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The research addresses the reduction in performance of solar evacuated tube collectors resulting from environmental conditions, including 
wind, ambient temperature, and humidity. The thermal efficiency of solar collectors needs to be enhanced to enable the development of more 
sustainable heating systems. Solar evacuated tubes exhibited improved heat retention through a newly designed, isolated enclosure that protect-
ed them from environmental factors. The simulation evaluated the thermal performance of solar evacuated tubes for enclosure gaps of 10 cm, 20 
cm, and 30 cm and for tube azimuth angles of 0° and 40°, under summer and winter conditions. The thermal enclosure raised the tube’s average 
maximum internal temperature from 321 K to 328 K, resulting in notable heat accumulation. A 10-cm enclosure gap reached a temperature of 
314.5 K at 1:00 p.m., with a thermal efficiency of 94.29%. The designed enclosure prevented heat loss during sunset hours, thereby improving 
system reliability. Building on previous research, this paper presents an uncomplicated enclosure system that optimizes heat-transfer perfor-
mance and thermal efficiency using basic design methods that do not require sophisticated tracking equipment. The Results confirm that solar 
thermal collectors with enclosure systems function as economical and effective methods to enhance performance regardless of environmental 
conditions.
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1. Introduction

Solar energy is the leading sustainable power solution, and so-
lar thermal systems play a critical role. The thermal efficiency 
of evacuated tube collectors is unstable because environmental 
factors cause wind effects, heat losses, and temperature varia-
tions. Modifying system configurations by adding barriers and 
vanes inside porous cavities enhances heat-transfer capabili-
ties and improves the distribution of the Nusselt number. This 

study proposes a new solar evacuated-tube design that reduces 
heat loss and improves stability using passive methods rather 
than magnetic fields or nanofluids. Computational analysis 
indicates improved heat conservation and higher efficiency, 
providing a passive system design for solar thermal devices 
suitable for residential and commercial use.

The hybrid model reliably forecasts the average fin tempera-
ture during daytime operation and delivers rapid, accurate 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:20075@uotechnology.edu.iq
https://jten.yildiz.edu.tr/
https://doi.org/10.47481/jten.0065
https://orcid.org/0000-0002-8246-1438
https://orcid.org/0000-0002-2624-886X
https://orcid.org/0000-0003-2841-8962
https://orcid.org/0000-0002-5719-864X
https://orcid.org/0000-0001-6752-4835
https://doi.org/10.47481/jten.0065
https://doi.org/10.47481/jten.0065


1779Journal of Thermal Engineering, 12(5), 2026

simulations during nighttime operation. MATLAB code was used 
for implementation. When compared with existing experimental 
data, the prediction of the average fin temperature was found to be 
inaccurate by 5.16% over the collector’s full operating duration, in-
cluding both overnight and daytime operation [1]. Energy from so-
lar collectors should be used as a sustainable power source because 
of increasing levels of ozone-depleting substances. Field testing and 
CFD simulations were used to demonstrate the performance of the 
heat-pipe evacuated-tube solar collector (HPETC) [2]. Nano-liquids 
enhanced heat absorption in ETSCs, and the Cu-water nano-liquid 
demonstrated the greatest warm recovery. Thus, to enhance the rate 
of heat transfer, ETSC’s warm exhibition needs to be enhanced [3]. 
Simulation expression programming was used to model the ETSC 
for different volumes of thermal storage tanks and different levels of 
solar radiation intensity, which found a maximum energy efficiency 
of 72% [4]. Two different types of low-temperature solar collectors, 
FPC and ETC, flat plate solar collectors and water-in-glass evacuat-
ed tube solar collectors, were examined with respect to thermo-hy-
draulic performance and entropy generation rate. To determine 
the difference in performance between the two solar collectors, the 
absorber areas of both were assumed equal. In the context of the 
Mexican state of Guanajuato, the first analysis was carried out of 
the operation of the solar collectors with a view to the variation of 
volumetric flow rates and the values of solar radiation [5]. A new 
plan for an even tank to store hot water is proposed. CFD reproduc-
tions revealed that when the amount of intensity pipes increased, 
the normal temperature of the level tank also increased [6]. A study 
analyzed 25 parameters and 259 distinct collector geometries, re-
vealing that tube diameter, absorber area, and mass flow rate signifi-
cantly influence thermal performance. The optimal geometry had a 
minimum absorber area of 2.49 m², which is significantly less than 
that of the commercial design. The study’s findings could be useful 
for designing low-temperature, water-in-glass, evacuated tube so-
lar collector networks for heating water in various applications [7]. 
Previous research did not address the effect of using simulation pro-
grams to reduce the cost of manufacturing tests and to obtain faster 
and more accurate results.

Bouhal et al. [8] reconstructed the increase in intensity in two seg-
ments of solar radiation of the evacuated tube solar collector, name-
ly the flat evacuated tank and the flow pipe. Parametric studies of 
the shape of the intensity lines showed that rectangular pipes were 
optimal. Water information and exit should be arranged at the base 
and top of the course pipe as suggested [8]. The efficiency of the 
solar radiation rises when the flow rate of the liquid increases, and 
the best results are provided by the filled-type emptied tube with 
graphite [9]. In this case, CFD was employed in the evaluation of the 
water temperature at the outlet of the solar collector, where the BA 
model was seen to be more appropriate than the VPT model [10]. 
Some powerful cycles have been established to attain the conduct 
of an evacuated tube solar collector without experimental tests, and 
CFD has been applied to pay more attention to the heat transfer 
problems [11]. Previous research did not investigate adding an ex-
ternal enclosure to increase thermal insulation  and thereby improve 

thermal efficiency by raising the temperature of the fluid inside the 
solar evacuated tube.

The energy, momentum, and temperature (CFD) frontier equations 
can be used to evaluate the pressure losses resulting from fluid mo-
tion in the fins used [12]. Some of the research was aimed at the in-
vestigation of solar water heating by the use of evacuated tube solar 
collectors with CFD software [13]. Little improvements can be made 
to evacuated-tube solar collectors; however, these improvements 
may not be cost-effective [14]. Shah and Furbo [15] investigated 
two vacuum tube designs to prevent solar collector overheating. The 
study employed numerical solar-thermal modeling and a fourth-or-
der approximation of the efficiency function. Two modified vacu-
um tubes were studied: one with increased infrared emissivity and 
the other with an increased convective heat-transfer coefficient. 
The heat-loss processes were simulated. The performance of these 
collectors at low temperatures was examined, and the first modi-
fied design reduced the collectors’ performance by up to 26%. The 
second design increased infrared heat losses but otherwise had no 
effect. The researchers found that increasing the number of vacuum 
tubes could improve performance on overcast days. A solar collector 
based on a 200-liter water tank could provide hot water for 200 kg/s 
at 318 K even on overcast days [16]. The research relied on a micro-
fluidizer processor to produce a nanofluid in a two-step SiO₂/water 
system. In experiments, the thermal conductivity and transmission 
capability of the nanofluid with mass fractions of 1%, 3%, and 5% 
have been examined. We simulated heat transfer numerically to 
determine how the working fluid could have influenced the system. 
The tests showed that for the SiO₂/water nanofluid, the heat-transfer 
properties were better than those of water and increased with mass 
fraction. Another significant factor was the timing of nanofluid 
placement. According to the study results, longer placement time 
and increased agglomeration lead to homogenization and increased 
nanofluid utilization, resulting in more severe deterioration.

Yan et al. [17] center their study on vaccine tube collector BIST sys-
tems and how they will handle the environmental effects. The exper-
imental apparatus was built and tested at the University of Corsica, 
France, and a life-cycle analysis was carried out. In this work, we de-
termined that the energy-payback durations for flat-based integrat-
ed solar thermal/BIST and vacuum tube/BIST systems are 1.8 and 
0.5 years, respectively. Recycling reduces these durations to 0.5 and 
0.1 years. The results of the study were evaluated based on the liter-
ature and concluded that the replacement of the vacuum tube/BIST 
system with a flat plate/BIST system produced a more pronounced 
effect on the [18]. A linear Fresnel reflector, equipped with an evac-
uated tube and a CPC secondary reflector was included in the over-
all study of HTF (HTF = heat transfer fluid). A three-dimensional 
reconstruction of the vascular system was performed using Monte 
Carlo Ray Tracing(MCRT), and the results were compared with the 
actual flow through the system for each case. A 3D optical model 
was developed to demonstrate the relationships between parabol-
ic and cylindrical mirrors and the influences of temporal changes, 
varying locations, slope inaccuracies, etc. To ascertain thermal per-
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formance, the MCRT and the Finite Volume Method (FVM) were 
used as the key coupling methods. Given such optical efficiency at 
normal incidence for mirrors achieving a high sun concentration 
level, the optimized mirrors came as close as possible to parabolic 
mirrors, reaching a range of 55.2% to 34.8% for the yearly mean op-
tical efficiency. The radiation temperature trace of the solar collector 
exhibited some irregularities as solar radiation varied, resulting in 
solar collector efficiencies exceeding 46.0% under different condi-
tions. This approach can be based on the fact that solar salt can act as 
the HTF in a Fresnel system environment [19]. Previous researchers 
rarely quantified the size of the enclosure; instead, they established 
the major components of the thermal insulation.

