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A B S T R A C T   

The objective of this study is to explore the exceptional thermal management ability of Graphene 
Oxide (GO) nanofluid and microporous surfaces (M) for nucleate pool boiling based thermal 
management systems. The performance of the designed system has been analyzed for thermal 
management of concentrated photovoltaics (CPV) system. A detailed analysis has been performed 
for GO nanofluid, with concentrations; 0.0001%, 0.001%, and 0.01%, and deionized (DI) water- 
based working fluid over the plane unmodified surface (P) and microporous (M) surfaces. GO 
nanofluid enhanced critical heat flux (CHF) and the heat transfer coefficient (HTC) over the plane 
surface. However, over M surface, GO nanofluid resulted in thick layer formation and signifi-
cantly affected the NBHT performance. The highest CHF of 1850 kW/m2 has been observed for 
GO over the plane surface, increasing 2.31 times. M surface with deionized water resulted in the 
highest average HTC of 64.36 kW/m2.K, increasing 3.47 times. GO over the plane surface (Np) 
based NBHT thermal management system resulted in the highest concentration ratio of 3102 and 
can be used for CPV system. In comparison, M surface-based thermal management system 
resulted in the highest efficiency.   

1. Introduction 

Globally, the urban population has already exceeded the rural population for the first time in history. This brought a remarkable 
transformation in economic, social and technological challenges in cities. Among these, the supply of sustainable and renewable 
energy is one of the critical challenges. In renewable energy-based solutions, photovoltaic technology is one of the promising tech-
nology. However, a larger installation area, due to its low efficiency is a challenge in urban infrastructure [1]. A multi-junction solar 
cell (MJSC) is used in photovoltaics technology where high electrical efficiency is required in less available space, such as aerospace 
applications. Recently, multifunction solar cells (MJSC) have achieved efficiency above 48% and is increasing continuously, with an 
average of 1% per year. With increasing efficiency, multifunction solar cell (MJSC) based photovoltaic technology can limit instal-
lation area requirements. However, due to their high prices, MJSC is used by concentrated photovoltaics (CPV) technique. To replace 
the required cell area, optical devices i.e. lenses or mirrors, are used to concentrate the light on a small cell. The high concentration of 
sunlight also generates extraordinary heat flux in a small cell area. Hence, an effective thermal management system is one of the core 
requirements of these systems [2,3]. 
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Phase change heat transfer based thermal management systems are prevalent in many applications, including fusion reactor, 
nuclear power plants, data centers, supper computers, concentrated photovoltaic systems, advanced radar systems, spacecraft avionics 
and aircraft, power electronics of electric and hybrid vehicles, turbine and engine head cooling, X-ray devices and quenching of metals 
alloy [4–7]. The maximum ability of heat transfer and efficient heat removal is the key parameters of the thermal management system. 
In CPV system, both of these parameters are highly sensitive to the feasibility of CPV based system installation. The maximum ability of 
heat transfer is directly related to the maximum possible concentration in CPV system. The increase in concentration decreases the 
required cell material in CPV system, which is the most expansive part of CPV. On the other hand, the efficient removal of heat flux 
results in lower cell temperature. And lower cell temperature results in higher electrical efficiency and hence the resultant electrical 
energy output [7,8]. 

NBHT is a practical phase-change transfer technique. The performance enhancement of NBHT comprises several goals, including 
the early nucleation of nucleate boiling, lowering the wall superheat, increase in HTC and delaying CHF to higher heat flux values [9]. 
CHF represents the maximum limit of heat transfer in NBHT process and HTC represents the efficiency of the heat transfer in NBHT. In 
thermal management of CPV using NBHT, CHF is directly related to the maximum possible concentration of light i.e. concentration 
ratio. While high HTC value ensures the lower working temperature of the cell and hence high electrical efficiency. 

The enhancement techniques for pool boiling can be classified in active and passive techniques. Working fluid or surface modi-
fication are two main techniques for performance enhancement by Passive technique. 

