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Abstract 

Global dependence on fossil fuels continues to drive the search for 

cleaner, more sustainable energy sources. One promising 

technology is the Parabolic Dish Collector (PDC), harnessing 

concentrated solar energy. The receiver in a PDC is pivotal to 

overall thermal efficiency and useful energy output. This study 

evaluates the thermal and exergy performance of a manufactured 

flat spiral-tube receiver designed to enhance heat transfer. 

Experiments were conducted under tropical condition between 

10:00 and 14:00 local time at three volumetric flow rates (0.5, 0.8, 

and 1.1 LPM). The 0.5 LPM flow rate yielded the best 

performance, with a fluid temperature rise up to 43.8°C, a thermal 

efficiency of 39.1%, and a peak exergy efficiency of 1.1%. The 

spiral geometry improved fluid residence time, enabling more 

effective heat absorption. These findings demonstrate that a simple, 

manufactured spiral tube receiver can improve PDC performance, 

offering an efficient and cost-effective solution for solar thermal 

systems. 
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1 Introduction 

The global energy crisis and escalating greenhouse gas 

emissions have emerged as significant factors prompting the shift 

from fossil fuels to cleaner and more sustainable energy sources. 

Fossil fuels (natural gas, coal, and by-products) are primary 

contributors to CO₂ emissions, driving environmental damage and 

long-term climate change (Oludaisi.et al., 2018) [1–3]. Currently, 

fossil fuels account for over 96% of global energy demand 

(Muradov, 2017) [4], and are not only finite but take hundreds of 

millions of years to regenerate. As a result, there is an urgent need 

to develop effective and sustainable renewable energy technologies. 

Among renewable energy sources, solar power stands out as 

one of the most promising options due to its abundance, near-

limitless potential, and environmentally friendly nature [5–9]. Solar 

energy technologies can generally be categorized into two main 

types: non-concentrating solar collectors, which operate at low 

temperatures, and Concentrated Solar Power (CSP) collectors, 

which operate at much higher temperatures. Among CSP 

technologies, the Parabolic Dish Collector (PDC) is notable for its 

high efficiency and capacity to reach peak operating temperatures 

(Schiel & Keck, 2012) [10]. 

A crucial element of a PDC system is its receiver, a heat 

exchanger that captures concentrated solar radiation and transfers 

the energy to the working fluid. The efficiency of the PDC system 

is largely influenced by the receiver's material properties, design, 

and thermal performance. Numerous studies indicate that the shape, 

material, and internal structure of the receiver play significant roles 

in determining its heat absorption efficiency. For instance, Loni et 

al. (2020) showed that a cube-shaped receiver can achieve an 

efficiency of up to 65.1% [11], while Bellos (2019) reported a 

67.95% efficiency for a conical cylindrical receiver at 300°C [12]. 

Furthermore, research by Soltani et al. (2019) suggests that 

adjusting the ratio of focal length to aperture diameter in a hollow 

receiver can enhance thermal efficiency by as much as 65% [13]. 

Other investigations have also explored the impact of factors such 

as wind conditions, solar flux distribution, glass layers, and 

additional fins on improving PDC thermal performance [14–16]. In 

2013, Zhang et al. recommended that extending the fluid flow path 

within the receiver could increase efficiency by allowing more time 

for heat transfer between the fluid and the heated surface [17]. This 

theory was validated by Yonanda et al. (2025), whose findings 

revealed that a mass flow rate of 0.01 kg/s resulted in a higher fluid 

outlet temperature compared to a flow rate of 0.03 kg/s [18]. This 

concept has led to the introduction of spiral designs to lengthen the 

fluid path. Compared to other designs like cavity receivers, conical 

receivers, or helical receivers, the spiral tube receiver offers simpler 

manufacturing and enhanced fluid residence time, providing better 

heat absorption efficiency. 