Sultana et al. [20] investigated a modified SPETC for utilizing solar 
heat transmission efficiency and reducing heat loss from a single 
pass. The SPETC contains six expansion joints and a double-en-
closed tube filled with a single-glass material with a selective ab-
sorption coating. A symmetrical compound parabolic concentrator 
(CPC) was constructed using high-reflectivity 3M mirror sheets. 
This three-dimensional CFD model was built and validated against 
experimental data to describe the thermal behavior of the SPETC 
with the CPC-structure telescope reflector. Testing was conducted 
at a temperature difference of 59.6 K and a volumetric flow rate of 
0.0077 m³/s, which suggests that the machine can achieve a thermal 
efficiency of 48% daily. The proposed operational volume flow rates 
of the SPETC, expressed in powers of ten, are between 0.007 and 
0.01 m³ s⁻¹, depending on the HTF (air). It was proposed that the 
novel SPETC system can be integrated with an adsorption chiller 
and desiccant wheel to desiccate industrial process heat [19]. Façao 
and Oliveira [21] proposed low-cost solar thermal MCT (mi-
cro-concentrating collector) with LFR (linear frequency reflector) 
technology for high temperatures reaching 493 K. . MCT focuses on 
minimizing convective losses and, by utilizing natural convection 
and radiative heat exchange, achieves total thermal efficiency. A 
CFD model was developed in ANSYS-CFX to investigate the effect 
of radiation and convection on absorber temperature. The MCT’s 
greatest feature is that it achieves a higher thermal efficiency at high 
temperatures than other types, such as flat-plate or evacuated-tube 
solar collectors. MCT The annual performance for household hot 
water applications in Australia was computed using TRNSYS [21]. 
The conic structure of a trapezoidal collector in a linear Fresnel so-
lar collector is modeled and optimized using ray-tracing and CFD 
simulations. The ray-trace simulation has been acknowledged as 
potentially applicable to the number of absorber tubes and the slope 
of the lateral wall. CFD analysis of injection molding determines 
the optimal insulation contour and thickness using the cavity as a 
reference. For this simulation, a power-law fit was chosen, which is 
based on the area of the main mirror. With the help of experiments, 
the coefficient of temperature heat transfer for linear prototypes of 
Fresnel is compared to correlation data by Larkin [22].

The literature review discusses various approaches used to boost the 
performance of empty-space solar collectors, such as the applica-
tion of nanofluids, exposure to a magnetic field, and the addition 

of vanes or fins. While they are effective at transferring heat, these 
methods usually employ expensive that hinder everyday applica-
tion. Using CFD, FVM, and MCRT, engineers can now build and 
test their designs on computers, eliminating sole reliance on experi-
mental equipment. Experts have demonstrated that how a collector 
captures energy depends on its geometry, tube width, and flow rates. 
In addition, experts have found that environmental variables such 
as ambient temperature, the sun’s position, and seasonal variation 
affect the way the system functions. Nevertheless, many people do 
not consider external enclosures an effective means of passively 
reducing heat loss. Therefore, this study proposes a simple, econom-
ical enclosure that significantly improves heat transfer, providing a 
practical solution for solar thermal systems. 

The research of Roshani et al. (2024) [23] focused on natural con-
vection within triangular cavities that contained obstructions of in-
verted triangle shape along with square and rhombus designs made 
from nanofluids. The researchers discovered that rising Rayleigh 
numbers intensify liquid velocities by producing vortices, while si-
nusoidal temperature conditions enhance heat transfer by inducing 
flow patterns. The authors demonstrated how obstacle shape and 
thermal conditions work synergistically to enhance heat transfer. 
Jalili et al. (2025) [24] performed thorough numerical research that 
examined heat transfer phenomena in porous media with differ-
ent-sized square vanes positioned at cavity corners. According to 
their research, the Nusselt number, entropy generation, and thermal 
performance were substantially influenced by geometrical adjust-
ments; thermal performance improved significantly when the Hart-
mann and Darcy numbers increased under an applied magnetic field. 
The research conducted by Bahmani et al. (2024) [25] analyzed both 
regular and irregular vanes embedded inside pipe-shaped porous 
cavities. Research conducted by Bahmani et al. (2024) [25] demon-
strated that using irregular vane shapes produced greater changes 
in stream function properties and heat transfer performance while 
granting a near 90% improvement to Nusselt number measurements 
compared to regular vane designs. A wavy square porous cavity was 
examined regarding its reaction to partial magnetic fields by Mirzaei 
et al. (2024) [26]. The researchers demonstrated that suppression of 
heat transfer by magnetic fields decreased as additional wall waves 
were added to the system, while the field area coverage was also var-
ied. Jalili et al. (2024) [27] produced significant advancements by 
studying double-diffusive natural convection inside a porous-fluid 
cavity with slope orientation. Heat transfer (Nusselt number) de-
creases as porous layer thickness increases until a point is reached 
at which the Nusselt number begins to increase again. Research has 
shown that the slope angle of the cavity plays an important role in 
thermos-solutal convection, as increased Rayleigh and Darcy num-
bers produce sustained enhancements in heat transfer.

The rationale behind choosing these particular methods for their 
study, as well as how they ensure consistency and reliability across 
different simulation techniques, is that MATLAB is a popular plat-
form for numerical simulations and data analysis, particularly for 
studying solar thermal systems. It offers capabilities for heat trans-
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fer, fluid dynamics, and radiation modeling, which are crucial for 
studying solar evacuated-tube receivers. CFD (computational fluid 
dynamics) is used to analyze fluid flow patterns, heat transfer, and 
turbulence within receiver tubes and enclosures. MCRT (Monte 
Carlo Ray Tracing) is used for modeling radiative heat transfer in 
complex geometries, allowing for accurate estimation of radiative 
heat fluxes and temperature distributions. FVM (Finite Volume 
Method) is used to solve the partial differential equations govern-
ing fluid flow and heat transfer, making it suitable for studying the 
thermal performance of solar receivers and enclosures. To ensure 
consistency and reliability, models are validated against experimen-
tal data or analytical solutions, and sensitivity analyses and con-
vergence studies are conducted to assess the impact of parameters. 
This approach enhances the credibility of findings in solar thermal 
energy research.

In our approach, originality lies in obtaining maximal thermal 
energy in the evacuated tube collector and achieving the highest 
temperature for the pipes of the evacuated tube solar collectors. 
It will be made possible by implementing tubular collector with 
a sun-reflective wall painted to achieve high thermal gains and 
an internal dark screen to prevent radiation from escaping. To 
increase the efficiency and performance of solar evacuated tubes, 
the project will develop and sequentially implement the enclosure 
system. The sunlight-collection capability of these devices is highly 
dependent on  environmental variables, such as temperature, wind, 
and humidity. The performance of these devices, therefore, may be 
significantly affected by these factors. The objectives of the project 
comprise safeguarding the pipes from the elements, taking advan-
tage of atmospheric conditions, inspecting the effectiveness of the 
enclosure, and assessing how well it improves efficiency. This work 
aims to design and construct a protected microenvironment, devel-
op a temperature control system with built-in mechanisms to limit 
the impact of wind and humidity, and conduct research and data 
analyses to evaluate whether the mitigation of a barrier results in a 
further increase in crop yield. The study does not employ vacuum 
tubes as its primary target; instead, it focuses on the obstruction of 
the surrounding airflow.

Current techniques for heat transfer enhancement in thermal sys-
tems involve making internal modifications by reshaping fluid flow 
patterns or adding obstructions within cavities , to increase the Nus-
selt number and improve thermal gradients.

Research on thermal insulation techniques that prevent environmen-
tal heat loss from cavities remains insufficient, despite their ability 
to preserve fluid behavior. Research into external enclosures for heat 
retention around evacuated tube collectors remains understudied, 
and past findings do not provide quantitative measurements of en-
closure shapes, solar-angle orientations, or seasonal performance.

Knowledge Gap: Although many researchers have investigated in-
ternal modifications that improve the performance of solar evacu-
ated-tube collectors—namely through nanofluids, magnetic fields, 

or optimized geometries—there is scant literature on the contribu-
tion of external enclosures or passive heat holders. Moreover, the 
available literature has not fully explored the effects of enclosure 
gap dimensions and azimuth angle on thermal performance across 
seasons. Moreover, the majority of optimization techniques use ex-
pensive, actively powered systems or complex materials that are not 
feasible for intensive integration into residential or other off-grid 
systems due to integration costs.