Nanoscale structures for pool boiling are introduced with discoveries; however, as the phenomena are not fully understood, most of 
the studies focused on experimental work [10]. Nanoscale surface coatings and working fluid modification techniques are primarily 
explored for this purpose [11,12]. Das et al. [13] and You et al. [14] were first to examine nanofluid performance in pool boiling. Since 
then, nanomaterials with chemically stable metals (e.g. Cu, silver, gold), metal oxides (e.g. silica, alumina, titania, zirconia) and 
carbon-based (e.g., carbon nanotubes, graphene, carbon black, fullerene) are reported in the literature for NBHT performance 
enhancement. Lian and Mudawar [15] compiled a comprehensive review on modifying fluid properties by a nanofluid, polymer 
additives, and surfactants to enhance nucleate pool boiling. 

You et al. [14] reported up to 200% enhancement in CHF for alumina nanofluid with a minimal concentration of 0.005%. Vassallo 
et al. [16] reported 60% enhancement in CHF with 0.5 vol% of SiO2 nanofluid. Both studies reported no significant increase in HTC. 
Lee et al. [16] reported an increase in bubbles frequency to double for alumina and Fe3O4 nanofluid. The decrease in bubble size is 
coupled with an increase in the frequency of the bubble. The enhancement in performance was noticed only for low concentration of 
nanofluid, i.e. up to 0.01 g/l, above that the increase in concentration was not advantageous. 

Graphene oxide (GO) and carbon nanotubes (CNT) are widely explored carbon-based nanoparticles in NBHT. Functionalized CNT 
are commonly used in these experiments to have better dispersion in water. CNT based nanofluid are reported with an increase in CHF 
performance. Liu et al. [17] investigated the performance of nitric acid-treated CNT for a wide range of concentrations from 0.5 to 4.0 
wt% and working pressure from 7.4 to 103 kPa. The highest version is reported for 2.0 wt%. The study also compared the performance 
with CNT coated surface and reported better performance for nanofluid. Kamatchi et al. [18] examined the effect of concentration of 
GO nanofluid from 0.001 to 0.3 g/l and reported enhancement in CHF of 145–245%. Similarly, Park et al. [19] examined the effect of 
modification in the working fluid of GO on NBHT performance. The water-based working fluid is modified with the addition of tri-
sodium phosphate, lithium hydroxide, and boric acid to explore different coolant performances. They reported not only the stability of 
GO but also further enhancement in CHF performance. The researcher reported various working fluids and carbon-based (i.e. carbon 
nanofibers, carbon black) nanofluid with better version of CHF, HTC and superheat value [20–23]. 

Nanofluid results in the deposition over the heating surface and increases the overall surface area, surface roughness and nucleation 
sites for bubbles. This results in an increase in bubbles density, smaller bubbles diameter and hence high bubbles frequency, which 
contributes to the increase in heat transfer performance in terms of CHF, HTC and lower superheat value. Even though the significant 
improvement in CHF reported for most of nanofluid, there are some contradictory findings for HTC. The contradictions are the result of 
the complex influence of surface roughness, base liquid and nanofluid. 

Like working fluid modification, there is abundant evidence of an increase in heat transfer by surface modification, i.e. extended 
surface area, nanoparticles coatings, micro-fins and microporous surface. Wen et al. [24] analyzed the performance of patterned Cu 
nanowires with two-level hierarchical structures. The reported liquid rewetting and bubbles nucleation with 185% enhancement in 
HTC and 71% in CHF. Similarly, in another study Wen et al. [25] analyzed boiling heat transfer performance for Cu micro meshes 
fabricated with the etching process. The enhancement in CHF and HTC is reported to be enhanced by increasing bubbles density and 
liquid supply. Micro-porous surface helps separate bubbles and liquid flows and help in providing separate pathways for bubbles and 
working. This helps in an increase in delaying the critical heat flux. In addition, it also helps in an increase in bubbles nucleation sites 
and overall surface area. Suraj et al. [26] performed NBHT experiments on Cu microporous surfaces using HFE-7100 as working fluid. 
The study reported enhanced results in boiling incipience temperature and CHF compared to plain surface. The CHF is reported to 
increase by 50%–270% for different experimental conditions. Bergles and Chyu [27] analyzed pool boiling over porous Cu coating 
with different thicknesses. The study reported 0.38 mm as optimum thickness in terms of HTC enhancement. 250% enhancement in 
CHF is reported for water and 800% for R-113 as the working fluid. 