The transition from traditional receiver designs to spiral 

configurations highlights a significant gap in current research, 

particularly regarding the optimal balance between simplicity and 

efficiency. This study aims to fill this gap by investigating the 

thermal and exergy performance of a spiral flat-pipe receiver in a 

PDC system, exploring its advantages over more complex receiver 

types. However, many current designs still rely on intricate 

structures or costly materials, complicating the manufacturing 

process. 

The present study suggests a spiral flat-pipe receiver model as a 

straightforward yet efficient solution to enhance both thermal and 

exergy performance in PDC systems. This design not only 

improves heat transfer efficiency but also reduces manufacturing 

complexity, making it more affordable [19–21]. Additionally, the 

research investigates the effect of varying fluid mass flow rates on 

thermal and exergy performance, offering an initial step towards 

developing effective, practical, and climate-adaptive PDC 

technologies suited for tropical environments in Indonesia. 

2 Research methodology 

This study employs an experimental approach to evaluate the 

thermal performance and exergy efficiency of a spiral receiver with 

a flat-pipe design installed in a PDC system. The testing was 

conducted directly in the field under real conditions, with fluid flow 

rate as the primary independent variable, varied at 0.5 LPM, 0.8 

LPM, and 1.1 LPM. The experiment was conducted in the city of 

Bandar Lampung, located at approximately 5°20'–5°30' S latitude 

and 105°28'–105°37' E longitude. Each test was carried out during 

clear weather conditions between 10:00 AM and 2:00 PM local 

time (WIB). The tests were carried out over a period of 5 

consecutive days, with each experiment conducted at each fluid 

flow rate tested. This was done to ensure the reproducibility of the 

experimental result and the stability of the testing conditions. To 

strengthen the experiment's methodology, the number of days and 

trials conducted will be specified in subsequent revisions, ensuring 

reproducibility. 

The objective of this experiment is to determine the relationship 

between fluid flow rate and key performance parameters of the 

system, including fluid temperature rise, thermal efficiency, exergy 

efficiency, heat loss, and the Nusselt number. 
 

2.1 Design of the PDC system 

The PDC system is designed using a parabolic reflector with a 

diameter of 1.2 meters, covered by 520 small flat mirrors arranged 

in a radial configuration. The reflective surface is made of mirror 
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with a thickness of 2 mm. The focal point of the parabola is located 

at a distance of 0.529 m from the reflector surface. The complete 

specifications of the PDC system are presented in Table 1. 

 

Table 1. Specifications of the PDC system 

Specification parabolic dish collector 

Parabolic diameter 1.2 m 

Parabolic depth (h) 0.3 m 

Focal point distance (f) 0.529 m 

Reflector surface area 1.134 m2 

Reflector material Mirror 

Mirror thickness 0.002 m 

Solar tracking system Polar-equatorial 

 

The tracking system uses a polar-equatorial method, which 

allows the dish to follow the sun’s movement at a speed of 15° per 

hour, in accordance with the Earth's rotation. 
 

2.2 Spiral receiver design 

In this study, the receiver model adopts a spiral flow path using 

a flat-tube configuration, designed to provide a more effective flow 

route and longer fluid residence time to enhance heat transfer 

performance [22–23]. The receiver features a horizontal spiral flat-

pipe design, aimed at increasing the fluid residence time and 

extending the heat transfer path. Copper was selected as the pipe 

material due to its high thermal conductivity (398 W/m·K). The 

complete dimensions of the receiver are presented in Table 2. The 

spiral receiver is illustrated in Fig. 1. 
 

Table 2. Receiver dimensions 

Specification solar receiver 

Receiver diameter 200 mm 

Outer pipe diameter 6 mm 

Inner pipe diameter 5 mm 

Total pipe length 7200 mm 

Pipe thickness 0.5 mm 

Overall diameter  220 mm 

Material (thermal conductivity) Copper (398 W/m.K) 

Surface effectiveness 0.8 

Flow geometry Spiral flat 

 
Fig. 1. Spiral receiver. 

