a given maximum pres-

sure10). 

Mass flow rate measurement in ORC can support two pur-

poses. It is a key parameter in supporting performance op-

timization and leakage detection in ORC. Moreover, mass 

flow rate can also be used to detect leakage from the per-

meability of the ORC system.  

3.3. Heat transfer analysis 

Heat transfer is a scientific field that studies how heat is 

transferred between objects through various media58). This 

transfer occurs due to temperature differences58). The ORC 

is a technology used to generate electrical energy from 

low- to medium-temperature heat sources9). In the ORC 

cycle, thermal efficiency highly depends on heat transfer 

across its components59). Thermal efficiency is the ratio of 

the energy converted into net power to the total energy 

available from the heat source60) and it reflects how effec-

tively a system uses available energy to generate power60). 

Understanding heat transfer is essential for assessing how 

heat moves from the source to the working fluid in each 

ORC loop, which impacts the system’s energy generation 

efficiency60). One key parameter influencing thermal effi-

ciency is the heat transfer coefficient, which indicates how 

effectively heat is transferred between the working fluid 

and the heat exchanger in the ORC59). The heat transfer rate 

in each zone is calculated using the energy balance princi-

ple, ensuring that the amount of heat received or released 

by the fluid matches the energy transferred throughout the 

system61). When the overall heat transfer coefficient is op-

timized, heat transfer between the working fluid and the 

heat exchanger occurs efficiently59). 

The heat transfer coefficient in an ORC system is typically 

calculated using theoretical and empirical correlations59,61). 

These correlations help determine the heat transfer effi-

ciency between the flue gas and the working fluid under 

various operating conditions61). Calculating the heat trans-

fer coefficient is crucial for designing an efficient ORC, as 

it ensures maximum utilization of waste heat energy60). 

Moreover, heat transfer analysis can also detect leakage in 

the ORC system, as leakage can disrupt flow patterns and 

create uneven temperature distributions62,63). Leakage can 

affect pressure, temperature, and fluid flow in the system, 

and can be identified by comparing thermodynamic pa-

rameters before and after the leakage9). Abnormal changes 

in these parameters suggest the presence of a leak. Moni-

toring heat transfer characteristics, such as temperature 

and fluid pressure, can also help detect leakage. Anomalies, 

such as unusual temperature fluctuations or sudden 

changes, indicate leakage in the system. Integrating tem-

perature sensors into key components can aid in the real-

time detection of these abnormalities.  

The advantages of using heat transfer analysis for leakage 

detection include real-time detection, high accuracy in 

measuring leakage through the heat transfer coefficient, 

and identification of energy losses that may not be detect-

able otherwise. However, a key challenge lies in identify-

ing the correct correlations to predict thermal performance 

accurately59). Successfully modelling heat transfer and 

comparing it with observed data can serve as an important 

tool for early leakage detection in ORC systems59). 

3.4. Optical analysis 

Fiber Bragg Grating (FBG) is a distributed Bragg reflector 

constructed from short optical fiber sections. It allows the 

passage of various light wavelengths while reflecting spe-

cific ones. The reflection occurs due to periodic alterations 

in the refractive index of the fiber core, typically induced 

by a strong ultraviolet light interference pattern. In an FBG 

sensor, the Bragg grating functions as a wavelength-selec-

tive mirror when illuminated by a broadband light source, 

reflecting certain wavelengths in response to variations in 

strain or temperature. This property allows FBG sensors to 

monitor variations in different physical parameters such as 

strain, temperature, pressure, and vibration, among oth-

ers64). In practice, these sensors can identify damage such 

as circumferential cracks and delamination, locate impacts, 

or detect and monitor leakage65). Figure 4 shows the basic 

principal of measuremen using FBG. 

Pipeline leakage detection experiments using an FBG pres-

sure transducer are conducted using a galvanized steel pipe 

on a laboratory scale equipped with 5 pairs of valves66). 

Two different sizes of artificial leakage are inserted into 

the pipe to measure the application of the FBG sensor in 

detecting leakage. The FBG sensor is mounted on a pres-

sure transducer connected to the pipe during the experi-

mental work. The findings indicate that larger leakage 

sizes result in higher stress drops in the pipe. This study 

shows that FBG is a reliable method for leakage detection, 

as it is highly sensitive to pressure changes in the pipe and 

shows good uniformity. 

The application of FBG sensors to detect natural gas pipe-

line leakage is studied in the paper67), among others. FBG 

strain sensors are wrapped around the pipe wall. Pressure 

changes inside the pipe cause the pipe to expand or con-

tract, with the annular strain of the pipe changing accord-

ingly. FBG strain sensors detect pressure changes inside 

the pipe by sensing the annular strain. Meanwhile, an FBG 

gas leakage detection sensor has been designed in68) which  

 

Fig. 4: Basic principle of measurement using FBG 
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utilizes the energy provided by beam propagation in opti-

cal fiber to avoid external temperature interference effec-

tively. This sensor can not only provide real-time monitor-

ing of leak-prone pipe sections, but also provide quantita-

tive data on fluid leakage velocity. In another application, 

the FBG sensor monitors and detects hydrogen leakage69). 

This sensor is presented using the classic Pd (palladium) 

coating technique as the hydrogen-sensitive film to en-

hance the detection of hydrogen molecules and precisely 

increase the absorption of hydrogen molecules. 

also been applied to water leakage monitoring in different 

engineering systems. An FBG-based measurement system 

has been developed to address practical requirements and 

limitations, demonstrating that pressure, flow rate, and vi-

bration measurements can be integrated to improve the 

sensitivity of water leakage detection70). Simulation and 

experimental studies have further shown that distributed 

FBG sensing can identify leakage-prone zones in high-

temperature industrial environments, such as the burner 

area of electric arc furnaces71), as well as in large hydraulic 

structures, including concrete face rockfill dams, where lo-

calized temperature disturbances indicate seepage paths50). 

