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Abstract 

The paper analyses the performance of a spherical solar collector compared to the efficiency 

of a flat-plate solar collector, which is the type of solar collector that does not use a tracking 

system in collecting solar radiation for energy conversion. Spherical solar collector benefits 

from a constant value of the angle of incidence, which optimizes the solar radiation that 

strikes the absorber of the solar device and maximizes the energy collection. Besides, the 

spherical geometry has a larger area for equal dimensions, width, and length. The combined 

effect of a larger surface and a higher value of the effective solar radiation onto the surface 

of the absorber increases the energy collection and the performance of the solar device. We 

developed a theoretical analysis to obtain the algorithm to determine the collected solar 

energy, which increases when using the spherical solar collector. A simulation runs to 

calculate the predicted values. We developed experimental tests in a spherical solar collector 

of 1.05 m in diameter, and in a flat-plate solar collector of 1.94 m × 1.025 m. to validate the 

simulation. The comparative analysis shows that a spherical solar collector generates more 

energy than a flat-plate one of the same absorbing surface by a factor of 2.09, and 7.75 times 

more if the width and height of the flat-plate collector equals the diameter of the spherical 

one.  
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1. Introduction 

Flat-plate solar collectors are the most widely used devices for low-temperature applications. 

The low operating temperature of this kind of device limits the number of applications for solar 

cooking, water and air heating, and agricultural produce drying processes [1]. 

Spherical solar collectors are not equipped with a solar tracking system [2], and currently do not 

have a concentration effect [3]; however, they operate all day long without a tracking system. On 

the other hand, the symmetric distribution of the absorber area related to the incident solar 

radiation optimizes the energy collection [4-6]. Spherical solar collectors, however, suffer from 

higher energy losses due to the shadow area of the absorber surface [7]. To avoid thermal losses 

from this section, we cover the non-illuminated area with a thermal insulation film that prevents 

infrared radiation. 

Spherical solar collectors show advantages and drawbacks in operating performance compared 

to flat-plate collectors [8, 9]; therefore, it is necessary to develop a detailed study to determine the 

suitability of using spherical solar collectors instead of flat-plate ones in low-temperature 

applications. 

Many studies are devoted to the performance analysis of spherical solar collectors, some of them 

already mentioned in the previous paragraphs. Other works deal with the type of absorber [10, 11], 

the geometry of the design [12, 13], the kind of application, water heating [14-16] or heating and 

cooling [17], the structure and characteristics of the storage system [18], or the improvement of the 

collector’s performance [19]. 

Other texts work on variations of the spherical geometry like semi-spherical collectors, which are 

similar in structure and characteristics with the difference of having only half of the geometrical 

development; among them, we can mention those devoted to the performance analysis [20], the 

evaluation of the received solar energy [21], the surface thermal distribution [22], or the analysis of 

heat losses [23]. 

Specific work studies the performance of solar air heaters (SAH), either using a triangular surface 

configuration [24], modifying the surface structure to simulate the SAH performance [25] or 

improving heat transfer [26], or evaluating the influence of a single and double-pass in SAH with 

thermal storage [27]. Finally, other texts analyze the environmental impact of SAH [28]. 

Despite all the previously developed work, the paper represents an advanced study on the 

comparative performance of spherical solar collectors related to the conventional flat-plate ones 

due to the specific treatment of the incoming solar radiation into the daily collected energy, 

considering the contribution of direct and diffuse solar radiation separately, and the influence of 

the angle of incidence of each component. 
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2. Theoretical Background 

Collected solar energy by a solar collector depends on the solar radiation intensity that arrives at 

the solar collector absorber and the effective area of the absorber. 

Solar radiation intensity arriving at the solar collector absorber depends on the angle of incidence 

through a coefficient known as Incidence Angle Modifier (IAM). The expression that determines the 

Incidence Angle Modifier is [29]: 

𝐾𝜏𝛼(𝜏𝛼) = (𝜏𝛼) (𝜏𝛼)𝑛⁄ = 1 − 𝑏𝑜(1 cos𝜃 − 1⁄ ) (1) 

The coefficient (τα) is the optical efficiency of the solar collector, which considers the 

transmission factor of the cover (τ) and the absorption coefficient of the solar collector absorber 

(α). Sub-index n in equation 1 indicates perpendicular incidence, and θ represents the solar radiation 

angle of incidence. The coefficient bo depends on the solar collector’s structure. The current value 

for a standard flat-plate solar collector with a single glass cover is bo = 0.1 [30]. 