 

The receiver is constructed from a copper pipe with a diameter 

of 6 mm, manually bent into a spiral shape on a flat plane. The pipe 

ends are connected at the inlet and outlet points using soldered 

joints. A metal plate is attached to the base of the receiver, serving 

both as a support and an additional heat absorber. The entire 

surface of the receiver is coated with heat-resistant matte black 

paint to enhance solar radiation absorption and minimize light 

reflection. 

 

2.3 Experimental setup diagram 

In this study, the experimental setup was conducted in an open 

outdoor environment to ensure sufficient solar radiation and 

temperature, thereby enabling optimal system performance [24–25] 

(Fig. 2). The experiment was carried out at three different fluid 

flow rates: 0.5 LPM, 0.8 LPM, and 1.1 LPM. The testing process 

begins with a pump that drives fluid from a reservoir to the 

receiver, passing through a valve and a flow meter. The mass flow 

rate is controlled by the valve and monitored using the flow meter 

sensor. 

 

 
(a) 

Copper 

plate 

Tube 
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(b) 

Fig. 2. (a) Schematic diagram, (b) actual installation photo of the experimental setup. 
 

The aim of this experiment is to establish the relationship 

between the fluid flow rate and the key performance parameters of 

the system, including fluid temperature rise, thermal efficiency, 

exergy efficiency, heat loss, and the Nusselt number. Each 

parameter is measured using the instruments: (1) fluid temperature 

rise: measured using a type K thermocouple installed at the fluid 

inlet and outlet points. The sensor is calibrated using a dry-block 

calibrator before the tests are conducted to ensure the accuracy of 

temperature measurements; (2) thermal efficiency: calculated by 

comparing the energy absorbed by the fluid to the energy received 

by the system, using a solar power meter to measure the solar 

radiation incident on the reflector surface; (3) exergy efficiency: 

calculated using thermodynamic equations based on the energy 

changes within the system, monitored with pressure and 

temperature sensors to track the fluid energy variations; (4) heat 

loss: calculated by measuring the temperature around the receiver 

using thermocouples and considering the temperature difference 

between the fluid and the surrounding environment; (5) Nusselt 

number: determined based on fluid temperature measurements and 

flow characteristics, using flow meters and thermocouples to 

calculate the temperature gradient along the receiver surface. 

Data from each sensor is collected through a data acquisition 

system connected to a computer for further processing and analysis 

(Table 3). 

According to the experimental test schematic, Fig. 2(a) 

illustrates the experimental setup in which water flows from the 

tank to the solar receiver, driven by a pump that passes through a 

valve and a flow meter. The tank and pump are positioned at a 

height of 40 cm to increase the head and reduce the pump’s load. 

The solar receiver is placed at the focal point of the PDC using a 

support pole, as shown in Fig. 2(b). The PDC system uses the 

polar-equatorial tracking method, allowing the dish to rotate along 

an axis parallel to the earth’s rotational axis at a constant rate of 15° 

per hour, matching the earth's rotation speed. The second axis of 

rotation, the declination axis, is perpendicular to the polar axis. 
 

Table 3.  Boundary condition 

Parameter Value 

Testing time 10.00 – 14.00 WIB 

Location Bandar Lampung, Indonesia 

Ambient temperature 31°C–32°C 

Type fluid flow Water (H2O) 

Inlet water temperature 30°C 

Mass flow rates 0.5, 0.02, 0.03 LPM 

Receiver geometry Spiral 

Receiver surface emissivity 0.8 

Wind speed around 0–5 m/s 

 

2.4 Calculated parameters 

To determine the focal point of the parabola in the PDC system, 

the Eq. (1) as a basic equation [12] is used: 

 

𝑓 =
𝑑2

16ℎ
 (1) 

 

And to analyze the thermal and exergy performance of the 

system, the Eq. (2)-Eq. (7) [13] are used. Nomenclature and 

symbols used in the experiment as shown in Table 4. 