FBG sensors are also used to detect the potential leakages 

in the diaphragm wall joints, which are commonly used in 

deep underground construction projects72). The tempera-

ture field of the detection tube is artificially elevated to a 

preset value using an electric heating belt. The preset value 

is determined depending on the surrounding temperature. 

The temperature field of the detection tube is then simulta-

neously monitored using the FBG sensor, from the top to 

the bottom of the tube. If a leakage occurs, the temperature 

of the detection tube at that point decreases because the 

leaking water absorbs some of the thermal energy from the 

pipe at that location. Thus, the signal captured by the FBG 

sensor can be processed to determine whether there is a 

water leakage. 

The use of FBG sensors for monitoring the technical con-

dition of a 3 kW ORC microturbine has been described in 

Mieloszyk et al. and Jurek et al.65,73). The sensors were used 

to determine temperature distribution and detect a leakage 

of a low-boiling medium. It was found that FBG sensors 

can effectively measure temperature changes on the turbo-

generator casing and monitor the condition of the connec-

tions between the components of the turbogenerator casing 

for leakage detection. 

FBG is often used as a sensor in structural health monitor-

ing (SHM) systems due to its advantages, including high 

sensitivity, high accuracy, intrinsic safety, multiplexing 

capabilities similar to wavelength division multiplexing 

(WDM), immunity to electrical and magnetic interference, 

and optical communications with optical sensing.  

The other advantages of Fiber Bragg Gratings (FBG) in-

clude simple sensor installation, lower cost, and insensitiv-

ity to interference signals. Additionally, FBG exhibits 

small attenuation along its path, is sensitive to small 

leakage and low noise, and features a compact size and 

lightweight design. It also offers high corrosion and tem-

perature resistance, does not require calibration, and oper-

ates without the need for an electric current in the meas-

urement array65,67). However, the FBGs-based sensor in-

curs the problem of the grating decay and instability with 

time, especially when the FBG operates continuously un-

der pressure and at high temperatures69). 

3.5. Pressure monitoring 

Pressure monitoring has been widely applied for detecting 

leaks across various engineering systems. In pipeline and 

water distribution networks, pressure transient analysis 

and pressure decay techniques have been shown to effec-

tively detect leakage events and support fault localization 

under operational conditions, particularly when supported 

by advanced pressure monitoring approaches74,75,76), as 

well as by broader insights from comprehensive leak de-

tection reviews77-79). These capabilities are further 

strengthened through pressure‑wave based leak analy-

sis80,81) and complementary understanding of system‑level 

fluid and energy performance82) 74–82). For storage applica-

tions, time-series analysis of pressure data has demon-

strated the capability to identify early-stage leaks in tanks 

by capturing subtle pressure trends83,84). In industrial pro-

cesses, continuous pressure sensing combined with opera-

tional data analysis has enabled non-invasive, real-time 

leakage detection in complex systems85). Furthermore, sta-

tistical comparisons between current and historical pres-

sure measurements have been reported to improve detec-

tion sensitivity and reduce false alarms in practical imple-

mentations80,86). 

Pressure monitoring for leakage detection works by con-

tinuously tracking the pressure within a pipe or system to 

identify discrepancies that may indicate a leakage87). Sen-

sors are installed at various points along the pipeline, and 

the pressure readings are measured against expected values 

based on the system’s normal operating conditions. If there 

is a sudden drop or sustained reduction in pressure, it sug-

gests that fluid is escaping due to a leak. The system can 

then trigger an alarm or alert operators to pinpoint the 

leak’s location, allowing for timely maintenance and repair. 

The differential pressure method is a better method for de-

tecting small leakage rates. The differential pressure 

method’s airtightness detection technique primarily com-

pares the air pressures in the tested and master cavities us-

ing a certain construction. The tested body is in a good air-

tight state if the air pressures in the master cavity and the 

tested cavity are equal. The tested cavity has leaked if there 

is a pressure differential between it and the master cavity. 

Figure 5 displays a structural representation of the differ-

ential-pressure detection technique88). 

The ORC is a thermodynamic cycle that converts heat into 

mechanical energy, similar to the traditional steam Ran-

kine cycle, but using an organic fluid (working fluid)  
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Fig. 5: Schematic principle of pressure monitoring for 

leakage detection 

instead of water89). An evaporator, an expander, a conden-

ser, and a pump are the four primary parts of a basic ORC2). 

Experimental and modeling studies have shown that pres-

sure monitoring at key locations in the cycle enables the 

assessment of component performance during evaporation, 

expansion, condensation, and compression, and provides 

an early indication of leakage and operational anomalies90–

92). 

Pressure monitoring techniques for leakage detection in 

ORC systems utilize pressure sensors and transducers stra-

tegically placed at key locations, such as the evaporator, 

condenser, and working fluid lines. These sensors track 

real-time pressure changes within the system. A significant 

drop in pressure or deviations from normal operating levels 

can indicate the presence of a leak. In some cases, differ-

ential pressure measurements between two points can help 

pinpoint the location of the leak. By continuously monitor-

ing pressure and comparing it to expected levels, leakage 

can be detected early, saving further damage, resource loss, 

or safety issues. 

Using pressure monitoring for leakage detection in ORC 

systems offers several advantages, including the early de-

tection of refrigerant leaks, which helps prevent perfor-

mance degradation and system failure. Pressure sensors 

can detect abnormal pressure drops, indicating leakage, al-

lowing for timely maintenance and reducing operational 

costs. This method is cost-effective, as it avoids the need 

for more complex and expensive leakage detection tech-

nologies. Additionally, continuous pressure monitoring 

enhances system reliability and safety, ensures optimal ef-

ficiency by maintaining proper pressure levels, and re-

duces environmental impact by minimizing refrigerant loss.  