Keeping in view the individual enhanced performance of both GO nanofluid and micro-porous surfaces, the objective of this study is 
to experimentally explore the NBHT performance of GO nanofluid over a micro-porous surface with the hypothesis of improved 
performance. The objective of the study also included the detailed analysis of the developed system for thermal management per-
formance of CPV and investigated their effect on the critical installation parameters of the installation area and cost in urban 
infrastructure. 

In the first part of the study, the synthesis of surface and working fluid their experimental analysis in NBHT is performed. The 
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experimental results are then coupled with the analytical model of CPV to analyze the targeted CPV performance analysis. 

2. Design and synthesis of surfaces and CPV performance analysis 

Table 1 summarized four types of surfaces experimentally tested in this study for NBHT. 
Nanofluid Preparation: Three different concentration of GO nanofluid were prepared with a concentration of 0.0001%, 0.001% 

and 0.01%. GO were purchased form The Sixth Element Inc. Deionized water was used as base fluid for the dispersion of GO to 
prepared the nanofluid. Probe type sonicator is used in all the three cases with ON: OFF ratio of 3:1 for 4 h. 

Microporous (M) surface: The detail synthesis technique and the experimental procedure can be found in the previous publication 
of the group [28]. Microporous surface of prepared by the hot powder compaction technique, using Cu microparticles with an average 
size of 200 μm (range: 150–249 μm). The oxide layer has been removed by the thermal reduction in an inert environment with 5% 
hydrogen. The microporous surface samples were placed in tube furnace at 250 ᴼC for 4 h. 

Hybrid (H) surface: The use of GO nanofluid over M surface resulted in new Hybrid (H) micro-nano surfaces. In the NBHT 
experiment, GO resulted in the deposition over the boiling surface and form H surface. The deposition of nanoparticles during boiling 
was made confirmed by SEM analyses after the experiment. During these experiments, three different concentrations of 0.001%, 
0.01%, and 0.1% of GO nanofluid were tested and analyzed. 

3. Experimental procedure 

The experimental process is briefly explained here, detail analysis and calculations can be found in the previous publications [8,29, 
30]. 

3.1. Experimental setup 

The Cu block was used as a heating element for the testing surface. Four symmetrical holes were made in Cu block where cartridge 
heaters were inserted. Thermal paste is used to fill the air gap between the heaters and sidewalls of holes. The Cu block and working 
fluid container’s supported assembly is made of Teflon due to its high thermal conductivity and easy machining. Pyrex glass is used as a 
container for working fluid. The Cu block is further insulated with glass fibers. Thermal simulations were performed at extreme 
working conditions to ensure safe operation with Teflon. Two thermocouples were inserted near the top surface of the Cu block to 
measure the surface temperature. The top section of the Cu block was manufactured in square shape 2 × 2 cm2. The testing sample is 
placed on top of the Cu block for direct interaction with working fluid. Before the start of the experiment, the testing sample is fixed on 
the top of the Cu block by soldering. Soldering material is applied between the model and block, and heat is applied using input 
electrical power until the soldered material is melted, and then the testing sample is gently pressed for more solid contact. The testing 
sample is firmly attached to the Cu block with a very thin and highly conductive metallic layer of soldering material upon natural 
cooling. A Pyrex glass is used as a container for working fluid. The system is connected with a chiller to condensate the liquid back to 
the experimental system after evaporation. 

The input power, in the form of electrical energy, is controlled by a variable voltage transformer. An ammeter and voltmeter are 
connected to ensure accurate measurement. A high-speed camera is used to analyze the bubble’s dynamics, Fig. 1. The input power is 
gradually raised, and the corresponding temperature is noted until the CHF is reached. Each temperature reading ensures that the 
related fluctuation is minor than ±0.2 ◦C for 3 min. 