 

1. Heat loss (Qloss): 
 

𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑖𝑛𝑝𝑢𝑡 − 𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 (2) 

 

2. Heat loss coefficient (U): 

Pump 

Data logger 

Tracking system 

Flow meter 

Parabolic dish collector Solar receiver 

Tank 
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𝑈 =  
𝑄𝑙𝑜𝑠𝑠

𝐴 ∙ (𝑇𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 −  𝑇𝑎𝑚𝑏𝑖𝑛𝑒𝑡)
 (3) 

 

3. Nusselt number (Nu): 
 

𝑁𝑢 =  
(

𝑓
8

) (𝑅𝑒 − 1000)𝑃𝑟

1 + 12,7 (
𝑓
8

)

1
2

(𝑃𝑟

2
3 − 1)

 (4) 

 

𝑓 = (0,79 ln 𝑅𝑒 − 1,64)−2 (5) 
 

4. Thermal efficiency (ηth): 
 

𝜂𝑡ℎ =  
𝑚̇ ∙ 𝐶𝑝 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)

𝐼𝑏 ∙ 𝐴
 (6) 

 

5. Exergy efficiency (ηex): 
 

𝜂𝑒𝑥 =  
𝑚̇ ∙ 𝐶𝑝 ∙ [(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)−𝑇0 ln (

𝑇𝑜𝑢𝑡

𝑇0
)]

𝐼𝑏 ∙ 𝐴
 

(7) 

 

Table 4. Nomenclature and symbols used in the experiment 
Symbol  Description Unit 

Tin  Inlet fluid temperature °C 

Tout  Outlet fluid temperature °C 

Ts  Surface temperature of the receiver °C 

Ib  Solar radiation flux W/m2 

ṁ  Mass flow rate Kg/s 

cp  Specific heat capacity of water J/kg.°C 

A  Area of the receiver surface m2 

Δt  Time interval for temperature change s 

3 Results and discussion 

The experiment was conducted in the city of Bandar Lampung. 

This location has a tropical climate characterized by high daily 

solar irradiance. Data collection took place from 10:00 AM to 2:00 

PM local time (WIB) on clear days, with ambient temperatures 

ranging from 31°C to 32°C and maximum wind speeds of up to 

5 m/s. These conditions are considered representative for testing the 

performance of the PDC system under optimal circumstances. This 

is in line with solar irradiation data from the Meteorological 

Bulletin of Raden Intan II Station, South Lampung [26], which 

indicates that the region receives more than 5 hours of sunlight per 

day on average, with the midday period (approximately 10:00 AM 

– 2:00 PM) being the peak interval of solar exposure. 

 

3.1 Temperature distribution analysis 

Fig. 3 presents the trends in temperature variation and solar 

radiation intensity (irradiation) at three different fluid flow rates: 

0.5 LPM, 0.8 LPM, and 1.1 LPM, over a time range from 10:30 

AM to 2:00 PM (WIB). Each graph displays five key parameters: 

inlet temperature, outlet temperature, ambient temperature, surface 

temperature, and irradiation value. Flow misdistribution within the 

heat exchanger system may lead to localized overheating or 

overcooling, ultimately reducing overall thermal efficiency. 

According to Chiou [27], tube geometry and the presence of 

internal obstructions can exacerbate uneven flow distribution, 

especially at lower flow rates. 

Fig. 3(a) flow rate 0.5 LPM (June 7, 2025): at the lowest flow 

rate, the outlet and surface temperatures increase significantly in 

response to rising irradiation, peaking between 12:30 PM and 1:00 

PM. The surface temperature approaches 50°C, indicating that the 

fluid has a longer residence time within the system, allowing for 

higher heat absorption. This demonstrates high energy absorption 

efficiency at low flow rates, albeit with the risk of potential 

overheating. These results align with Zhang et al. (2013), who 

noted that increased fluid contact time with the heated surface 

positively influences temperature rise. 