The expression for the angle of incidence of solar radiation is (Equation 2) [31]: 

cos𝜃 = sin𝛿sin𝜙cos𝛽 − sin𝛿cos𝜙sin𝛽cos𝛾 +
+cos𝛿cos𝜙cos𝛽cos𝜔 + cos𝛿sin𝜙sin𝛽cos𝛾cos𝜔 +
+cos𝛿sin𝛽sin𝛾sin𝜔

(2) 

The parameters δ, ϕ, β, γ, and ω account for declination, latitude, tilt of the solar collector, 

azimuth, and solar hourly angle, respectively. 

The solar radiation intensity depends on the IAM factor: 

𝐺𝑒𝑓𝑓 = 𝐺𝑜𝐾𝜏𝛼(𝜏𝛼) (3) 

Although equation 1 is only valid for direct radiation, we can apply it to global radiation if we 

consider hemispheric diffuse radiation as a kind of “direct radiation” coming from a specific 

direction [32]. In the case of the isotropic atmosphere, the direction matches an incidence angle of 

60° [33], and equation 3 transforms in: 

𝐺𝑒𝑓𝑓 = 𝐵𝐾𝑏(𝜏𝛼) + 𝐷𝐾𝑑(𝜏𝛼) (4) 

Where B and D represent the direct and diffuse solar radiation, and Kb(τα) and Kd(τα) are the IAM 

coefficients for direct and diffuse components of the solar radiation. 

Combining equations 1 and 4: 

𝐺𝑒𝑓𝑓 = 𝐵[1 − 𝑏𝑜(1 cos𝜃 − 1⁄ )] + 𝐷[1 − 𝑏𝑜] (5) 

If we use global radiation: 

𝜃 = tan−1 (
𝑊

𝐷
) +

1

2
tan−1 (

𝑑 −𝑊

𝐷
) (6) 

W is the surface width, d is the Sun diameter, and D is the Earth to Sun distance. 

Since W<<d and W<<D, equation 6 transforms in: 
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𝜃 =
1

2
tan−1 (

𝑑

𝐷
) =

1

2
tan−1 (

1.39 · 109

1.495 · 1011
) = 0.27° (7) 

Equation 4 gives the instantaneous value of the effective solar radiation; however, it is more 

practical to use the daily average value, which we obtain from the equation [34]: 

𝐺
__

= 𝐵
__

𝑟𝑏 + 𝐷
__

𝑟𝑑 (8) 

�̅�  and �̅�  are the daily average values of direct and diffuse components of solar radiation. 

Coefficients rb and rd represent the ratio of collectible energy of a spherical to flat plate collector for 

direct and diffuse radiation; we obtain the coefficients from the equations [34]: 

𝑟𝑏 =
𝐵
__

𝑆𝑠𝑝ℎ𝛥𝑡𝑏

𝐵
__

𝑆𝐹𝑃𝛥𝑡𝑏

𝑡𝑠𝑠 − 𝑡𝑠𝑟
𝛥𝑡𝑏

= (
12

𝜋
𝜃)

2 𝑡𝑠𝑠 − 𝑡𝑠𝑟
𝛥𝑡𝑏

= (
12

𝜋
𝜃)

2 𝐿𝑑
𝛥𝑡𝑏

(9) 

𝑟𝑑 =
(𝐺 − 𝐵
________

)𝑆𝑠𝑝ℎ(𝑡𝑠𝑠 − 𝑡𝑠𝑟)

(𝐺 − 𝐵
________

)𝑆𝐹𝑃(𝑡𝑠𝑠 − 𝑡𝑠𝑟 −
12
𝜋 𝛽)

= (
12

𝜋
𝜃)2

𝑡𝑠𝑠 − 𝑡𝑠𝑟

(𝑡𝑠𝑠 − 𝑡𝑠𝑟 −
12
𝜋 𝛽)

= (
12

𝜋
𝜃)2

𝐿𝑑

(𝐿𝑑 −
12
𝜋 𝛽)

(10) 

Where tss and tsr are the sunset and sunrise hour, Ld accounts for the solar day length, and ∆tb is the 

interval at which the direct radiation strikes perpendicular to the surface. 