3.2. Data calculation and uncertainties 

The temperature readings, T1 and T2, from two thermocouples near the heating surface are used to calculate the heating surface 
temperature by one-dimensional temperature distribution [31]: 

Tb.surface =T1 −

(
T2 −  T1

Δx12

)

Δx1s (1)  

where Tb.surface the temperature of the tasting sample, ΔX represents the distance between two thermocouples (ΔX12) and thermo-
couple 1 and testing sample (ΔX1s). 

Fourier law is applied to calculate the total heat transfer: 

Table 1 
NBHT experiments performed for the study and their experimental conditions.    

Representation Experimental conditions 

1 Plain Cu surface P Testing surface: Plain Cu; Working fluid: deionized water 
2 Microporous surface M Testing surface: Cu micro-porous surface; Working fluid: deionized water 
3 Nanofluid NP Working fluid: GO nanofluid; Testing surface P 
4 Hybrid H Working fluid: GO nanofluid; Testing surface M  
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Pout = kCu
T1 −  Tb,surface

Δx1s
(2)  

where KCu represents the thermal conductivity of Cu (kW/m∙K). The calculation is cross-checked with the input voltage (V) and 
current (I) calculated by the attached voltmeter and Ammeter to the system by: 

Pout =V ∗ I (3) 

HTC is calculated by: 

HTC=
q′′

Tb.surface − Tsat
(4)  

Fig. 1. NBHT experimental setup used to conduct the study, sketch up and an original picture.  

Fig. 2. Comparison of the experimental data with standard Rohsenow correlation to ensure the reliability of the experimental setup and calcu-
lated data. 
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where Tsat is working fluid’s saturation temperature and q′′ represents heat flux calculated by: 

q˝=
Pout

A
(5) 

A is the cross-section area of the testing surface and is 4 cm2 in this case. Kline and McClintock Method [32] is applied to calculate 
the uncertainty. 

Δq˝

/

q˝ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

ΔPout

Pout

)2

+

(
ΔA
A

)2
√

(6)  

(ΔPout)

/

Pout =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

ΔkCu

kCu

)2

+

(
ΔT
T

)2

+

(
Δ(Δx1s)

Δx1s

)2
√

(7)  

Δh

/

h=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Δq/q)2
+

(
Δ(Tsat)

ΔTsat

)2
√

(8) 

For all the measurements of HTC, heat flux and heat transfer rate, the confidence level was above 90%. 

4. Results and discussion 

To validate the experimental setup and procedure, the results of the P surface with widely accepted Rohsenow correlation [33], 
Fig. 2. Where q” represents the input heat flux and ΔT sat represents the wall superheat, that is the difference in temperature between 
the testing surface and saturation temperature of the working liquid. A well match performance can be seen for our testing setup with 
the standard Rohsenow correlation. The detail of the Rohsenow correlation and comparison procedure can also be found in previous 
literature of the same experimental setup [34,35]. 

In addition, prior to exploring the performance of GO nanofluid over M surface, it is essential to confirm the literature reported 
enhanced performance of M surface and GO nanofluid. Hence, NBHT for P, M and NP have been performed in this section before the 
detailed analysis of GO nanofluid over M surface. 

4.1. Microporous surface and GO nanofluid performance 

Deionized water has been used as a working fluid over the P and M surfaces. While for NP, GO nanofluid was used as working fluid 
over P surface. 

Fig. 3. Comparative analysis of nanofluid (Np) and deionized water over plane (P) surface.  
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GO nanofluid: The performance of GO nanofluid in NBHT experiments can be analyzed in Fig. 3. Compared to the NBHT per-
formance of P surface with deionized water, GO give rise to improved HTC and CHF. The CHF value for deionized water has been 
observed as 800 kW/m2, and for GO nanofluid, this value has been increased by 2.3 times to 1850 kW/m2. 