Fig. 3(b) flow rate 0.8 LPM (June 22, 2025): when the flow rate 

is increased to 0.8 LPM, the temperature rise pattern becomes more 

moderate. Outlet and surface temperatures still increase, but within 

a more controlled range. The peak irradiation occurs around 12:00 

PM, followed by a stabilization in temperature. This indicates that a 

medium flow rate can provide balance between heat absorption 

efficiency and thermal stability, making it an optimal condition for 

continuous operation. 

Fig. 3(c) flow rate 1.1 LPM (June 26, 2025): at the highest flow 

rate, the temperature response to irradiation fluctuations becomes 

slower and less pronounced. Despite irradiation exceeding 1100 

W/m², the outlet and surface temperatures show only slight 

increases. This indicates that higher flow rates reduce the fluid's 

contact time with the heated surface, leading to lower heat 

absorption. However, this also demonstrates the system's advantage 

in avoiding excessive heat accumulation, thereby reducing thermal 

stress on the materials. 

 

 
(a) 
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(b) 

 

 
(c) 

Fig. 3. Temperature and solar radiation distribution over time at different fluid flow rates: (a) 0.5 LPM, (b) 0.8 LPM, and (c) 1.1 LPM. 

 

This study adopts an experimental approach to compare the 

thermal performance of a spiral flow tube receiver at three different 

flow rates. Its novelty lies in the real-time simultaneous monitoring 

of outlet temperature, surface temperature, and solar irradiation—

an aspect rarely examined in spiral-type parabolic collector 

systems. The 30-minute interval observations also enable more 

precise thermal analysis of microclimate dynamics. 
 

3.2 Heat loss evaluation 

Subsequently, an analysis of heat loss in the receiver was 

conducted to optimize the receiver design. Heat loss refers to the 

amount of thermal energy lost from the solar receiver system, 

including losses due to convection and radiation. Calculating this 

parameter is crucial for evaluating the thermal performance of the 

solar receiver, as it plays a significant role in optimizing both the 

design and operation of the receiver system. The data on heat loss 

in the receiver are presented in Fig. 4. 

Fig. 4 presents the temporal variation of heat loss and solar 

radiation between 10.30 and 14.00 for three different mass flows. 

The heat loss show this figure was calculated from the energy 

balance in Eq. (2). The overall pattern reflects typical tropical 

midday behavior, where both parameters gradually increase from 

late morning. Reach their peak around 12.30, and subsequently 

decrease as solar radiation declines. This trend is not only visually 

observable but is also supported by quantitative data. 

For the 0.5 LPM mass flow rate, heat loss rises from 200 W at 

10:30 to 470 W at 12:30, before dropping to 300 W at 14:00. 

During the same period, solar irradiance increases from 360 W/m² 
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at 10:30 to a peak of 420 W/m² at 12:30, then decreases to 370 

W/m² by 14:00. When these heat-loss and irradiance data points are 

statistically examined across all time intervals, a strong linear 

association is found. Pearson’s correlation coefficient yields r = 

0.95, confirming that the rise in solar irradiance significantly 

contributes to the increase in heat loss on the receiver surface. This 

suggests that the lower fluid flow enhances convective heat transfer 

within the spiral tube but also results in greater heat release to the 

environment due to a larger temperature gradient between the pipe 

surface and the surrounding air. 

 

 
Fig. 4. Heat loss graph based on mass flow rate variation. 

 

Similar tendencies are observed at 0.8 LPM and 1.1 LPM, 

although with different magnitudes of heat loss. At 0.8 LPM, 

maximum heat loss is approximately 165–170 W, whereas at 1.1 

LPM, it is in the range of 95–100 W. These quantitative differences 

indicate that higher flow rates reduce the wall-surface temperature, 

decreasing the temperature gradient with ambient air and therefore 

lowering convective heat loss. Faster-moving fluid absorbs heat 

more rapidly, retaining more thermal energy within the fluid rather 

than releasing it into the environment. 