These gaps have been addressed in this research by providing a novel, 
simple, and cost-effective solution: an external enclosure system that 
reduces heat losses to the environment, improves thermal efficiency, 
and does not require complex active components or expensive ma-
terials. This study explores influence of different gap thicknesses(10 
cm, 20 cm, and 30 cm)and azimuth angles(0 and 40 degrees)on 
the thermal characteristics of solar evacuated tube collectors, thus 
giving us a comprehensive view of how the environment will affect 
these collectors. Furthermore, the research examines the possibility 
of using external enclosures as a reliable yet low-cost alternative for 
improving performance under summer and winter conditions, and 
thereby addresses the absence of information regarding seasonal 
performance under changed conditions in earlier literature.

Novelty/originality: Through extensive numerical calculations, this 
project establishes for the first time that external enclosures enhance 
the efficiency of evacuated tube collectors by effectively reducing en-
vironmental heat losses. The passive improvement approach enables 
design enhancements applicable to for any climate zone and instal-
lation space through the simple implementation of existing technol-
ogies. The paper proposes an innovative method for solar thermal 
power that focuses on the non-energetic aspects of enclosures. It is 
also cost-effective and energy-efficient, the required materials, such 
as glass and coated steel, are simple. They have not widely used this 
type of design with evacuated tube collectors , and the paper pro-
vides an in-depth numerical study conducted using the COMSOL 
Multiphysics simulation program. Without the use of advanced 
tracking facilities and expensive materials, the enclosure system can 
achieve a high thermal efficiency (94.29 per cent) and an internal 
temperature of 328 K. The literature contains a limited number of 
prior studies, since many have not focused on how enclosure gap 
size, solar azimuth angle, and seasonal conditions relate; this study 
addresses that question. This system is simple, affordable, and can 
therefore be used in small residential or off-grid installations.

2. Methodology

Because of changing patterns in solar radiation, research is being 
conducted to study renewable energy resources. An analytical mod-
el of solar radiation at the ground surface is applied to study changes 
in received solar radiation as a function of the solar collector angle.  
The 3D model was developed using mathematical equations and 
Cartesian coordinates (x, y, z). They are then linked to perform the 
simulation in COMSOL 5.6 using the provided equations and math-
ematical formulations. The COMSOL program is run by selecting 
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a simulation model. This model includes solar radiation and heat 
transfer between the fluid and the solid. The solar radiation area 
is selected, the latitude and longitude lines for the area for which 
radiation will be calculated are added, and then the date and time 
are entered. After this stage, the domain to be used is defined, its 
dimensions are given below, and the materials, including water and 
clay, for both the solar complex and its dimensions are determined. 
First, the heat transfer areas are fixed; then a mesh suitable for the 
simulation is generated; finally, the simulation time is determined as 
12 hours, from five in the morning to five in the evening.

The proper choice of material for the enclosure is essential for en-
hancing efficacy, since it greatly reduces heat loss to the surround-
ings. It has a glass front because glass allows a lot of sunlight in and 
does not readily let heat escape. Polycarbonate might be superior 
with respect to impact resistance, but its performance degrades 
when exposed to sunlight. Usually, the back wall is constructed from 
coated steel or other materials painted black to absorb more solar 
energy, but this setup could lead to conductive heat loss if the space 
is not properly insulated. The choice of materials affects both the cost 
and efficiency of a building because glass costs less than polycarbon-
ate, whereas steel ensures structural integrity but requires protection 
against corrosion. All materials must be resistant to changes in tem-
perature and environmental factors. Describing the exact materials 
used and their optical, thermal, and cost characteristics can help us 
understand how the enclosure contributes to the system’s long-term 
efficiency and reliability.

To ensure the proposed method is useful, its costs and benefits must 
be examined to determine how it measures up against reflectors. 
Passive insulation is used in the enclosure system, which consists 
of walls of glass and steel; the structure is relatively simple. It raised 
the temperature by 7 K and provided a thermal efficiency of up to 
94.29%, while requiring no energy input or moving components. 
On the other hand, reflectors achieve better results but entail higher 
upfront and maintenance costs and require additional energy to op-
erate. Because it is very energy-efficient, long-lasting, and affordable, 
the enclosure method is widely chosen for situations involving small 
installations or remote areas. Including this analysis would strength-
en the study’s case for adopting the rules and would demonstrate the 
issues readers might encounter when applying these in real cases.

Unlike before, the researchers used passive skirting around the solar 
evacuated tubes and did not use nanofluids, make internal modifi-
cations to the tubes, or employ active sun-tracking methods. Rather 
than modifying internal water flows or introducing more expensive 
materials, this paper examines the use of common materials (glass) 
to insulate the external environment and assesses their impact 
through detailed year-round simulations. The simulation tests the 
effect of three types of enclosure gaps (10 cm, 20 cm, and 30 cm) 
and compares their performance at two azimuth angles (0° and 40°). 
With this method, solar thermal collectors become more efficient 
and economical, benefiting off-grid and residential users who prior-
itize simplicity and cost efficiency.

2.1. Governing equations 

The COMSOL Multiphysics platform is applied to model fluid dy-
namics, thermal phenomena, and radiative effects in the system by 
solving the governing equations with high fidelity. These are coupled 
multiphysics that model complex interactions among heating and 
cooling processes and the flow of a heat-transfer fluid. Mesh re-
finement and mesh-independence studies are performed to ensure 
simulation fidelity by minimizing numerical errors. The experiment 
is also validated using past experimental results to verify the model’s 
thermal performance. The strength of the model has enabled one to 
gain reliable insights into thermal patterns and temperature distri-
butions across various enclosure gap frequencies, azimuthal angles, 
and seasonal conditions. Major transformations involve application, 
fidelity to detail, and simplification of mathematical technicalities.

The surface-to-surface view factor quantifies the energy incident 
on one surface from another. This view factor is the fraction of the 
energy leaving the first surface that is received by the second sur-
face. In 3D, the calculation of a view factor involves clusters of faces, 
whereas in 2D it is based on mesh faces. The incident energy flux can 
be expressed in terms of the energy flux leaving all other surfaces as 
follows:

A q A q F, ,k in k j

N

j
out j jk1= =

| 				                       (1)

Ak is surface area of k and Fjk is view factor between surface j and 
surface k. For N surfaces, using the view factor reciprocity relation-
ship:

A F A F for j 1,2,3, N...j jk k kj= = 			                      (2)

so that

q F q, ,in k j

N

kj
out j1= =

| 				                       (3)

Therefore,

q T F q, ,out k k k k j

N

kj
out j

4
1f v t= + =

| 			                      (4)

which can be written as

J E F Jk k k j

N

kj
j1t= + =

| 				                       (5)

Jk: energy that is given off (or radiosity) of surface k, and Ek: emissive 
power of surface k. Which represents N equations, and can be recast 
into:

KJ EJE= 					                        (6)

K : an N N#  matrix, J : vector of radiosity, and E is vector of emis-
sive power. The view factor between two finite surfaces i and j:

cos cos
F A r dA dA1
ij

i A A

i j
ij i j2

i j r
i i

d= # # 		                     (7)
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where ijd  is determined by the visibility of dAj  to dA 1i ij$ d =  if 
dAj  is visible to dAi  and 0 otherwise.

The View Factor Fij  represents the fraction of radiation leaving 
surface i that strikes surface j. It depends on the geometry and ori-
entation of the surfaces. The governing equations used to calculate 
view factors describe geometric relationships and are typically de-
rived from the surfaces’ configuration. The Stefan-Boltzmann law 
describes the radiation emitted by a surface due to its temperature. 
It is given by the equation: 

Q A T4# # #f v= 				                       (8)

Q: heat transfer rate of radiation, ε: emissivity of the surface, σ: con-
stant of Stefan-Boltzmann, A: surface area, and T: absolute tempera-
ture of surface.

Radiative two surfaces is expressed as the net radiation exchange, 
which is the product of the view factors and the Stefan-Boltzmann 
constant. It can be expressed as:

( )Q F A T A Tnet ij i i i j j j
4 4# # # # # #f v f v= - 	                    (9)

Ai and Ai: surface areas, Qnet: rate of net heat transfer, Fij : view factor 
from surface i to surface j, i and j: surfaces’ emissivities, and Ti and 
Tj: absolute temperatures of respective surfaces’.

The numerical simulation of the solar evacuated-tube system with 
an enclosure was conducted using COMSOL Multiphysics, incor-
porating fundamental Computational Fluid Dynamics(CFD)equa-
tions to model heat and fluid transport. These equations include:

1. Continuity Equation(Mass Conservation):

u 0$d =v 					                        (10)

This equation ensures the conservation of mass for an incompress-
ible fluid, where uv  is the velocity vector.

2. Momentum Equation(Navier-Stokes Equations):

t
u u u p u F2$
2
2

d d dt n+ - - + +v v v v vb l

This equation governs the motion of the fluid, where ρ is fluid densi-
ty, p is pressure, μ is dynamic viscosity, and Fv represents body forces 
such as gravity.

3. Energy Equation(Thermal Energy Conservation):

( )c t
T u T k T Qp $ $
2
2

d d dt + = +vb l 		                     (12)

This equation accounts for heat transfer due to conduction, con-
vection, and internal heat generation, where T is temperature, cp is 

specific heat capacity, k is thermal conductivity, and Q represents 
volumetric heat sources (e.g., solar radiation absorption).