However, it presents several challenges, including the dif-

ficulty in distinguishing between pressure changes caused 

by leakage and those resulting from normal system fluctu-

ations, such as temperature variations or load changes. Ac-

curate pressure measurement requires high-quality sensors, 

which can be costly and prone to calibration issues. Addi-

tionally, pressure sensors may not detect small or slow 

leakage, especially in systems with complex configura-

tions or low-pressure environments. Environmental factors, 

such as vibration or extreme temperature fluctuation, can 

also affect sensor accuracy, potentially leading to false 

alarms or missed leakage. 

3.6. Temperature monitoring 

Real-time temperature monitoring using thermocouples, 

thermistors, RTDs, etc., plays a critical role in maintaining 

both the performance and safety of an ORC system. Tem-

perature fluctuations can significantly impact the effi-

ciency of heat transfer and the stability of the working fluid, 

potentially resulting in reduced power output or even com-

ponent failure. Continuous monitoring enables operators to 

detect abnormal conditions such as overheating, thermal 

imbalances, or unexpected thermal losses, allowing for im-

mediate response. Meanwhile, another method for temper-

ature monitoring, such as IR thermography, can be added 

periodically to enhance safety because this method can de-

tect real-time leakage. 

Infrared thermography is a technique that captures infrared 

radiation emitted from objects within the wavelength range 

of 700 𝑛𝑚 to 1 𝑚𝑚. It is widely used for applications such 

as detecting gas and liquid leakage. The core principle be-

hind this technology is the Stefan-Boltzmann law, which 

relates the infrared radiation emitted by an object (E) to its 

temperature (T) via the equation 𝐸 = 𝜎𝑇⁴, where σ is the 

Stefan-Boltzmann constant. While infrared thermometers 

utilize this principle for precise point measurements, ther-

mal imaging cameras offer a broader capability by provid-

ing a visual representation of temperature distributions 

across a larger area (see Figure 6). Therefore, the choice 

between infrared thermometers and thermal imaging cam-

eras depends on the application and the level of detail 

needed. 

Infrared thermography is particularly effective for detect-

ing leakage, as leakage often causes temperature differ-

ences visible in thermal images. If the leaking substance 

has a temperature that differs from its surroundings, the 

temperature variation becomes evident in the infrared 

spectrum. This makes thermal imaging cameras highly ef-

fective for both gas and liquid leakage detection. Studies 

on water pipeline systems have demonstrated that thermal 

imaging can identify liquid leakage through surface tem-

perature disturbances and enable rapid localization of fault 

points, particularly when supported by thermographic reli-

ability assessments for buried pipelines93,94) 93–99). 

Large‑scale implementations have further shown the ben-

efits of airborne thermal monitoring of district heating net-

works95,96), while field‑deployable solutions have lever-

aged thermal‑imaging‑based wireless sensing97). In gas 

distribution networks, infrared cameras have been reported 

to detect leakage plumes and quantify gas release based on 

thermal contrast with the surroundings98,99) 93–99) To im-

prove detection accuracy, recent works have shown that 

image enhancement and machine learning–based analysis 

of thermal images significantly improve sensitivity and re-

duce false detections under complex operating conditions, 

particularly through infrared‑based gas leakage imaging100, 

101), supported by thermographic autofocus for leak locali-

zation102), and further strengthened by AI‑driven thermal 

leak recognition103,104,105). 97,99–105). 

Thermal monitoring methods, including the use of thermal  
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Fig. 6: Schematic principle of IR thermography and ther-

mometer 

infrared sensors and imaging cameras, can also effectively 

detect gas leakage by identifying thermal anomalies. Ex-

perimental and field studies have shown that temperature 

drops caused by gas expansion can be captured by thermal 

imaging and used to localize leakage points in pressurized 

systems,  106–110). Continuous temperature profiling has fur-

ther been demonstrated to reveal abnormal surface temper-

ature fluctuations associated with gas leakage under oper-

ational conditions, enabling early fault detection and real-

time monitoring 87–97). 

Infrared thermography offers several advantages when ap-

plied to ORC systems. It is a non-contact, non-destructive 

technique that facilitates real-time, wireless monitoring. 

This enhances operator safety by enabling remote detec-

tion of leakage and issues. It is also a cost-effective solu-

tion for continuous monitoring. However, certain chal-

lenges remain, such as limited resolution for detecting 

smaller leakage, the influence of surface material, distance, 

and interference from environmental factors, which are 

similarly highlighted in broader evaluations of pipeline 

monitoring technologies106,107). 

Thermal monitoring is especially valuable in ORC systems 

for a number of reasons. First, safety is a key concern, as 

ORC systems often involve the use of organic fluids that 

can be hazardous or flammable7,111). Early leakage detec-

tion is critical in preventing accidents. Studies on ORC 

heat exchangers have demonstrated that gas leakage dis-

rupts local temperature gradients, producing thermal 

anomalies that can be captured by infrared monitoring, a 

behavior consistent with sensor‑fusion‑based gas leak lo-

calization108,109) and UAV‑assisted thermal detection strat-

egies110) 106–110). Thermal imaging can also help identify 

cooling effects in the condenser sections of the system, 

which may signal a gas leak. Additionally, continuous 

thermal monitoring contributes to improved efficiency by 

detecting heat losses or leakage in the system. Advanced 

thermal monitoring can be integrated with the ORC control 

systems, using machine learning algorithms to provide 

real-time alerts, enabling prompt responses to potential is-

sues. 