In terms of solar radiation, the observed pattern follows a 

typical tropical midday trend—intensity rises until it reaches a 

maximum around 12:30 PM, and then gradually declines. The peak 

solar irradiance recorded was approximately 1000 W/m². This trend 

is consistent across all flow rate variations, indicating that solar 

radiation levels are more strongly influenced by external factors 

such as sun position and atmospheric conditions than by the 

characteristics of the fluid system itself. 

A noticeable relationship is observed between heat loss and 

solar radiation at the peak values of each curve. As the intensity of 

radiation increases, so does the heat loss, particularly at higher flow 

rates. This indicates that some of the absorbed solar energy is not 

entirely transferred to the working fluid, but instead dissipates into 

the surroundings through conduction and natural convection. Heat 

dissipation occurs primarily through convention and radiation, with 

factors such as temperature gradients, wind speed, and material 

properties influencing the heat loss. Convection is more 

pronounced at lower flow rates due to the larger temperature 

gradient between the pipe surface and ambient air, while radiation 

increases with surface temperature. To improve system 

performance, strategies aimed at minimizing heat loss, such as 

using insulating materials or selective absorption coatings, are 

critical. Kim et al. [28] have proposed a simplified model for heat 

loss, incorporating both conduction and free convection, while 

Nguyen et al. [29] have investigated the impact of water-cooling 

rates on the performance of solar collectors. However, the 

applicability of these models to the spiral tube receiver system in 

our study requires adaptation. The specific geometry of the spiral 

tube, combined with its unique fluid dynamics, means that these 

models must be modified to account for the flow characteristics and 

heat transfer efficiencies inherent in spiral tube designs. Future 

studies could focus on validating these models for spiral receivers 

by comparing their predictions with experimental data specific to 

our system, allowing for more accurate predictions of heat loss in 

such designs. 

These findings carry significant implications for the design of 

solar collector systems. Flow rates that are too high (such as 1.1 

LPM) may result in inadequate heat absorption, despite their role in 

reducing heat loss—especially during periods of peak solar 

radiation. Therefore, finding an optimal flow rate is crucial to strike 

a balance between maximizing heat absorption efficiency and 

minimizing heat loss. The results underline the necessity of 

selecting the right operational parameters for spiral flow tube 

receiver systems. 

The real-time observation method employed in this study allows 

for a precise identification of fluctuations in thermal performance 

over short intervals. By integrating data on irradiance, outlet 

temperature, and heat loss, the study provides a comprehensive 

understanding of the system's thermal behavior under various 

environmental and operational conditions. 

 

3.3 Convective heat transfer and Nusselt number analysis 

The Nusselt number (Nu) is a dimensionless quantity used in 

heat transfer studies to represent the ratio of convective to 

conductive heat transfer within a fluid. This value is closely related 

to the convective heat transfer coefficient, as they are directly 

proportional. A higher Nusselt number indicates a greater 

convective heat transfer coefficient, reflecting improved efficiency 

of the convective heat transfer process. The convective heat transfer 

coefficient and the Nusselt number are determined based on the 

Reynolds number and Prandtl number using the Gnielinski 

correlation equation [30]. 

Fig. 5 presents the convective heat transfer coefficient (h) and 

the Nusselt number (Nu) over time, for three different fluid flow 

rates: 0.5 LPM, 0.8 LPM, and 1.1 LPM. The values of h and Nu 

plotted in this figure were obtained by substituting the 

instantaneous values of Re and Pr into Gnielinski correlation in Eq. 

(4) and subsequently into Eq. (5) for each flow rate condition. 