For GO nanofluid the enhanced performance is due to the deposition of GO nanofluid over P surface during NBHT experiments, 
Fig.3. The deposition of GO over P enhanced the overall surface area and acted as nucleation sites, raising bubbles concentration. Due 
to high departure frequency, it also results in the generation of the bubbles with a small diameter. The increase in bubble frequency 
represents the efficient heat removal from the heating surface, resulting in higher HTC. An increase in CHF can best represent the effect 
of delaying the film formation. The trend of increased performance is well matched with the literature reported enhanced GO nanofluid 
and M surfaces. 

Microporous surface: The nucleate boiling heat transfer performance of the microporous surface (M) has been analyzed exper-
imentally. The micro-porous surface resulted in superior CHF and average HTC. The average HTC for M porous surface has been 
increased by 3.47 times, Fig. 4. M surface’s critical heat flux value has been increased by 1.40 times to 1120 kW/m2, from 800 kW/m2 

of the plane surface. Due to the bubbles’ early nucleation and efficient heat removal, the wall superheats value has been decreased by 
approximately 4.7 ᴼC at 100 kW/m2. 

The overall increase in performance of M surface is due to many factors including an overall increase in surface area, the mi-
croparticles act as nucleation points. In addition, the micro pores helps in providing discrete pathways for the flow of bubbles and 
liquid. It acts as an artery for the flow up going vapour and coming down the liquid. This results in efficient heat removal and 
postponements of film boiling hence improve HTC and CHF. There is also a slight decrease in the M surface’s wettability to 120.2◦ form 
100.9◦ of the P surface. However, the overall effect of M surface results in an enhancement of CHF value. Microparticles act as 
nucleation points hence increase the density of the bubbles. The formation of small bubbles results from the early departure of the 
bubbles and hence represents its higher frequency. This behavior of bubble dynamics symbolizes the efficient removal of the heat from 
the surface and hence higher HTC. 

4.2. Hybrid (H) surface 

GO nanofluid over M surface in NBHT experiments resulted in the GO setting and led to the formation of the hybrid surface. Due to 
the high affinity of GO to the Cu the GO film and completely covered the top. The overall heat transfer ability of M surface has been 
affected severely, Fig. 5. The performance of the resulted surface has been declined by rise in the concentration of GO. For the highest 
concentration, of 0.01%, results in the lowest performance in HTC and the surface temperature has been crossed 50 ◦C of superheat 
value; hence the experiment has not proceeded to CHF. For the concentration of 0.01%, the average HTC value has decreased 0.17 
times of M surface. For the concentration of 0.001%, the CHF value has been reduced to 426 kW/m2 from 1120 kW/m2, which is 0.38 
times the M surface. For the concentration of 0.001%, the average HTC value has resulted in 0.17 times the M surface with deionized 
water. 

The GO film formation, due to deposition on M surface, can be observed in Fig. 6. The micropores in M surface helps in the 
separation of bubbles and vapors and hence increase the CHF. Also, the role of microparticles for the nucleation of bubbles and 

Fig. 4. Comparative analysis of microporous (M) and deionized water over plane (P) surface.  
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Fig. 5. NBHT curve for graphene oxide nanofluid as working fluid and microporous (M) surface.  

Fig. 6. Morphology of P, M and H surface and their corresponding contact angle.  
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generation of bubbles with small size and higher frequency results in efficient removal of heat and hence high HTC. However, GO 
deposition blocks the micropores and prevents the flow of bubbles and liquid, affecting the original designed phenomena of M surface. 
This prevented the proper formation of bubbles and their flow from the hot surface with increased input heat flux. Fig. 7 represents a 
clear difference in bubbles dynamics from M surface with deionized water and GO nanofluid. Fig. 7 illustrates the bubble’s dynamics 
during NBHT at different heat fluxes, for the lowest concentration of 0.0001%, as for higher concentrations, the nanofluid was not 
transparent enough to observe. The lack of proper formation of the bubbles increased the surface temperature greater than the M 
surface with deionized water. This severely affected the efficiency of heat removal and hence average HTC value. 