Infrared thermography has been reported to offer several 

practical advantages for leakage detection in ORC systems. 

Non-invasive thermal inspection has been shown to reduce 

ignition risks when monitoring flammable working fluids 
112,113). Real-time thermal imaging has enabled rapid 

identification of leakage events and shortened response 

times under operational conditions114–116). Wide-area ther-

mal scanning has further been demonstrated to be suitable 

for large-scale ORC facilities, allowing simultaneous mon-

itoring of multiple components108,117). High thermal sensi-

tivity has been reported to support early detection of small 

temperature anomalies associated with incipient leak-

age118,119). In addition, integration of thermal monitoring 

with automated control and alarm systems has been shown 

to enhance operational efficiency and safety120). The visu-

alization of thermal fields has also been demonstrated to 

facilitate rapid interpretation of anomalies and assist oper-

ators in locating leakage points during inspections, as high-

lighted in comprehensive leak‑detection reviews121,122), 

supported by fiber‑optic sensing developments for pipeline 

diagnostics123), and further strengthened through 

AI‑enhanced infrared leak interpretation124,125) 120–125). 

Despite these advantages, certain disadvantages should 

also be considered. Field studies have shown that environ-

mental conditions, such as wind, rain, and fluctuating am-

bient temperatures, can distort thermal signatures and re-

duce detection accuracy under outdoor operation113,126). It 

has further been reported that leakage of gases producing 

weak thermal contrast, or occurring in regions with limited 

heat dissipation, may remain undetected by infrared imag-

ing112,117,127). Economic assessments have indicated that the 

high initial cost of thermal imaging systems can constrain 

large-scale deployment128,129). In addition, thermal anoma-

lies unrelated to leakage have been shown to generate false 

alarms, requiring careful discrimination during analy-

sis120,123,130–132). Accurate interpretation of thermal data has 

also been reported to depend on operator expertise, in-

creasing operational complexity123,133), while regular cali-

bration and maintenance are necessary to ensure long-term 

accuracy and reliability of the equipment111,123). 

In conclusion, while infrared thermography offers signifi-

cant benefits for leakage detection and system monitoring 

in ORC plants, its effectiveness depends on careful imple-

mentation, consideration of environmental factors, and ad-

dressing its limitations. As technology advances, infrared 

thermography is expected to become even more reliable 

and efficient, making it an increasingly valuable tool for 

maintaining the safety and performance of ORC systems. 

3.7. Ultrasonic leakage detection 

Ultrasonic leakage detection (ULD) is a non-destructive 

and non-invasive method used to detect leakage in pressur-

ized systems. This method utilizes sound waves at high fre-

quencies, typically above 20 kHz134–137). When pressurized 

gas or liquid escapes through a small gap (see Figure 7), 

the resulting turbulence generates ultrasonic waves that are 

inaudible to humans but can be detected by specialized 

sensors138). These sensors convert the ultrasonic waves into 

electrical signals, which are then processed to determine 

the presence and location of leakage139,140).   
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Fig. 7: Schematic principle of detecting leakage using ul-

trasound 

This technology enables leakage detection without direct 

contact and without damaging the system, making it highly 

suitable for real-time monitoring in high-risk indus-

tries135,141). 

ULD has been applied to various systems and processes, 

one of which is detecting gas leakage, such as SF6, in elec-

trical power systems142). SF6 is an insulating gas used in 

electrical equipment, and its leakage can reduce insulation 

efficiency and pose environmental risks142). Additionally, 

ULD is utilized in nuclear reactor cooling systems, where 

ultrasonic sensors detect leakage through guide tubes in-

stalled around cooling pipes141). 

The use of ULD is not limited to these applications, but 

also includes detecting pipeline leakage135), refrigerant gas 

leakage (R290) in refrigeration equipment, air conditioners, 

and heat pumps (RACHP)134). Moreover, ULD is em-

ployed to detect leakage in various components such as 

wellheads, tubing, tubing connections, gas lift mandrels, 

packers, and production casings139), as well as fuel tanks143) 

and pressure vessels144).  

There are two main detection principle approaches in 

ULD: passive ultrasonic leakage detection and active ul-

trasonic leakage detection144). The passive method operates 

by sending ultrasonic waves into the tested system without 

altering the internal pressure. These ultrasonic waves prop-

agate through leakage paths and are captured by external 

sensors that move around the system. This approach is 

highly effective when increasing the system pressure is not 

feasible or may heighten the risk of dangerous leakage144). 

On the other hand, the active leakage detection method 

uses high-frequency sound waves generated by turbulence 

when pressurized fluid leaks through a small gap144). This 

leakage creates a turbulent flow that emits sound at ultra-

sonic frequencies, typically between 30 and 50 kHz, which 

is then detected by ultrasonic sensors. In this method, the 

sound frequency produced is closely related to the size of 

the leakage gap and the fluid flow velocity; the smaller the 

leakage gap, the higher the sound frequency. However, a 

limitation of this method is that it can only be applied to 

pressurized systems and is less suitable for toxic or explo-

sive gases, as increasing the pressure may pose additional 

risks. Since ORC is a pressurized system, the active leak-

age detection method can be used. 

Ultrasonic leakage detection offers numerous advantages 

in maintaining the efficiency and safety of ORC systems. 