These two parameters are used to evaluate the ability of the spiral 

flow tube receiver system to transfer heat from the pipe wall to the 

working fluid during the heating process. In general, it can be 

observed that the higher the flow rate, the greater the values of both 

the convective heat transfer coefficient and the Nusselt number 
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tend to be. This can be explained by the basic nature of convection: 

when the fluid flows faster, the thermal boundary layer becomes 

thinner, resulting in more efficient heat transfer between the pipe 

wall and the fluid. This is clearly seen at the 1.1 LPM flow rate, 

where h reaches over 1300 W/m²·K and Nu is around 11.5, 

significantly higher than the 0.5 LPM flow rate which only reaches 

around 800 W/m²·K and Nu close to 7.5. Similar trends have been 

report in the literature for instance; Loni et al. [11] observed that 

increasing flow rate in a solar tubular receiver led to increased Nu 

and h. 
 

 
Fig. 5. Graph of convective heat transfer coefficient and Nusselt number at 1.1 LPM. 

 

In addition to comparing flow rates, the graph also shows that 

both h and Nu values remain relatively stable over time, with only 

slight fluctuations around midday. This indicates that the heat 

transfer performance of the system is quite consistent despite 

variations in solar radiation, which can be assumed to be evenly 

absorbed by the spiral tube surface. This stability suggests that the 

spiral receiver design is effective in maintaining thermal 

performance under changing environmental conditions. The 

Nusselt number in this context represents forced convection, and its 

value strongly correlates with the Reynolds number (which 

increases with higher flow rates). A higher Nu indicates that the 

dominant heat transfer mechanism is internal convection, rather 

than mere surface conduction. These findings reinforce the 

conclusion that increasing the fluid flow rate contributes positively 

to convective heat transfer efficiency. However, increasing the flow 

rate should also be considered from the standpoint of pump energy 

requirements and the potential increase in mechanical losses, 

making flow rate optimization an essential aspect in system design. 

This tradeoff between enhanced heat transfer and increase pumping 

power is also widely discussed in heat exchanger literature [20]. 
 

3.4 Comparison of thermal and exergy efficiencies 

This study also examines thermal efficiency and exergy 

efficiency as two key parameters in analyzing the performance of a 

solar receiver. These two parameters are interrelated but assess 

different aspects of energy utilization. Thermal efficiency 

represents the system's ability to convert the received solar thermal 

energy into the thermal energy of the working fluid and is 

evaluated in this work using the energy balance formulation given 

in Eq. (2). Meanwhile, exergy efficiency provides an overview of 

how effectively this energy is utilized to produce useful work, 

taking into account thermodynamic limitations and irreversibility 

losses in the process [31]. Analyzing both efficiencies is essential 

to gain a comprehensive understanding of the system's thermal 

performance and energy optimization potential in a holistic manner. 

The value of thermal efficiency and exergy efficiency discussed in 

this section were obtained at each time step by substituting the 

measured solar radiation, mass flow rate, and inlet-outlet 

temperatures into Eq. (6) and Eq. (7) for the different flow rate 

conditions. 

Fig. 6 illustrates the variations in thermal efficiency and exergy 

efficiency of the spiral flow tube receiver system over time for each 

fluid flow rate: 0.5 LPM, 0.8 LPM, and 1.1 LPM. These two 

parameters are essential in evaluating the performance of a thermal 

system not only from the perspective of the amount of energy 

absorbed, but also in terms of the quality and thermodynamic 

usefulness of that energy. 

At a flow rate of 0.5 LPM (Fig. 6(a)), thermal efficiency 

exhibits a steady increase from morning hours, peaking around 

12:34 PM (WIB) at nearly 60%. At the same time, energy 

efficiency also rises sharply and reaches a maximum value of about 

1.1%. This indicates that a portion of the absorbed energy is not 

only retained in the working fluid but is also available to perform 

useful work. From an exergy standpoint, an efficiency of 1.1% at 

0.5 LPM can be classified as moderate and falls within the range 

typically reported for small-scale solar thermal systems in the 

literature, indicating that the present receiver operates at a realistic 

level of thermodynamic performance and can serve as a reasonable 

baseline for further design optimization. Under these low-flow 

conditions, the transferred thermal energy therefore has a relatively 

high thermodynamic quality, although conductive and convective 

heat losses from the receiver surface may increase. Such 

magnitudes of exergy efficiency are consistent with the findings of 

Chand et al. [9] and Schiel et al. [10], who reported that small-scale 

solar thermal collectors typically achieve exergy efficiencies 

between 1% and 3% under low-flow conditions.  