To obtain collected daily energy, we use the expression: 

𝜉
•

= 𝐺
__

(𝑟𝑑 + 𝑟𝑏)𝑆𝑠𝑝ℎ𝐿𝑑 (11) 

Because the spherical surface does not intercept direct radiation perpendicular to the surface of 

the absorber over the same section [35], we must use spherical coordinates to calculate the 

effective absorbing surface, being: 

𝑆𝑠𝑝ℎ = 𝑅2𝜃2 = 𝑊𝐻𝜃2 (12) 

Where W and H are the width and height of the absorption area, and R is the radius of the spherical 

solar collector. 

Combining equations 9 to 12: 

𝜉
•

= 𝐺
__

(
12

𝜋
)
2

𝑊𝐻𝜃4𝐿𝑑
2 [

1

𝛥𝑡𝑏
+

1

(𝐿𝑑 −
12
𝜋 𝛽)

] (13) 

We can express the energy collected by a flat-plate collector by: 

𝜉
•

= 𝐺
__

𝑊𝐻𝐿𝑑 (14) 

Therefore: 
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Δ𝜉
•

= 𝐺
__

𝑊𝐻𝐿𝑑 {(
12

𝜋
𝜃)

2

𝜃2𝐿𝑑 [
1

𝛥𝑡𝑏
+

1

(𝐿𝑑 −
12
𝜋 𝛽)

] − 1} (15) 

We determine the solar day length from the equation: 

𝐿𝑑 =
2

15
cos−1(−tan𝜙tan𝛿) (16) 

With: 

𝛿 = 23.45sin (360
284 + 𝑛

365
) (17) 

n is Julian day. 

To reduce the amount of calculation, we use the representative day of every month to determine 

the declination (Table 1). 

Table 1 Representative declination for every month of the year [31, 33]. 

Month Day of the month δ (°) 

January 17 -20.9 

February 16 -13.0 

March 16 -2.4 

April 15 9.4 

May 15 18.8 

June 11 23.1 

July 17 21.2 

August 16 13.5 

September 15 2.2 

October 15 -9.6 

November 14 -18.9 

December 10 -23.0 

3. Description of the System 

The prototype is a commercial spherical collector [36] of 1.05 m. in diameter, with an effective 

interception surface of 4.02 m2 (Figure 1), whose selectivity is 19. Figure 2 shows a cutting view of 

the prototype. 
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Figure 1 View of the prototype. 

A transparent plastic of high transmissivity (τ > 0.95) covers the surface. The spherical surface 

absorbs not only direct solar radiation but diffuse one from both hemispheres, as well as reflected 

radiation from the ground. We measure the solar radiation onto a horizontal plane with an SKYE-

TORN pyranometer [37], correcting the value for the appropriate angle using the expression: 

𝐺 = 𝐺𝑜cos𝜃𝑧 (18) 

Where: 

cos𝜃𝑧 = sin𝛿sin𝜙 + cos𝛿cos𝜙cos𝜔 (19) 

 

Figure 2 Cutting view of the prototype. 
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The tested flat-plate collector is a commercial unit [38] of 1.940 m in length and 1.025 m in width, 

with a surface of 1.989 m2 (Figure 3). For the comparative analysis of an equal absorbing surface, 

we used two units for a global area of 3.997 m2 that only differs by 1% from the spherical solar 

collector surface. For the comparative analysis of equal width and height, we used a single flat-plate 

collector with an opaque cover of 0.9 m length and 1.025 m width, resulting in an effective absorbing 

surface of 1.04 m × 1.025 m, which is very close to the diameter of the spherical solar collector. 

 

Figure 3 View of the tested flat-plate collector. 

To determine the received energy, we use a set of calibrated photocells of small size (5 mm × 5 

mm) uniformly distributed onto the solar collector surface, and connected to an energy meter 

device that computes the signal from the photocell sensor and converts it into energy. The energy 

meter device operates with an accuracy of 0.1 W. 

4. Simulation 

In the first group of tests, we simulated the performance of the spherical and flat-plate collectors 

using equations 14 and 15, which gives the difference in collected energy from equation 16. We 

developed this group of tests in two sections, equal absorbing surface (test 1) and equal width and 

height (test 2). 

For the simulation, we used the following values (Table 2): 

Table 2 Data on the astronomical parameters. 