It enables the detection of small leakages that are difficult 

to identify using conventional methods, ensuring ORC ef-

ficiency is preserved. Early leakage detection enhances 

safety, prevents energy efficiency loss, and reduces repair 

and replacement costs for working fluids. The technology 

allows for leakage inspections without halting operations, 

minimizing downtime, and provides fast and accurate de-

tection to enable prompt responses to issues. It is effective 

in detecting leakage of various organic fluids, such as hy-

drocarbons and refrigerants, and helps identify leakage 

with potential environmental impacts, such as refrigerant 

releases. By detecting problems early, ultrasonic methods 

support predictive maintenance, preventing damage and 

reducing risks like fire and explosions from flammable 

working fluids. Additionally, the system is capable of de-

tecting leakage in complex components and connections 

within ORC systems, including those involving high-pres-

sure fluids and high-velocity flows that generate detectable 

ultrasonic signals. Real-time monitoring enables continu-

ous leakage detection, facilitating immediate corrective ac-

tions, ensuring ORC systems comply with safety and envi-

ronmental regulations. 

Implementing ultrasonic leakage detection (ULD) in ORC 

systems presents several challenges due to the unique char-

acteristics of organic fluids and system conditions. The 

acoustic properties of organic fluids differ significantly 

from air, requiring calibration and customization of ultra-

sonic tools to account for fluid-specific behaviors and 

physical properties. High temperatures, mechanical vibra-

tions, and low pressure in ORC systems can impact detec-

tion accuracy. At the same time, insulation on pipes and 

the placement of sensors on critical components can reduce 

ultrasonic signal strength. Additionally, background noise, 

external interference, and low-pressure leakage contribute 

to false alarms and decreased sensitivity, especially as the 

detection range increases. The effectiveness of ULD is also 

influenced by the size of the leak, pressure levels, and the 

need to adjust for high-temperature conditions common in 

ORC systems. Customizing the sound field for specific 

components and optimizing signal frequencies are essen-

tial to mitigate signal distortion and enhance detection ac-

curacy. Environmental factors, such as weather, further af-

fect performance, emphasizing the importance of system-

specific adaptations for reliable leakage detection. 

3.8. Vibration analysis 

The vibration analysis method is an approach that exam-

ines vibrations in machinery systems145,146). Vibration it-

self can be defined as a movement from a reference posi-

tion caused by a force. Vibration analysis (VA) is widely 

implemented in industries and has proven effective for 

early failure detection147). Vibrations are measured by 

transducers, with commonly used types including accel-

erometers, ultrasound sensors, and tachometers. These 

transducers transmit signals to the system146) as oscillatory  
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Fig. 8: Basic principles of measurement using VA149) 

movements, which are then analyzed for their wave char-

acteristics. Techniques such as the Fourier transform, 

cross-correlation, and spectral density analysis are often 

used to analyze and detect characteristics of leakage or 

damage caused by vibration145,147,148). Figure 8 represents 

the basic principles of measurement using VA. 

The waves generated will vary depending on the machine 

used and its operation. When the machine is in a healthy 

and normal condition, it will form a specific pattern that 

serves as reference data for detecting abnormalities. The 

variables required for the analysis process are amplitude, 

frequency, and spectrum147). Waves above normal levels 

can lead to faster wear or machine failure, making VA an 

important tool for monitoring machine health and identify-

ing damage or potential failures. 

VA has been applied in various sectors. Its effectiveness 

has been demonstrated in transportation systems and drill-

ing operations, where vibration signatures were used to 

identify abnormal flow-induced disturbances147,148). In 

power generation and aviation applications, VA has been 

reported to support early fault diagnosis in piping networks 

and rotating machinery under operational conditions147,150). 

In piping systems, VA has been shown to enable leakage 

detection and localization by capturing vibration patterns 

induced by escaping fluids145,147,148,151,152). Beyond locali-

zation, experimental studies have further demonstrated 

that vibration features can be correlated with leakage 

rates147) and used to assess the severity of damage in me-

chanical components such as bearings and gearboxes150,153).  

Although applications of VA in ORC systems remain lim-

ited, these reported capabilities indicate its potential for 

ORC condition monitoring. Given that ORC plants rely on 

extensive piping networks to transport organic working 

fluids, VA could be employed as a predictive maintenance 

tool to identify incipient leakage and mechanical degrada-

tion. This is particularly relevant because commonly used 

ORC working fluids, such as n-pentane, are highly flam-

mable, making early fault detection essential for safe oper-

ation154). 

Inexpensive equipment, easy installation and setup, along 

with high accuracy in detecting damage153,155), making vi-

bration analysis (VA) a popular method for monitoring 

machine health. The accuracy of VA can exceed 82%145,155). 

However, VA also has limitations, particularly when ana-

lyzing normal conditions, as it often overlooks transitional 

states such as changes in speed147). This weakness can be 

addressed by using real-time data obtained through time-

series analysis or snapshot measurement147). 

4. Discussion 

Leakage and heat loss detection methods in ORC systems 

can be categorized into two primary categories: field 

measurements and calculation—based methods, also 

known as simulation-based methods. Field measurement 

techniques dominate current practice and can be classified 

further based on their function, either for performance 

monitoring or safety monitoring. 

Performance-monitoring methods, such as flow rate and 

pressure sensors, are typically embedded into the ORC 

system to enable real-time data collection, supporting both 

leakage detection and operational optimization. In contrast, 

safety-only methods, such as ultrasonic leakage detection 

(ULD), infrared thermography, and optical analysis, are 

generally deployed intermittently during scheduled 

inspections or fault diagnostics. 

Calculation- or simulation-based techniques, such as 

energy balance and heat transfer analysis, are less 

frequently used but offer crucial advantages. These 

methods enable system-wide predictions of potential 

thermal losses and inefficiencies, allowing for proactive 

mitigation strategies during both the design and 

operational phases. They depend heavily on real-time data 

inputs—flow rate, pressure, and temperature—

highlighting the dual utility of field sensors for both real-

time diagnostics and simulation validation. 

This dual categorization is depicted in Figure 9, which 

classifies the monitoring methods based on real-time 

capability and application purpose (performance or safety). 