The overall performance and comparative analysis of all the four surface is represented in Table 2. Both M and Np resulted in an 
increase performance in CHF. The highest increase in HTC is of 64.36 [kW/m2.K] is achieved by M surface with an increase of 3.47 
times. While, the highest CHF value of 1850 [kW/m2] is recorded for Np with a rise of 2.31 times. For GO, nanofluid over microporous 
surface resulted in decrease performance of HTC and CHF with a decrease of 0.17 and 0.38 times, respectively. The lowest average HTC 
value of 10.86 [kW/m2.K] is noted for hybrid, GO nanofluid over M, surface. 

5. Thermal management of CPV 

The maximum ability of heat transfer and efficient heat removal are the key parameters of the thermal management system. In CPV 
system, both of these parameters are highly sensitive to the feasibility of CPV-based system installation. The maximum ability of heat 
transfer is directly related to the maximum possible concentration in CPV system. The increase in concentration decreases the required 
cell material in CPV system, which is the most expansive part in CPV. On the other hand, the efficient removal of heat flux results in 
lower cell temperature. Low cell temperature leads to higher efficiency and hence higher energy output. 

NBHT based thermal management for CPV is considered with its effect installation area, efficiency and concentration ratio. The 
installation area and concentration ratio directly affect a photovoltaics-based energy system’s economic and installation feasibility. 
The installation area is of specific importance for the installation in an area with limited availability. The maximum heat transfer 
ability of thermal management is directly related to the maximum concentration ratio in CPV. At the same time, the efficiency of the 
thermal management system is directly related to the CPV cell temperature and hence its electrical efficiency. 

A CPV system with a multi-junction solar cell is considered, Table 3. The efficiency of cell directly depends upon the operating 
temperature of the cell and calculated by Ref. [36]: 

ηCPV = ηstd,CPV + α(Tcell − Tstd) (9) 

The maximum concentration ratio (C.R) for the CPV system is calculated by Ref. [37]: 

C.R=
q

IDNI
(
1 − ηloss − ηstd,CPV

) (10)  

where q is CHF. The required area Aint for the output power (Po) is: 

Fig. 7. Bubbles dynamics over microporous surface at three different input heat flux: (M.1), (M.2) and (M.3) represents deionized water as working; 
(H.1), (H.2), (H.3) are GO nanofluid as working fluid. 
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Po = ηCPV*I*Aint (11) 

The maximum concentration ratio is obtained by GO nanofluid (Np) based thermal management system due to high CHF value. 
However, M resulted in higher efficiency than Np and P surface. The higher efficiency of M surface results from its higher HTC value 
and efficient removal of heat and lower cell temperature, Fig. 8. M surfaces increased the maximum concentration ratio of P surface 
from 1425 to 1894 with higher efficiency 0.6%. At the same time, Np resulted in the highest concentration ratio of 3102 with almost 
the same energy efficiency to P surface. 

Np-based thermal management is best feasible for the condition where a high concentration ratio is required to reduce the required 
cell material. This system can solve the feasibility of newly developed high-efficiency solar cells due to their high cost. Where M-based 
thermal management solution can be applied to the system with more significant high energy efficiency. The system can provide a 
solution to installing a CPV-based system where a lower installation area is more significant, i.e. urban infrastructure. Fig. 9 represents 
the comparative analysis of installation area for silicon-based solar cell, with maximum efficiency of 25%, and multijunction solar cell, 
Table 3, with M based thermal management system. The required installation area can be decreased by 63% by the use of multijunction 
based solar cell with the NP based nucleate boiling thermal management system. For example, for the installed area of 1000 m2 the 
resulting electrical output for the M-based thermal management system of considered CPV is 41.2 MW while for silicon-based PV 
system is 25 MW. 