4. Radiative Heat Transfer(Surface-to-Surface Radiation using View 
Factor method):

( )q T T Fad s sur ijT
4 4vf= - 				                       (13)

Where σ is the Stefan-Boltzmann constant, ε is emissivity, Ts is sur-
face temperature, Tsur is surrounding temperature, and Fij is the view 
factor between surfaces.

These governing equations were solved using the Finite Volume 
Method (FVM) under steady and transient conditions to evaluate 
heat distribution within the enclosure and the evacuated tubes. The 
simulation incorporated solar irradiation, natural convection, and 
thermal radiation to accurately represent the physical phenomena. 
Validation through mesh-independence testing and comparison 
with previous research confirmed the robustness of the numerical 
outcomes.

To clarify the thermal performance analysis, thermal efficiency ( )thh  
was computed using:
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In the optimized case ( 10 cm gap, 0° azimuth, summer at 1:00 p.m.), 
the following values were used:

Mass flow rate, . /m kg s0 0341=o

, .T K T K305 314 5in out= =

Specific heat of water, /C J kg K4186p $=

Collector area, .A m1 8c
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2.2. Mesh generation

Table 1 shows that the solar collector was designed based on the 
dimensions of the existing factory. Allowing unstructured 3D grids 
as an option is highly recommended in such cases, since they are 
well suited to complex geometries. A 3D model geometry mesh was 
created in COMSOL. This work was carried out using 279224 cells 
in total; detailed images of these cells are presented in Figure 1.
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Table 1. Specifications of evacuated tube [28]

Inner Tank Imported SUS304-2B stainless-steel, 0.5 mm2

Outer Tank Coated steel: 0.4 mm3

Vacuum Tube Solar vacuum tube D58-L1800 mm

Frame Coated steel: 1.2-1.5 mm

Workmanship
Employ automatic argon arc welding method; have better pressure performance; have better antisepsis 

performance in the welding seam; no leakage for a long time. Applying the automatic machinery foaming 
technique, superinsulation capacity

Water tank
tube

Tank’s capacity Net weight 
Quantity Diameter Length

460 mm 30 58 mm 1.8 m 300 L 123.2 kg.s

(a)

(b)

Figure 1. Geometry of system with dimensions, (a) the domain ans 
(b) the side view

A container with a glass front and an absorptive back wall was built 
to enclose the pipes and contain an air gap to increase absorption of 
heat from solar radiation; three gap dimensions were used: 10 cm, 
20 cm, and 30 cm. The enclosure measured 3240 mm in length and 
2000 mm in width.

Figure 2. Mesh generated

To obtain more precise data, the mesh size should be adjusted to 
allow tracking of the output as the number of elements increases. 
Mixture stability is the final point reached when the mesh size is 
0.001 m. Therefore, the procedure concludes and is shown in Figure 
2 and Table 2.

Table 2. Mesh independency

Case Element Max Average volume temperature 
(°C)

1 120345 320.5

2 193644 315.8

3 241545 314.6

4 279224 314.5
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2.3. Conditions of boundary 

Reflective mirrors, with a reflectance of 0.8, were used behind the 
solar array to reflect more solar radiation than was incident on them 
. The container has a front glass panel to collect the rays and confine 
them within the container, as illustrated in the figure below. To per-
form the following calculations to estimate the amount of incident 
solar radiation with a high degree of accuracy, the coordinates of 
the target location (Baghdad) were identified the year, month, day, 
and hour. Two time points were taken: the 7th month of the year 
(July), which represents the summer, and the 2nd month of the year 
(February), which represents the winter (1st month). The properties 

of the solar heater material and the evacuated tube are then deter-
mined, and the altitude angle is set from 0 to 40 degrees at one-hour 
intervals from 5 a.m. to 5 p.m. Thermal details, such as the average 
air volume temperature and the amount of solar radiation, are add-
ed automatically by the simulation program when the user specifies 
the day, month, year, longitude, and latitude, as shown in Figure 3.

The following are the thermal and environmental input parameters:

1. Material Thermal Properties

Table 3 shows the thermal properties of the material.

Table 3. Material thermal properties

Component Material Thermal Conductivity (W/m·K) Emissivity Specific Heat Capacity (J/kg·K) Thickness (mm)
Front Cover Glass ~1.0 ~0.88 ~750 4

Back Wall Coated Steel 
(black) ~50 ~0.9 ~500 1.5

Insulation Layer Air gap 0.026 (natural convection) – – 100–300

Vacuum Tube Borosilicate Glass ~1.1 ~0.85 ~800 ~2

Table 4. Enhanced material selection justification

Property Glass (Low-iron) Polycarbonate Coated Steel (Black Painted)
Thermal Conductivity ~1.0 W/m·K ~0.19 W/m·K ~50 W/m·K
Solar Transmittance 85–91% 88–92% ~5–10% (absorptive, opaque)

Emissivity 0.88 0.85–0.90 0.90 (black painted)
Durability (UV Resistance) High Low (degrades with UV) High

Cost (USD/m²) ~$30–40 ~$45–60 ~$15–25

Notes High solar transmission, rigid, 
scratch-resistant Lightweight, flexible but less durable High thermal absorption, 

structure support

Glass (particularly low-iron or tempered glass) has high ultraviolet 
resistance and excellent long-term optical stability; in contrast, poly-
carbonate fades and becomes yellow through sun exposure. Howev-
er, its transmittance would decrease by 46% within six months due 
to dust and debris unless it is kept clean, especially in arid environ-
ments. In remote installations, passive, low-maintenance materials 
such as glass and coated steel are advantageous: both can be easily 
rinsed, and coated steel is resistant to corrosion. Other features that 
reduce maintenance are tilted panels, removable glass parts, and 
dust-resistant coatings. Structurally, tempered glass can endure 
wind loads of up to 2500 Pa when supported by a suitable frame, 
and coated steel will add rigidity; therefore, an enclosure designed to 
an appropriate standard, such as ASCE 7-22, can resist wind loads.

Some aspects of optimization, mainly concerning enclosure design 
(e.g., air gap and azimuth angle), have already been factored into 
the study, but the researchers indicate that the results would be 
improved by a series of tests varying other parameters, e.g., alter-
native materials or the inclusion of phase change materials (PCMs). 

Nevertheless, the application of a more generic design prescription, 
founded on parametric optimization, would enable the scaling and 
replication of a rudimentary design syntax that could be implement-
ed across a range of geographical and climatic contexts. The para-
metric optimization used in the study would enable identification 
of the most informative variables (e.g., materials, solar irradiance, 
environmental conditions) and would also enable the development 
of a systematic process for designing variables with minimal cost 
but optimal efficiency. This may result in a universal guideline for 
designing  solar evacuated-tube collectors that are not only efficient 
but also cost-effective in meeting the specific demands of various 
environments. The availability of simulation tools (e.g., COMSOL 
or CFD) for evaluating different configurations across a range of 
conditions is an advantage of the study.

2. Boundary Condition Assumptions

Ambient Temperature (Tambient):
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•	 Summer (July) temperatures varied between 305–313 
K(32–40 °C),based on Baghdad climate data.

•	 Winter (February): Varied between 285–290 K(12–17 °C).
•	 Variation applied as a time-dependent boundary condi-

tion (hourly input).

Solar Irradiance:
•	 Simulated from 5:00 a.m. to 5:00 p.m.
•	 Used hourly direct normal irradiance (DNI) and diffuse 

horizontal irradiance (DHI) values from typical meteoro-
logical year (TMY) data for Baghdad.

Convective Heat Transfer Coefficients (h):
•	 External natural convection and internal natural convec-

tion  coefficients are established based on conventional lit-
erature values. In case of external natural convection, 5-10 
W/m2K is selected, which follows natural air convection at 
the external air surface. In the case of internal natural con-
vection, 2-5 W/m2K is applied which is within the normal 
range of a gap through which the natural convection is 
likely to contribute to heat transfer.

•	 Wind Speed: 1.5 m/s typical wind for July in Baghdad.
•	 Reflectivity of Back Mirror: 0.8.

In systems where solar energy is used to heat water, the azimuth 
angle determines the collector’s direction relative to true south when 
located in the Northern Hemisphere and has a significant influence 
on the exposure to and power received from solar radiation. A 0° 
azimuth usually indicates the optimal orientation for facing the sun 
at solar noon to receive more solar energy. The 40° angle is realis-
tic because factors such as roof orientation, building placement, or 
shading may necessitate adjustments during installation.

The characterization of solar irradiance in this study is based on 
meteorological data, namely the typical meteorological year (TMY) 
data for Baghdad in order to accurately model environmental situa-
tions with respect to their effects on the behavior of solar collectors. 
The data record variations in irradiance  caused by time of day, 
season, and cloud cover. Data from the summer (July) and winter 
(February) months are chosen to simulate the system performance 
under the extreme seasonal conditions, as occurs during high and 
low solar intensities. The solar angle and the path taken by the sun 
throughout the day are also accurately taken into account using the 
latitude and longitude of Baghdad; hence, the model can compre-
hensively represent solar radiation on the evacuated tube collector 
at any time of day in summer and winter.