Techniques such as flow rate and pressure monitoring play 

central roles due to their high relevance to both objectives, 

while methods like infrared thermography and optical 

imaging are primarily focused on safety and are not 

continuously embedded. 

Further comparative analysis, using Figure 10—a radar 

chart of six performance criteria: accuracy, cost, real-time 

capability, sensitivity, maintenance, and robustness—

highlights trade-offs across methods. Notably, Fiber Bragg 

Grating (FBG) sensors, originally developed for structural 

health monitoring156), demonstrate excellent performance 

across most metrics, and are increasingly favored for long-

term integration in ORC systems 65,73) due to their cost-

effectiveness157). In contrast, optical analysis offers high 

sensitivity and accuracy but suffers from high cost and 

complexity, limiting its practical adoption in smaller-scale 

ORC applications. 

The summary table analysis, as shown in Table 1, further 

emphasizes these patterns. Key observations include: 

 Flow rate and pressure monitoring consistently rank 

high in cost-effectiveness, reliability, and ease of 

integration, making them staples in both small- and 

large-scale ORC deployments. 

 Vibration and acoustic analysis, although not as 

accurate as thermal or flow sensors, offer valuable 
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insights in low-cost setups or where mechanical 

degradation is a primary concern. 

 Energy balance calculations, while indirect, enable 

systemic efficiency analysis and help infer leakage 

when direct measurement is impractical. 

 Optical and thermal imaging methods provide 

localized, high-resolution insights, but they 

sacrifice portability and real-time capability. 

 ULD and FBG sensors score favorably across 

multiple metrics, especially in modern, compact 

ORC designs emphasizing continuous safety 

monitoring. 

An important emerging trend is the integration of 

hermetically sealed ORC systems, particularly in units 

operating around 130°C158,159). These systems, featuring 

integrated expanders and generators, significantly reduce 

the risk of leakage. For these systems, indirect methods—

such as flow deviation tracking or pressure decay tests—

become more critical for long-term monitoring. 

This evolution in system design is reflected in Figure 11, 

which outlines the transition from isolated sensors toward 

AI-driven, integrated monitoring frameworks. The 

direction of innovation is clear: the future lies in combining 

multi-source sensing, predictive algorithms, and system-

wide diagnostics. Figure 12 This is complemented by 

mapping sensor locations across ORC subsystems, 

illustrating the role of distributed sensing in maintaining 

performance and system integrity.

 

Fig. 9: Technology application matrix mapping selected ORC monitoring methods based on their purpose and real-time capabil-

ity. Marker shape and color indicate different methods 

 

Fig. 10: Capability comparison across monitoring technologies (1=low, 5=high) 
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Fig. 11: Framework illustrating the evolution of ORC monitoring systems from traditional single-sensor designs to AI-integrated 

predictive platforms 

 

Fig. 12: Annotated schematic of an ORC system with key sensor placements for heat and gas leak monitoring 

Table 1: Matrix analysis of various monitoring and detection technologies 

Category Advantages Disadvantages 

Energy Bal-

ance Calcu-

lations 

1. Process Optimization: Identifies inefficien-

cies.  

2. Energy Waste Reduction: Reduces unneces-

sary energy loss.  

3. Improved Efficiency: Enhances system effi-

ciency.  

4. Better System Design: Offers insights for de-

sign improvements. 

1. Resource-Intensive: Requires significant resources 

for accurate data.  

2. Time-Consuming: Data collection and analysis are 

lengthy.  

3. High Cost: Needs precise instruments and expertise. 

Flow Rate 

Measurement 

1. Performance Optimization: Essential data for 

system optimization.  

2. Leakage Detection: Helps detect leakage.  

3. Dual Purpose: Monitors performance and de-

tects leakage.  

4. System Reliability: Improves system mainte-

nance. 

1. Measurement Complexity: Requires sophisticated in-

struments.  

2. High Cost: Equipment is expensive.  

3. Potential Errors: Calibration or sensor issues affect 

accuracy. 

4. Resource Intensive: Requires regular maintenance. 

Heat Trans-

fer  

Analysis 

1. Real-Time Detection: Identifies leakage in-

stantly.  

2. High Accuracy: Measures leakage precisely.  

3. Energy Loss Identification: Detects unnoticed 

energy losses. 

4. Predictive Capability: Useful for early leak-

age detection. 

1. Correlation Challenges: Hard to find accurate corre-

lations.  

2. Complex Modelling: Requires sophisticated exper-

tise.  

3. Resource Demands: Time and computationally ex-

pensive. 

4. Dependent on Data: Relies on system data availabil-

ity. 

Optical Anal-

ysis 

1. High Sensitivity and Accuracy: Detects small 

changes.  

2. Intrinsic Safety: No electrical current 

1. Grating Decay: Gratings degrade over time.  

2. Instability: Performance may deteriorate over time.  

3. Temperature & Pressure Sensitivity: Performance is 
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required.  

3. Multiplexing Capability: Multiple sensors on 

one fiber.  

4. Immunity to Interference: Reliable in noisy 

environments.  

5. Compact & Lightweight: Easy to integrate.  

6. Corrosion & Temperature Resistance: Dura-

ble in harsh environments.  

7. Low Attenuation: Signal integrity over long 

distances.  

8. Low Cost & Easy Installation: Cost-effective 

and simple setup.  

9. No Calibration Required: Low maintenance. 

10. Low Noise & High Sensitivity: Ideal for leak-

age detection. 

affected by extreme conditions. 

4. Specialized Knowledge Required. 

Pressure  

Monitoring 

1. Early Leakage Detection: Prevents system 

failure.  

2. Cost-Effectiveness: Avoids complex methods.  

3. Timely Maintenance: Allows quick responses.  

4. System Reliability & Safety: Enhances per-

formance and safety. 