6. Conclusion 

Both microporous surfaces and GO-based nanofluid is well reported in the literature for enhanced NBHT performance. The study 
investigated the GO nanofluid performance in NBHT system over microporous surfaces. Three different nanofluid concentrations were 
tested in NBHT experiments over the microporous surface, along with the experiment analysis of GO nanofluid and M experimental 
performance. Experimental results are then a couple for thermal management of CPV using an analytical model of multijunction solar 
cell-based CPV system. The experimental results of the study are summarized below:  

• Both M surface and GO nanofluid resulted over P surface resulted in an enhanced, as reported in the literature.  
• However, the GO particles deposited on M surface and form a complete film of GO nanoparticles resulted in a hybrid (H) surface.  
• The deposited GO nanoparticles severely affected the performance of M surface in terms of HTC and CHF. For the lowest nanofluid 

concentration with 0.01% the HTC value has been reported to be 0.38 times of M surface.  
• For H surface, the increase in GO concentration resulted in a decrease in CHF and HTC.  
• The maximum CHF value of 1850 kW/m2 has been reported for GO over P surface with an enhancement of 2.31 times.  
• The highest average HTC is reported for M surface with deionized water with an increase of 3.47 times.  
• NBHT based thermal management system can play an essential role in the feasibility of CPV system’s installation in urban 

infrastructure.  
• Np-based NBHT system can achieve a concentration ratio of more than 3000 and make economic feasibility for high efficiency 

multijunction solar cell in the CPV system.  
• M-based NBHT thermal management system resulted in high efficiency in CPV system and can be used where installation area is 

limited. 

NBHT system can play a significant role in the efficient removal and high heat flux removal from CPV. Both parameters play an 

Table 2 
CHF, HTC and their comparative analysis for all the tested surfaces.  

Surface Plain (P) Microporous (M) surface GO Nanofluid (Np) surface Hybrid: 0.001% GO nanofluid 

CHF [kW/m2] 800.00 1120.00 1850.00 426.00 
qCHF/qCHF,P  1.40 2.31 0.53 
qCHF/qCHF,M   1.65 0.38 
HTC average 18.56 64.36 40.04 10.86 
Average (HTC/HTCP)  3.47 2.16 0.58 
Average (HTC/HTCM)   0.62 0.17  

Table 3 
The considered CPV model in this study form [1].  

Parameter Explanation/Value 

Cell NREL, inverted Metamorphic multijunction (IMM) solar cell 
α: Thermal coefficient (%/K) − 0.052 
ηstd.CPV: Standard electrical efficiency (%) 40.8 
Tstd: Standard testing temperature (◦C) 25 
ηloss: optical and thermal energy loss (%) 10 
IDNI: irradiation level (kW/m2) 1  
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important role in the feasibility of a high-efficiency CPV system by reducing its cost and installation area. NBHT system with M surfaces 
resulted in higher efficiency among the compared solution. The maximum ability of concentration of 3102 is reported for Np surfaces. 
M based NBHT system can be applied for high efficiency where Np is best feasible for CPV system with high cost of solar cell. The M- 
based thermal management system can make the CPV-based renewable energy system feasible for the urban location where the 
available installation for renewable energy systems is a challenge. 

Future recommendation. The direct coating of nanoparticles on microparticles could enhance surface area, roughness and 

Fig. 8. Concentration ratio and respective efficiency of the considered CPV-based system with NBHT based thermal management system for P, Np, 
and M surface. 

Fig. 9. The required installation area for electrical power output in considered multijunction solar cell based CPV system (M) and silicon solar cell 
based system. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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nucleation density. However, the challenge of microparticles coating without affecting the pores between the particles is still a 
challenge to be addressed. The coating of nanoparticles on the substrate before the synthesis of micro-porous surface can be a possible 
solution to attempt. 
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Nomenclature 

Aint Installation Area 
CHF Critical heat flux 
CNT Carbon nanotubes 
CPV Concentrated photovoltaics 
DI Deionized 
GO Graphene oxide 
H Hybrid 
HTC Heat transfer coefficient 
KCu Thermal conductivity 
NBHT Boiling Heat Transfer 
Np Nanofluid over plane surface 
M Microporous 
MJSC Multifunction solar cells 
P Plane unmodified 
Tb.surface Temperature of the tasting sample 
Tsat Saturation temperature 
q′′ Heat flux 
ΔX12 Distance between two thermocouples 1 and 2 
ΔX1s Distance between thermocouple 1 and testing sample 
η Efficiency 
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