In contrast, at a flow rate of 0.8 LPM (Fig. 6(b)), both thermal 

and exergy efficiencies show a sharp surge toward midday, peaking 

at approximately 50% for thermal efficiency and 0.45 for exergy 

efficiency. However, after reaching its peak, exergy efficiency 

experiences a significant decline, dropping close to zero by late 

afternoon. This decline indicates that although energy absorption 

remains significant (as thermal efficiency stays relatively high), the 

quality of that energy decreases due to increased system entropy, 

caused by high temperature gradients between the fluid and the 

surrounding environment. Such behavior has also been documented 
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in studies of parabolic trough and compound receiver systems 

under fluctuating solar irradiation [14], further supporting the 

present result. 

At the highest flow rate of 1.1 LPM (Fig. 6(c)), an interesting 

phenomenon occurs. Thermal efficiency continues its upward trend 

toward midday and remains above 40%, yet exergy efficiency is 

significantly lower, with a peak value of only about 0.11—much 

lower than the values observed at the other two flow rates. This 

indicates that although energy transfer into the system is efficient, 

the high fluid velocity results in a shorter heat contact time, 

preventing optimal thermodynamic conversion into useful work. 

Consequently, a portion of the energy is retained as latent heat, 

which is not fully utilized. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

Fig. 6. Graphs of thermal efficiency and exergy efficiency over time at flow rates of (a) 0.5 LPM, (b) 0.8 LPM, and (c) 1.1 LPM. 
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A comparison of the three graphs reveals that thermal efficiency 

does not always correlate directly with exergy efficiency. Higher 

flow rates may reduce heat losses but simultaneously lower the 

quality of the resulting energy. Conversely, lower flow rates allow 

the fluid to absorb heat more uniformly, producing energy that is 

more thermodynamically "ordered." This decoupling between 

energy and exergy performance has been emphasised by multiple 

researchers, including Chiou [27] and Nguyen et al. [29], who 

argued that the optimal operating point of any solar thermal system 

must consider not only energy efficiency but also exergy efficiency 

as a determinant of the real usefulness of the delivered heat. 

Therefore, achieving a balance between energy quantity and quality 

requires selecting an optimal flow rate—one that considers both 

thermal efficiency and exergy efficiency as key indicators of 

practical system performance. 

4 Conclusions 

The experimental results show that variations in fluid flow rate 

significantly influence system performance: at 0.5 LPM, the 

maximum thermal efficiency reaches about 60% and the exergy 

efficiency about 1.1%, while at 0.8 LPM these values are 

approximately 50% and 0.45, and at 1.1 LPM around 40% and 

0.11, respectively. Although the highest exergy efficiency is 

obtained at 0.5 LPM due to longer heat contact time, the highest 

convective heat transfer coefficient and Nusselt number are 

observed at 1.1 LPM (up to ~1300 W/m²·K and Nu ≈ 11.5), 

indicating more intense convective heat transfer but a reduction in 

the thermodynamic quality of the useful energy. These results 

suggest that a moderate flow rate, such as 0.8 LPM, offers a 

practical compromise between minimizing heat loss, maintaining 

acceptable thermal efficiency, and preserving a reasonable level of 

exergy efficiency, which is relevant for the design and operation of 

small-scale parabolic dish systems in real tropical applications. The 

simultaneous monitoring of outlet temperature, receiver surface 

temperature, and solar irradiance in real time has enabled a more 

detailed assessment of the receiver response to microclimatic 

variations. 
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