5. Environmental Benefits: Reduces refrigerant 

loss.  

6. Efficiency Optimization: Ensures optimal 

pressure levels. 

7. Simplicity: Easy to implement. 

1. Ambiguity in Pressure Changes: Hard to differentiate 

between normal and leak-related changes.  

2. Sensor Quality: High-quality sensors are costly.  

3. Calibration Issues: Frequent recalibration is neces-

sary.  

4. Limited Detection: Struggles with minor leakage. 

5. Environmental Interference: External factors affect 

performance. 

6. Complex System Challenges: Difficulty pinpointing 

leakage in complex systems. 

Temperature  

Monitoring 

1. Non-Invasive: Avoids risks in hazardous envi-

ronments. 

2. Real-Time Monitoring: Quick leakage detec-

tion.  

3. Wide-Area Coverage: Effective for large-

scale systems.  

4. High Sensitivity: Detects small temperature 

changes.  

5. Integration Capability: Enhances control sys-

tems.  

6. Visual Feedback: Provides thermal images. 

7. Enhanced Safety: Remote monitoring im-

proves safety. 

1. Environmental Impact on Accuracy: External condi-

tions affect readings.  

2. Limited Gas Detection: Ineffective for certain gases.  

3. High Initial Costs: Expensive setup.  

4. False Alarms: Caused by unrelated temperature fluc-

tuations. 

5. Skill Requirements: Needs trained personnel for in-

terpretation. 

6. Calibration & Maintenance: Regular upkeep re-

quired. 

Ultrasonic 

Leakage De-

tection 

1. Detection of Small Leakage: Detects hard-to-

find leakage.  

2. Early Leakage Detection: Prevents perfor-

mance loss and saves costs. 

3. Non-Invasive Inspections: Detects leakage 

without halting operations.  

4. Fast & Accurate: Provides quick detection 

and corrective actions.  

5. Versatility: Detects various fluids. 

6. Environmental Protection: Identifies harmful 

leakage.  

7. Supports Predictive Maintenance: Prevents 

system failure.  

8. Applicability in Complex Systems: Works in 

intricate setups.  

9. Real-Time Monitoring: Continuous leakage 

detection. 

10. Adaptability to High-Velocity Flows: Detects 

leakage in challenging conditions. 

1. Calibration Challenges: Requires customization for 

different fluids.  

2. Environmental Interference: Affected by noise and 

vibrations.  

3. Insulation & Placement Issues: Signal strength can 

be reduced.  

4. Limited Low-Pressure Detection: Less effective for 

low-pressure leakage.  

5. False Alarms: Caused by external noise or mechani-

cal vibrations.  

6. Range Limitations: Sensitivity decreases with dis-

tance.  

7. High-Temperature Challenges: Performance suffers 

in extreme heat.  

8. Complex Setup: Needs optimization for accuracy.  

9. Cost of Customization: Resource-intensive adapta-

tions. 

10. Skill Requirements: Requires trained personnel. 

Vibration  

Analysis 

1. Inexpensive Equipment: Low cost of tools.  

2. Ease of Installation: Simple setup.  

3. High Accuracy: Precise damage detection.  

4. Widespread Application: Popular and effec-

tive. 

5. Non-Invasive Monitoring: Continuous moni-

toring without interruption. 

1. Limited Transition State Detection: Struggles with 

changes in machine speed.  

2. Dependence on Real-Time Data: Needs time-series 

analysis.  

3. Data Interpretation Challenges: Requires expertise 

for accurate analysis.  

4. Overlooked Subtle Faults: May miss minor issues. 

5. Sensitivity to Noise: Operational noise affects accu-

racy. 
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4.1. Trend Analysis 

Based on the matrix in Table 1, the following trends have 

been identified in the field of ORC systems: 

a) Optimization and Performance Monitoring: A 

common trend across all technologies is a strong fo-

cus on optimization (both performance and energy 

efficiency). Methods like energy balance calcula-

tions, flow rate measurement, vibration analysis, 

and pressure monitoring provide valuable insights 

to enhance system design and operation. The trend 

toward performance optimization aims to maximize 

efficiency while minimizing resource consumption 

and operational downtime. 

b) Leakage Detection and Prevention: Technologies 

like ultrasonic leakage detection, pressure monitor-

ing, temperature monitoring, and flow rate meas-

urement focus on leakage detection and early inter-

vention. Accurate and timely leakage detection is 

crucial as ORC systems often involve hazardous 

fluids or gases. The trend suggests an increasing ef-

fort to reduce the environmental and operational 

risks associated with leakage through real-time 

monitoring and predictive maintenance. 

c) Real-Time Monitoring and Predictive Mainte-

nance: Real-time monitoring is becoming a crucial 

aspect of ORC systems. Technologies such as ultra-

sonic leakage detection, temperature monitoring, 

and vibration analysis enable continuous system 

health checks, facilitating predictive maintenance. 

The trend is shifting toward predictive tools that en-

able early intervention before failures occur, 

thereby reducing unplanned downtime and extend-

ing the system’s lifespan. 

d) Cost and Resource Efficiency: Several monitoring 

methods, like pressure monitoring and vibration 

analysis, are highlighted for their cost-effectiveness 

and ease of implementation. However, methods re-

quiring high-precision instruments (e.g., flow rate 

measurement, optical analysis) tend to be more re-

source-intensive. There is a clear trend toward de-

veloping more cost-effective and resource-efficient 

technologies that can provide reliable data without 

significant investment in high-cost infrastructure. 

e) Data Complexity and Integration: As systems be-

come more sophisticated, data collection and anal-

ysis complexity increase. Heat transfer and optical 

analysis require complex modeling, substantial 

computational resources, and expertise. The trend 

is to integrate multiple data sources (e.g., flow rate, 

pressure, temperature, and vibration data) to create 

comprehensive diagnostic systems, allowing for 

more accurate and predictive insights. 