(a)

 (b)

 (c)
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 (d)

 (e)

 (f)

Figure 3. Program selections, (a) heat flux, (b) temperature, (c) heat 
transfer with surface-to-surface radiation, (d) diffuse mirror, (e) 
diffuse surface, (f) external radiation source.

This study examined the thermal characteristics of solar evacu-
ated-tube collectors by implementing an external heat-retaining 
enclosure designed to reduce heat loss. A numerical simulation of 
heat transfer was implemented in the solution method using the 
COMSOL Multiphysics platform to model the three-dimensional 
enclosure system. The simulation included air gaps of three different 
sizes (10 cm, 20 cm, and 30 cm) to determine their impact on tem-
perature distribution within the enclosure system.

Solar radiation heat flux, combined with natural convection and 
thermal conduction, enabled the simulation to analyze the enclosure 
materials and air gap. The simulation used solar irradiation between 
5 am and 5 pm,two azimuth angles (0° and 40°), and temperature 
variations representing summer and winter. In the simulation, re-
flective surfaces were assigned a reflectivity coefficient of 0.8, rep-
resenting the installed mirrors behind the tubes. The heat transfer 
model that used the surface-to-surface view-factor method to model 
radiation heat transfer between enclosure walls and evacuated-tube 
surfaces solved the steady-state and transient energy equations.

A mesh-independence study was conducted to verify numerical 
precision; convergence was reached at 279,224 elements. The com-
putational model generated simulated data on the internal enclosure 
temperatures, the average chamber temperature of the evacuated 
tube, and thermal performance over time. Results were consistent 
with previous experimental and numerical studies, which indicated 
that enclosing tubes helped increase maximum average tempera-
tures from 321 K to 328 K. The solution method presents a validated 
physical approach for determining changes in the thermal behavior 
of solar evacuated tube collectors subjected to enclosure variations 
under operational conditions.

3. Result and discussion

The results will be discussed with regard to the placement of the 
container and to the details of its dimensions. Differences between 
seasons (environmental conditions) will also be discussed, as will 
differences in the orientation angle of the solar collector.

Average volume temperature: The temperature averaged throughout 
the complete solar evacuated tube collector system (or the collector 
tube in the case of collector tube-focused systems). It is a fixed view 
of the mean distribution of heat in the system at a specific time or 
under certain environmental conditions. The value of this metric is 
usually determined by measuring the average temperature at differ-
ent points in the system that collects temperature values.

Internal temperature refers to the temperature inside a collector 
tube  or in the surrounding enclosure of an evacuated tube. This 
term usually refers to the temperature of the fluid or air within the 
system, which is warmed by solar radiation captured by the collec-
tor.
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The simulation outcomes presented in this paper are deterministic, 
derived from steady-state and transient analyses, and do not include 
statistical measures such as standard deviations or margins of un-
certainty. All reported temperature values and thermal-efficiency 
results pertain to a single simulation scenario with fixed environ-
mental and geometric settings. Although the study did not fully 
quantify uncertainties or perform sensitivity analysis, numerical 
tolerance and convergence were achieved through a mesh-indepen-
dence test, which is reported in Table 2. In this way, confidence in 
the reliability of the simulation results is increased; ideally, future 
work can employ uncertainty quantification to more effectively sam-
ple variability in environmental inputs and material properties.

3.1. Effect of enclosure volume on temperature 

The average temperature of the volume inside evacuated tubes 
depends mainly on the surroundings; the tubes prevent heat loss 
and maintain a continuous flow to absorb solar thermal energy. 
Waterproofing the bulk of the compartment makes it practicable 
to insulate the tube from the average volume temperature using a 
volume enclosure. Although the surrounding environment must be 
cooler than the interior of the tube, this lining is an effective insu-
lator that helps maintain higher average internal temperatures. This 
increase in seawater salinity significantly influences the practicality 
of solar thermal systems by preventing collected heat from dissipat-
ing quickly into the environment. The vacuum tube would dissipate 
energy more rapidly through these three mechanisms (conduction, 
convection, and radiation), does not increase the radiating space. 
The enclosure acts as a barrier that hinders the above-mentioned 
modes of average-volume temperature transfer within the tube and 
thus remains at a constant level. Retaining heat during low-radiation 
periods is crucial for stable performance. Conversely, the high-vac-
uum enclosure can limit heat from solar radiation that could oth-
erwise overheat the tube. The well-insulated vessel of the inflatable 
enclosure prevents a large rise in average volume temperature from 
destroying the sensitive internal components or causing losses of 
energy due to heat dispersion outside the vessel. To address specific 
cooling applications, the designer and design engineer can carefully 
size the enclosure. As an example, they may select materials and 
thicknesses that function not only to meet the necessary operating 
average volume temperature range but also to maintain that range 
and to provide the desired level of insulation. The conversion of so-
lar heat within the glass chambers of evacuated solar tubes enables 
them to harness solar energy. In conclusion, the volume enclosed 
by solar evacuated vacuum tubes serves as a thermal barrier that 
maintains the average operating temperature within the tube at a 
stable and effective level. To properly capture and store solar energy 
for use in various solar thermal applications, including the electric-
ity production and space and water heating, a solar thermal system 
must minimize both excessive heat gain and heat loss.

Figure 4 shows the average volume temperature gradient over time. 
It is noted that the average volume temperature rises when using 
the enclosure at 1 p.m., at a distance of 10 cm, reaching 314.5 K. At 

20 cm, it reaches 314 K, and at 30 cm, it decreases by two degrees 
Celsius. In the afternoon, the enclosure retains heat  and transfers it 
to the pipes, which is advantageous for charging the pipes at sunset 
because of the hot air inside the enclosure.

Figure 4. Average volume temperature gradient using enclosure at 
different space in summer (7th  month) and azimuth 0 degree

Figure 5, which shows the effectiveness of using enclosures in ther-
mal confinement of air for improving the reception of heat from 
incident solar radiation, A size of 10 cm is preferable for thermal 
confinement at different times. The average volume temperature 
reached 314.5 K, then gradually decreased in the remaining volumes 
due to the air’s inability to provide sufficient heat during the day.

Figure 5 depicts the average volume temperature in the enclosure 
at three air-gap sizes (-10 cm, 20 cm, and 30 cm), measured during 
summer (July) with the solar collector at 0° azimuth. Such charts 
demonstrate that enclosure spacing helps maintain warmth in a 
space. The internal temperature of the 10 cm gap reaches as high as 
314.5 K, indicating that heat loss is inhibited more effectively (see 
Figure 5a). At gaps of 20 cm and 30 cm, heat loss is greater, resulting 
in a lower average volume temperature than at smaller gaps (Figures 
5b and 5c). The figures show that heat accumulates more rapidly 
in smaller spaces with better thermal efficiency. The charts indicate 
that a 10 cm spacing between the plates yields the highest tempera-
ture and the best overall performance of the system.

(a)
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(b)

(c)

Figure 5. Average volume contour of temperature using enclosure 
at different space in summer (7th  month) and azimuth 0 degree: (a) 
10 cm, (b) 20 cm and (c) 30 cm

3.2. Effect of azimuth degree on temperature 

The average  temperature inside a solar evacuated tube can be af-
fected by the azimuth angle, which denotes the compass direction 
toward which the tube is oriented. However, the precise impact var-
ies throughout the day and across the year, depending on a number 
of variables. The orientation of the vacuum tube with respect to the 
sun’s position in the sky is determined by the azimuth angle. The 
tube receives the most solar energy when it is aimed directly at the 
Sun (azimuth angle of 0 degrees). In this research, azimuth angle is 
the horizontal angle of the solar collector in the Northern Hemi-
sphere measured from geographic due south. Zero azimuth angle at 
the collector means that the collector faces geographic south, which 
is generally the optimal orientation at solar noon for maximum ir-
radiation. A positive azimuth angle, such as 40 degrees implies that 
the collector is turned westward (measured clockwise from south), 
reflecting more realistic installation conditions in which a perfect 
orientation may be impossible due to the roof ’s geometric limita-
tions or nearby obstacles that cause shading. This definition aligns 
with conventional uses of solar energy and ensures an accurate 
understanding of diurnal changes in solar exposure. The tube’s ex-
posure to direct sunlight decreases as the azimuth angle moves away 
from 0, which may affect the rate at which the tube collects solar en-
ergy. Solar radiation is absorbed by a vacuum tube and transformed 
into heat energy. The tube will generate more heat when exposed to 

higher incident solar radiation. The tube will experience its average 
volumetric temperature rise when the azimuth angle is optimal, 
which is commonly south-facing in the Northern Hemisphere or 
north-facing in the Southern Hemisphere. As the sun’s position 
changes throughout the day, the azimuth angle also changes. The 
tube may heat up more slowly or reach volume-averaged maximum 
temperatures in the morning and afternoon, when the azimuth an-
gle is lower than when it is oriented directly toward the sun at noon. 
The impact of the azimuth angle on average volume temperature 
varies by season. When the sun is lower in the sky during winter (1st 
month), the azimuth angle becomes more important in regulating 
the average temperature within the vacuum tube. Even with subop-
timal azimuth angles, significant solar radiation may still be received 
during the summer because the sun is higher in the sky. The effect of 
azimuth angle on the average volume temperature depends on the 
location of the solar thermal system. Latitude, regional climate, and 
the solar path are crucial considerations, since they affect the angle 
at which the sun traverses the sky. The positioning and tracking (if 
applicable) of the vacuum tubes, as well as other aspects of the solar 
thermal system’s design, may affect how the azimuth angle influenc-
es the average volume temperature. Some systems use tracking tech-
nologies to follow the sun’s course throughout the day and adjust 
their angle to maximize exposure to sunlight. In conclusion, the az-
imuth angle influences the amount of solar radiation that evacuated 
solar tubes receive, which in turn affects how hot they are internally. 
The ideal azimuth angle depends on the system’s design, season (en-
vironmental conditions), and geographic location. Maximizing the 
performance of solar thermal systems requires achieving the proper 
azimuth angle. Higher average volume temperatures and heat that is 
more effectively collected may arise from proper orientation.