4.2. Recommendations  

In line with this review, several future directions and rec-

ommendations are proposed to improve further the safety, 

reliability, and efficiency of ORC systems, as follows: 

a) Development of Hybrid Monitoring Systems: Re-

search should focus on integrating multiple detec-

tion methods to provide comprehensive, real-time 

monitoring for ORC systems. For instance, combin-

ing ultrasonic leakage detection with temperature 

and pressure monitoring could create a more robust 

and reliable monitoring system. Combining data 

from different sources would improve early leakage 

detection and predictive maintenance, enhancing 

the system’s overall reliability. 

b) Enhancing Data Analytics and Machine Learning: 

As the complexity of ORC systems increases, so 

does the volume of data they generate. Future re-

search should investigate the use of machine learn-

ing and artificial intelligence (AI) to analyze and 

predict system performance based on real-time data 

from sensors. Predictive models could use histori-

cal data to forecast potential issues, allowing oper-

ators to address problems before they cause signif-

icant failures. 

c) Improved Sensor Technology: Research into more 

cost-effective and accurate sensors for flow rate 

measurement, temperature monitoring, and pres-

sure monitoring could lower the overall cost of im-

plementing these technologies. Non-invasive sen-

sor designs and sensor calibration method improve-

ments could further enhance monitoring systems' 

reliability without significantly increasing resource 

consumption. 

d) Robust Calibration and Error Detection Methods: 

Many monitoring techniques (e.g., flow rate meas-

urement, optical analysis, ultrasonic leakage detec-

tion) face challenges related to calibration accuracy 

and the potential for errors due to external factors. 

Research into autonomous calibration systems, 

which could detect and correct calibration issues 

automatically, would reduce operational downtime 

and ensure more accurate data collection. 

e) Integration of Environmental and Operational 

Conditions: Many technologies (e.g., vibration 

analysis, temperature monitoring, ultrasonic leak-

age detection) are susceptible to environmental in-

terferences (e.g., temperature fluctuations, external 

vibrations). Future research could focus on enhanc-

ing the robustness of these technologies to operate 

effectively in a wider range of environmental con-

ditions. Research into adaptive algorithms that can 

adjust sensor data based on environmental factors 

would increase the reliability of these methods. 

f) Sustainability and Environmental Impact: ORC 
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systems are often employed in renewable energy 

applications, such as waste heat recovery. Future 

research should explore how monitoring systems 

can also help minimize environmental impact by 

identifying inefficiencies in energy conversion and 

optimizing heat recovery. Technologies such as 

heat transfer analysis and energy balance calcula-

tions can be further improved to focus on sustaina-

ble energy usage and reduce the carbon footprint of 

ORC systems. 

g) Wireless and Remote Monitoring Solutions: The 

trend toward remote monitoring is growing, and fu-

ture research could focus on developing wireless 

sensor networks that allow for continuous, remote 

monitoring of ORC systems. These systems can in-

tegrate with cloud-based platforms, providing easy 

access to and analysis of data, and enabling opera-

tors to monitor and control systems remotely. The 

emphasis could be on making these systems more 

scalable, cost-effective, and secure. 

h) User-Friendly Interfaces and Decision Support 

Systems: As ORC systems become more complex, 

research into developing user-friendly interfaces 

for data visualization and decision support systems 

will be crucial. Dashboards that integrate data from 

various sensors (e.g., temperature, pressure, flow, 

vibration) can provide operators with actionable in-

sights and alerts. Research into making these sys-

tems intuitive and easily interpretable will ensure 

widespread adoption across industries. 

This comprehensive discussion synthesizes quantitative 

evaluation, qualitative insights, and system-level observa-

tions to provide a roadmap for improving leakage detection, 

system monitoring, and reliability in ORC applications. 

5. Conclusions 

Effective detection and monitoring of heat and gas leaks in 

ORC systems are essential to ensure safe operation, 

enhance system reliability, and optimize energy efficiency. 

This review has evaluated various detection technologies, 

categorizing them into field-based measurements and 

simulation or calculation methods. Each approach has 

distinct advantages and limitations in terms of accuracy, 

cost, integration complexity, and relevance to performance 

monitoring or safety assurance. 

Key findings indicate that: 

1) Heat losses—particularly in components such as 

expanders—directly reduce thermal efficiency and 

shaft power output. 

2) Leakage of organic working fluids can significantly 

impair performance and pose environmental and 

safety risks, especially when dealing with high-

temperature vapor leaks. 

3) Monitoring parameters like temperature, pressure, 

and flow rate are fundamental for leak detection and 

performance evaluation. At the same time, 

emerging methods such as ultrasonic and optical 

fiber-based sensing provide promising avenues for 

high-sensitivity, real-time diagnostics. 

Future research should prioritize the development of 

hybrid monitoring systems that integrate multiple sensing 

techniques to provide comprehensive diagnostics. 

Advancements in machine learning and data fusion 

algorithms are expected to improve anomaly detection, 

system control, and predictive maintenance capabilities. 

Furthermore, emphasis should be placed on robust sensor 

design—specifically tailored for high-temperature, high-

humidity ORC environments—and the integration of 

wireless, remote monitoring infrastructures that enhance 

accessibility and reduce operational costs. 

Lastly, considering the role of ORC systems in renewable 

energy and waste heat recovery, future efforts must address 

not only technological performance but also the 

environmental impact of working fluids and system 

emissions. Enhancing detection capabilities while 

promoting sustainable system operation will be crucial to 

improving the long-term viability and environmental 

compatibility of ORC technologies. 
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