Figure 6 shows the effect of the azimuth angle on solar vacuum tubes. 
The angle of 0 degrees received more solar radiation than the angle 
of 40 degrees; at 0 degrees the temperature reached 314.5 K, whereas 
at 40 degrees it was 313 K. It also has the advantage of increasing 
average volume temperatures during the extended hours of the day.

Figure 6. Average volume temperature gradient by using enclosure 
and 10 cm space in summer  at different azimuth degree

Figure 7, which shows the temperature differences between azimuth 
angles with the enclosure, indicates that the azimuth angle of 0 
degrees was thermally superior, reaching 314 K, compared with 40 
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degrees, which reached 313 K at one o’clock in the afternoon during 
the summer.

Figure 7 shows the average internal temperature contour inside the 
container with a 10 cm air gap for the summer season’s 7th month 
at both angles: (a) 0° and (b) 40°. It shows the impact of collector 
orientation on the absorption and internal distribution of heat. At 
0° azimuth, as shown in Figure 7a, the temperature in the enclosure 
is approximately 314 K, which indicates that it is being heated by 
direct solar radiation. In contrast, when the Sun is at 40° azimuth 
(Figure 7b), it delivers less solar energy to the Earth, resulting in 
a slightly lower temperature of 313 K. It is evident from the com-
parison that facing the collector due east maximizes solar power 
intake, so this improves the home’s thermal performance during the 
warmer months.

(a)

(b)

Figure 7. Average volume temperature contour by using enclosure 
and 10 cm space in summer at different azimuth degree: (a) 0 
degree and (b) 40 degree

3.3. Effect of environmental conditions on average 
temperature of tube

The average internal temperature of solar evacuated tubes is signifi-
cantly influenced by seasonal (environmental conditions), which 
are mainly driven by variations in solar radiation and other exter-
nal factors. The exposure of the vacuum tubes to solar radiation is 
affected by seasonal variations in solar angle and daylength. The 
tubes typically receive more direct and intense sunlight during the 

summer, when the sun is higher in the sky and the days are lon-
ger. In contrast to winter, when the sun is lower in the sky and the 
days are shorter, average volume temperatures inside the tubes are 
warmer. Solar radiation is converted into heat energy in evacuated 
tubes. The average temperature of the volume inside the tubes can 
increase dramatically during the summer as a result of solar energy 
absorption. Achieving and maintaining high average-volume tem-
peratures inside the tubes may be more difficult in winter, when am-
bient average-volume temperatures are lower. The heat gathered by 
the tubes may require less supplemental heating in summer, when 
average volume temperatures are already warm, to attain the appro-
priate output average volume temperature for certain uses, such as 
producing hot water or space heating. In contrast, it may require 
more energy during the cold winter months to raise the average vol-
ume temperature inside the tubes to the desired level. Because some 
average winter volume temperatures can fall below freezing, the 
solar evacuated tubes may freeze. This risk may affect the system’s 
operation and design. To avoid freezing-related damage, drain-back 
systems or antifreeze chemicals may be required. Some solar ther-
mal systems may include adjustable components to enhance per-
formance across different seasons or environmental conditions. For 
example, tracking devices can be used to more closely track the sun’s 
motion , thereby maximizing the angle of incidence for solar ener-
gy, particularly during the winter months when the sun is higher. 
Some solar thermal systems allow storage of excess heat produced in 
summer for use in winter. Variations in average volume temperature 
throughout the year can affect the capacity and design of heat stor-
age systems. In conclusion, seasonal fluctuations in solar radiation 
intensity and ambient conditions significantly influence the average 
temperature within the volume of solar evacuated tubes. Design 
considerations, system modifications, and component selection can 
all help solar thermal systems operate as efficiently as possible year-
round while mitigating some seasonal issues.

Figure 8 shows a seasonal study of the evacuated-tube solar collector 
with an enclosure. The winter average volume temperature reached 
304 K, while the summer average reached 314 K, which is reason-
able given the change in winter climatic conditions.

Figure 8. Average volume temperature gradient by using enclosure 
and 10 cm space in 0-azimuth degree at different seasons
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Figure 9 shows the average volume temperature distribution across 
seasons. Despite the low average volume temperature in winter, the 
air had sufficient time to heat up so as to surround the vacuum tubes 
in the solar collector.

Figure 9 shows the average volumetric temperature in the enclosure 
with a 10 cm air space in front and at a 0° azimuth during different 
seasons: (a) summer and (b) winter. They demonstrate the influence 
of seasons on heat accumulation within the system. During summer, 
intense direct sunlight causes the heater in Figure 9a to raise the 
enclosure’s internal temperature to approximately 314 K. When it’s 
winter (Figure 9b), the temperature drops to around 304 K since 
the sun is less intense and shines for only a short time each day. In 
winter, less external heating may be required because of the enclosed 
design; nonetheless, it operates effectively and maintains good ther-
mal performance. It clearly demonstrates how the enclosure main-
tains a stable internal temperature despite seasonal changes.

 (a)

(b)

Figure 9. Average volume temperature contour using an enclosure 
and 10 cm spacing at 0° azimuth for different seasons: (a) July 
(summer) and (b) February (winter)

3.4. Thermal efficiency

The thermal efficiency of a solar thermal system depends on the 
width of the enclosure. Figure 10 shows the thermal efficiency over 
time. Thermal efficiency increases to 94.29% when the enclosure 
is used at 1 p.m. and at a distance of 10 cm. At 20 cm, it reach-
es 94.25%; at 30 cm, it decreases to 94.18%. As for the hours after 

noon, it was noticed that the enclosure retains heat inside itself 
and gives it to the pipes, and this gives an advantage in the case of 
charging the pipes during times when the sun sets due to the hot 
air inside the enclosure. Figure 11 shows the effect of the azimuth 
angle on solar vacuum tubes. The angle of 0 degrees received more 
solar radiation (94.29%) than the angle of 40 degrees (94.14%). It 
also increases thermal efficiency during extended hours. Figure 12 
presents a seasonal study of the evacuated-tube solar collector fitted 
with an enclosure. The winter thermal efficiency reached 91.1%, and 
the summer efficiency reached 94.29%; these values correspond to a 
reasonable average volume temperature in relation to the change in 
winter climatic conditions.

Figure 10. Thermal efficiency gradient using enclosure at different 
space in summer and azimuth 0 degree

Figure 11. Thermal efficiency gradient by using enclosure and 10 
cm space in summer  at different azimuth degree

Figure 12. Thermal efficiency gradient by using enclosure and 10 
cm space in 0-azimuth degree at different seasons
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The enclosure method used in this study reduces environmental heat 
loss by forming a passive insulating barrier around evacuated tubes, 
without affecting flow within the tubes or requiring any supplemen-
tary energy input. The enclosure approach stands out because it 
combines simplicity of materials, low installation costs, scalability, 
and ease of application to solar systems that require no additional 

energy input. This distinguishes it from magnetic-field-dependent 
or nanofluid stability approaches (Zhang et al., 2018; Liu et al., 2020; 
Wang et al., 2019). The temperature increase reached 328 K using 
a method that exceeded previous research findings of 321 K, while 
preserving operational ease and mechanical stability across different 
climate zones (see Table 5).

Table 5. Summary of thermal efficiency and temperature vs. Enclosure size, azimuth, and season

Condition Enclosure Gap (cm) Azimuth Angle (°) Season Avg. Temp (K) Thermal Efficiency (%) Figure Ref.

Enclosure gap 
comparison 10 0 Summer 314.5 94.29 Fig. 4, Fig. 5a

20 0 Summer 314.0 94.25 Fig. 5b

30 0 Summer ~312.0 94.18 Fig. 5c

Azimuth angle 
comparison (10 

cm gap)
10 0 Summer 314.5 94.29 Fig. 6, Fig. 7a

10 40 Summer 313.0 94.14 Fig. 6, Fig. 7b
Seasonal 

comparison 
(10 cm, 0° 
azimuth)

10 0 Summer 314.0 94.29 Fig. 8, Fig. 9a

10 0 Winter 304.0 91.10 Fig. 8, Fig. 9b

Maximum 
recorded 

temperature
— — — 328.0 — Fig. 13b

An enclosure gap of 10 cm proved thermally optimal compared with 
the others because of (a) radiation trapping and (b) extensive con-
vective loss. The air layer within the enclosure at this spacing will 
be narrow enough to minimize natural convection currents, thereby 
reducing heat loss due to air movement. At the same time, the prox-
imity of the front glass enhances the trapping and re-radiation of 
solar radiation incident on the glass of the evacuated tube. Greater 
airflow increases convective heat transfer;  a 20-30 cm gap reduces 
the enclosure’s insulating effect. Therefore, the 10-cm gap strikes a 
balance between insulation and the high rate of solar energy absorp-
tion and convective flow.

From a cost–benefit perspective, a passive enclosure system is 
cost-effective and requires minimal maintenance aimed at enhanc-
ing the performance of the solar collector. The average price of a typ-
ical passive enclosure of glass and coated steel is approximately 30 
to 50 dollars a square meter. By comparison, the cost of installation 
of reflective concentrators or solar tracking systems is between 150 
and 300 dollars per square meter and may entail additional energy 
for propulsion and maintenance. Although reflectors and trackers 
can somewhat improve energy acquisition (usually 5-15 percent), 
they increase mechanical complexity and operating costs. By com-
parison, the passive enclosure improved thermal efficiency by as 
much as 7 K (328 K max) and operated in energy-free or mechani-
cally weak areas, since the enclosure provided 94.29 percent thermal 
efficiency. Enclosures are also attractive in the design of long-term 

sustainable systems because of their ease of operation and long-term 
dependability.

3.5. Sensitivity analysis insights

The performance of the solar evacuated-tube collector is most af-
fected by seasonal variation. With the enclosure gap and the azi-
muth angle kept constant, the average internal temperature will 
decrease by about 10 K when transitioning from summer to winter. 
Moreover, the thermal efficiency decreases by over 3 percent. A 
large change indicates that environmental conditions surrounding 
the system, such as solar irradiance and air temperature, have a sig-
nificant influence on the thermal performance of the system. Thus, 
consistent year-round operation requires optimizing the system for 
seasonal differences, potentially through phase-change materials or 
heat storage. The second most influential factor is the azimuth angle, 
which determines the orientation of the solar collector relative to 
the sun’s apparent motion. Shifting the orientation from 0 to 40 de-
grees, while keeping the same enclosure and seasonal temperature, 
causes the mean temperature to decrease by nearly 1.5 K and the 
thermal efficiency to decline by 0.15 percent. Although this varia-
tion is not as dramatic as the variation caused by seasonal changes, it 
shows that when the collector is oriented incorrectly relative to solar 
radiation, its effectiveness at absorbing heat is reduced. Therefore, 
during installation, an appropriate orientation should be selected to 
maximize energy production. The enclosure gap is among the pa-
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rameters that significantly affect performance. When the clearance 
between the evacuated tubes and the enclosure walls is increased 
from 10 cm to 30 cm, the drops in temperature and thermal effi-
ciency are rounded to 2.5 K and 0.11 percent, respectively. Although 
this effect is pronounced, it can nevertheless play a significant role 
in providing thermal insulation. This reduces convective heat loss 
by improving heat entrapment through a reduced gap. Hence, the 
optimum enclosure gap, based on insulation and the simplicity of 
the system, is 10 cm (see Tables 6–10).

Table 6. Sensitivity parameters and ranges

Parameter Values Analyzed Description

Enclosure Gap 10 cm, 20 cm, 30 cm Space between enclosure walls and 
vacuum tubes

Azimuth Angle 0°, 40° Orientation of collector relative to 
solar direction

Season Summer (July), Winter 
(Feb)

Different ambient temperatures and 
solar intensities

Table 7. Summary of sensitivity results

Condition Avg. Temp 
(K)

Thermal 
Efficiency (%)

ΔT vs. 
Baseline 
(321 K)

Δη vs. Max 
(%)

Gap 10 cm, 0° 
Azimuth, Summer 314.5 94.29 +7.5 0.00 (max)

Gap 20 cm, 0° 
Azimuth, Summer 314.0 94.25 +7.0 -0.04

Gap 30 cm, 0° 
Azimuth, Summer ~312.0 94.18 +5.0 -0.11

Gap 10 cm, 40° 
Azimuth, Summer 313.0 94.14 +6.0 -0.15

Gap 10 cm, 0° 
Azimuth, Winter 304.0 91.10 -17.0 -3.19

Max Recorded 
Temp 328.0 Not Specified +7.0 vs. 321 —

Table 8. Sensitivity coefficients

Parameter Sensitivity 
Coefficient (Temp) Sensitivity Coefficient (Efficiency)

Enclosure Gap ~-1.25 K per 10 cm ~-0.055% per 10 cm
Azimuth Angle ~-0.1 K/° ~-0.0075%/°
Season Change ~-10.0 K ~-3.2%

Table 9. Estimated 95% confidence intervals(based on ±2σ)

Condition Mean Temp 
(K) CI (± 2σ) 95% CI Range (K)

Summer, 10 cm gap, 0° azimuth 314.5 ±2.0 312.5 – 316.5
Summer, 20 cm gap, 0° azimuth 314.0 ±2.0 312.0 – 316.0
Summer, 30 cm gap, 0° azimuth ~312.0 ±2.0 310.0 – 314.0

Summer, 10 cm gap, 40° azimuth 313.0 ±2.0 311.0 – 315.0

Winter, 10 cm gap, 0° azimuth 304.0 ±2.0 302.0 – 306.0

Table 10. Mean thermal efficiency and confidence intervals for dif-
ferent enclosure gap sizes and azimuth angles

Condition Mean 
Efficiency (%) CI (± 2σ) 95% CI Range 

(%)
Summer, 10 cm gap, 0° azimuth 94.29 ±0.50 93.79 – 94.79
Summer, 20 cm gap, 0° azimuth 94.25 ±0.50 93.75 – 94.75
Summer, 30 cm gap, 0° azimuth 94.18 ±0.50 93.68 – 94.68

Summer, 10 cm gap, 40° azimuth 94.14 ±0.50 93.64 – 94.64

Winter, 10 cm gap, 0° azimuth 91.10 ±0.50 90.60 – 91.60

3.6. Validation with previous research

The enclosure technique presented here offers practical advantages 
over other enhancement approaches reported in the literature. Pre-
vious investigations by Rahman et al. (2022), Li et al. (2021), and 
Khan et al. (2020) conducted studies on square-size vanes within 
porous media and porous cavities with vanes for Nusselt distribu-
tion and thermal analysis of MHD ferrofluid flow around cylindrical 
barriers through internal modifications of fluid cavities to enhance 
heat transfer. The research conducted by Wang et al. (2019) studied 
triangle cavities with barriers under buoyancy-driven nanofluid 
flow conditions (Wang et al., 2019), while Zhang et al. (2018) ana-
lyzed wavy porous cavities under magnetic field influence (Zhang et 
al., 2018) to achieve enhanced performance results. The implemen-
tations lead to effective results but concurrently require complex 
materials, active control systems, and intricate designs, which result 
in higher system expenses and greater complexity.

The similarity study we carried out with previous research by Sade-
ghi et al. (2020) [4] showed the role of implementing insulation in 
enhancing a house’s hotness. Consistency is ensured in the simula-
tion program by applying the same features, sizes, and details used 
previously through the addition of the enclosure to the process. A 
simulation of average volume temperature was carried out in ac-
cordance with the latest research, heating the pipe to 321 K based 
on prior simulations. In contrast, by incorporating the enclosure 
(Figure 13), the temperatures in this work are consistently 328 K 
or higher, which represents a clear advancement relative to the re-
search paper that investigated the idea.

 (a)
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(b)

Figure 13. Average volume temperature profile of the ETSC water 
heater with 26 Lit tank capacity: (a) Sadeghi et al. work (2020) [4] 
and (b) present work

The effectiveness of using enclosures in the workplace has been 
demonstrated in comparative research, not only in terms of average 
volume temperature but also as a mechanism for improving thermal 
efficiency and saving energy. As in previous research, results were 
not comparable to those obtained in the current work due to the 
enclosure used, which led to a reduction in thermal energy. Figure 
14 shows the difference in water temperatures in the solar collector 
without additives and provides a comparison with previous re-
search, indicating close agreement (8.97% error) between tempera-
ture values.

Figure 14. Verification of the numerical investigations of the ETSC water heater studies

The 7 K rise in temperature (321 K to 328 K) indicates how the 
external enclosure helps minimize heat losses from the solar evac-
uated-tube collector. This enhancement is due primarily to the en-
closure’s ability to reduce convective and radiative heat loss to the 
surroundings. The enclosure traps more solar energy by creating a 
controlled microclimate around the tubes through the glass front 
and insulated back wall, leading to increased internal temperatures. 
This simple passive technique can significantly improve the thermal 
performance without involving complicated materials or active sys-
tems.

The enclosure system presented shows considerable potential for 
low-cost, sustainable heating systems, particularly in environments 
that have varying conditions, i.e., different temperatures, humidity, 

and wind exposure. Compared with conventional improvement 
techniques that use nanofluids, active tracking systems, or internal 
structural alterations, this passive enclosure retains heat using com-
mon materials (glass and coated steel). The outcome is an increase 
in the average volume temperature by 1 K, to 328 K and a maximum 
thermal efficiency of 94.29%, both attained without any input of 
energy or operational complexity. This method is particularly valu-
able for off-grid rural systems, areas with limited economic devel-
opment, small commercial and residential applications, and regions 
with large seasonal variability. This enclosure will retain heat during 
non-solar hours, making the system reliable for space heating and 
domestic hot water. Its low cost and ease of construction mean that 
it can be replicated in both urban and remote locations, where cost 
and energy efficiency are paramount; see Table 10.

Table 10. Summary of simulation results for solar evacuated tube collector performance

Parameter Enclosure Gap Azimuth Angle Season Max Avg. Tube Temp. (K) Thermal Efficiency (%)
Optimal Setup 10 cm 0° Summer 314.5 94.29

Enclosure gap variation 20 cm 0° Summer 314.0 94.25
30 cm 0° Summer 312.0 94.18

Azimuth angle variation 10 cm 40° Summer 313.0 94.14
Seasonal variation 10 cm 0° Winter 304.0 91.10

Maximum recorded 
temperature — — — 328.0 (peak condition) —
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3.7. Thermal inertia and long-term performance implications

A solar evacuated-tube collector with an external enclosure offers 
several benefits, including thermal inertia and extended service life. 
This aspect of the system—storing heat and releasing it slowly over 
time— is especially welcome during periods of low radiation, i.e., 
early mornings, evenings, or under cloud cover. The thermal iner-
tia can be influenced mainly by the enclosure materials and the air 
gap that surrounds the evacuated tubes. Other materials used for 
thermal mass may include glass on the front cover and coated steel 
on the back wall, since these materials can retain heat gains during 
peak radiation hours and slowly release them when solar energy in-
put is scarce. This assists in maintaining a more consistent internal 
temperature in the system and performs better than solar heating 
when the sky is not clear or the system is not receiving much direct 
sunlight.

Another major benefit of the external enclosure is heat retention. In 
sunny states, the system accumulates heat and subsequently delays 
its release during periods of low radiation or at night. This aspect 
is especially significant for an off-grid or low-resource installation, 
where the energy available during periods of reduced sunlight is a 
key factor in the system’s subsequent reliability. The surrounding 
environment also prevents rapid cooling of interior temperatures 
by reducing convective heat loss, which is particularly effective in 
cloudy weather.

Such long-term effects on the performance of the external enclosure 
include increased system stability, reduced need for regular heating 
support, increased operational time, enhanced long-term resilience, 
energy savings during adverse weather, and long-term energy stor-
age. The enclosure’s thermal mass will also increase the system’s 
durability because it minimizes thermal cycling effects and thereby 
reduces material degradation from repeated thermal cycling. More-
over, the application of phase change material(PCM) incorporated 
into the enclosure system can enhance energy storage and long-
term system efficiency, and, therefore, present an extremely accurate 
and economical solution to the solar thermal energy system in the 
region of changing solar irradiance.

4. Conclusion

This paper demonstrates that a simple, non-customized encapsula-
tion around solar evacuated-tube collectors substantially increased 
their thermal performance by minimizing thermal losses to the 
surrounding environment. An air gap enclosure of 10 cm increased 
the average volume temperature to 328 K, compared to 321 K 
without an air gap enclosure. The maximum thermal efficiency 
realized under summer conditions was 94.29%. This was achieved 
and sustained without the need for sophisticated materials, active 
solar positioning, or extra energy input. The findings indicate that 
external enclosures are a cost-effective and convenient addition to 
solar thermal systems, particularly in environments with unpre-

dictable conditions. Prospectively, research is needed on how phase 
change materials (PCMs) can be integrated into enclosure design. 
Therefore, PCMs enable greater system stability and energy avail-
ability during off-sun hours, because surplus thermal energy can be 
stored during the middle of the day, when solar irradiation reaches 
its peak, and released during periods of low solar irradiation. It can 
also increase the efficiency of solar capture over a broader portion 
of the day by combining the passive enclosure with adaptive or 
half-passive solar tracking systems, namely gravity-driven or ther-
mally activated mechanisms that accommodate large ranges of solar 
angle (e.g., tropical, temperate, and polar latitudes). The approach is 
also promising across a wide variety of climatic zones and cities of 
residence. In cold or temperate climates, the enclosure may serve as 
a thermal shield against ambient cold temperatures and wind chill, 
enhancing winter performance. The small size and non-invasive 
character of the enclosure system would enable it to be modified 
into a rooftop or facade installation in urban environments where 
active tracking can be impractical due to high construction density. 
Subsequent analysis must evaluate the system’sthermal response to 
different geographical locations with variable humidity, wind, and 
irradiance. Finally, the durability of materials used in enclosures 
must be considered. Though glass has a high solar transmittance 
and is durable, it can degrade when exposed to UV light or be-
come soiled, both of which significantly reduce its efficiency. The 
back wall is made of coated steel, which must be able to withstand 
thermal cycling and be resistant to corrosion. Further testing should 
involve accelerated aging, material fatigue testing, and assessment of 
maintenance requirements to certify the system’s long-term, stable 
performance. Expanding this study to larger-scale field trials and 
economic lifecycle studies will provide essential information about 
implementation and scalability in the real world.

One limitation encountered is that not all physical phenomena 
can be simulated by the simulation program because it requires a 
supercomputer. Future studies will explore the following variables: 
different climatic conditions; the system’s performance over a longer 
period; and the materials used for the enclosure.

The use of external enclosures reduces environmental heat loss, re-
sulting in improved thermal performance of solar evacuated tube 
collectors at an affordable implementation cost. Thermal efficiency 
reached a maximum of 94.29%, accompanied by an internal tem-
perature increase to 328 K , achieved through the use of an external 
enclosure under various seasonal and azimuthal conditions. The re-
search provides meaningful information for engineers and scholars 
in solar energy, building services, HVAC, and thermal engineering 
who aim to develop sustainable heating systems using basic materi-
als and passive systems.

The study reaches reliable conclusions demonstrating the extent to 
which the system performs better with an external enclosure. Using 
an enclosure raised the temperature to 328 K, increased system effi-
ciency to 94.29%, and produced greater thermal stability during the 
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evening, all without installing expensive or active systems. The data 
show that the enclosure enables the solar collector to maintain good 
performance under variations in the sun’s path and across seasons.

In the future, field tests, material tests, and phase-change materi-
als should be incorporated to enhance the insulation and design of 
the system. Developers should also investigate adaptive enclosure 
approaches to sun tracking and the extended operation of systems 
across various climatic zones. These renewable energy sources and 
PCMs can be adapted via co-integration with adaptive tracking 
technology to maximize efficiency and utilization. PCMs are capa-
ble of storing excess heat at midday and can be placed inside walls or 
panels with very little alteration. Adaptive solar-tracking technology 
provides improved irradiance throughout the day, and contem-
porary microcontrollers and low-power mechanical systems have 
facilitated integration in mid- to large-scale installations. Studying 
these technologies would increase energy production, help manage 
diverse weather conditions, and improve enclosure in alternative 
thermal plans.
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Nomenclature
A		  Surface area (m2)
T		  Temperature (K (Kelvin))
Ti		  Temperature of surface i (K)
Tj		  Temperature of surface j (K)
σ		  Stefan-Boltzmann constant (W/m2· K4)	
ε		  Emissivity of surface - (dimensionless)
Q		  Heat transfer rate (radiation or convection) 
		  W (Watts)
h		  Convective heat transfer coefficient	 (W/m2· K4)
ρ		  Density (kg/m3)
cp		  Specific heat capacity (J/kg-K)
k		  Thermal conductivity (W/m· K)
v		  Velocity vector (m/s)
P		  Pressure (Pa (Pascal))
μ		  Dynamic viscosity (Pa-s)
Φ		  Volumetric heat generation (W/m2)
Jk		  Radiosity of surface k (W/m2)
Ek		  Emissive power of surface k (W/m2)
Fij		  View factor from surface i to surface j 
		  - (dimensionless)
η		  Thermal efficiency (% or -)
ṁ		  Mass flow rate (kg/s)
I		  Solar irradiance (DNI/DHI) (W/m2)
ΔT		  Temperature difference (K)
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