Parameter φ (°) β (°) γ (°) ω (°) δ (°) 

Value 40.41 45 0 0 Depends on the day of the year 

We consider a null solar angle value (ω = 0) because we simulated the daily performance of the 

solar collector. 

We use the typical meteorological year (TMY) to determine the solar radiation for the testing 

location. In our case (Figure 4): 
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Figure 4 Daily distribution of solar radiation for the location of testing. 

Applying equation 14, using values from Table 2 for the declination, and the dimensions of the 

double unit flat-plate collector, we have determined the amount of energy collected by a flat-plate 

and a spherical solar collector of the same absorbing area. The simulation calculates the collected 

energy for every solar time and cumulates the values for every day of the year, resulting in a global 

yearly contribution of the collected energy of 3775.5 kWh. Repeating the operation for the spherical 

solar collector and applying equation 13, we obtain a year contribution of 7892.8 kWh. Comparing 

both results, we realize the spherical solar collector generates more energy than the flat-plate one 

by a factor of 2.09. If we deal with the length and width of the flat-plate collector equal to the 

diameter of the spherical one, the global yearly contribution of the flat-plate collector reduces to 

1021.7 kWh. Figure 5 shows the cumulative year energy distribution for the three cases. Flat-plate 

(covered) corresponds to the situation where we cover part of the collector to operate with the 

same width and height as the diameter of the spherical one. 
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Figure 5 Cumulative year energy for the spherical and flat-plate collector at the everyday 

solar time. 

Table 3 shows the ratio of the cumulative energy for the flat-plate collector compared to the 

spherical one. 

Table 3 Ratio of cumulative yearly energy. 

Solar 

collector type 
Spherical 

Flat-plate (equal 

absorbing surface) 

Flat-plate (equal 

width and height) 

Ratio 1.000 0.478 0.129 

The analysis of the simulation results predicts that the use of spherical solar collectors increases 

the year collected energy from 209% for an equal absorbing area to 775% if case the width and 

height of the flat-plate collector equal the diameter of the spherical one. 

5. Experimental Tests 

To verify the validity of the simulation and the numerical results, we developed a group of 

experimental tests using the collectors described in section 3 and reproducing the simulation 

operating conditions. Figure 6 represents the results of the tests for the flat-plate collector with the 

same absorbing surface as the spherical one. 
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Figure 6 Cumulative year energy for the flat-plate collector at the everyday solar time 

(simulation and experimental). 

Solar radiation is measured using a SKYE 1110 global radiation pyranometer of ±0.1 W/m2 

resolution.  

The accuracy in experimental measurements of collected energy is 0.1 Wh/m2. 

The continuous line in Figure 6 represents experimental results, while the dashed line accounts 

for the simulation output data. 

We observe a good correlation between experimental and simulation values, with a slight 

difference of 3.1% in the average daily collected energy. 

Reproducing the test for the spherical and covered flat-plate collector, we obtain (Figure 7 and 

Figure 8): 

As in the test of flat-plate collectors, there is a good correlation between experimental results 

and simulation data for the spherical solar collector. The adjustment coefficient of the subtended 

area for the two curves is 0.997. 

As in Figure 6, the continuous line in Figure 7 and Figure 8 represents experimental results, while 

the dashed line accounts for the simulation output data. 

The correlation between experimental results and simulation data is 0.970 for the case of the 

covered flat-plate collector. 
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Figure 7 Cumulative yearly energy for the spherical collector at every day solar time 

(simulation and experimental). 

 

Figure 8 Cumulative yearly energy for the covered flat-plate collector at every day solar 

time (simulation and experimental). 

The comparison between experimental results and simulation output data results in a good 

agreement, higher than 97% in the case of the flat-plate collector and close to 100% for the spherical 

one. Therefore, we consider the simulation procedure to be validated, and the prediction of 

collected solar energy is highly accurate. 

Since the comparative analysis applies to general conditions, which include geometrical 

characteristics and dimensions of the spherical and flat-plate collectors, the developed study applies 
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to different types of solar collectors, spherical, semi-spherical, and flat-plate. Equations 13, 14, and 

15 determine the collected energy and energy difference between two specific collectors, provided 

all geometric characteristics are known. 

The study also applies to different regions and solar environmental conditions since the 

reference equations used in the calculations (equations 13.14 and 15) use the average global solar 

radiation on site, the angle of incidence, and the tilt of the solar collector. 

6. Conclusions 

The use of spherical solar collectors increases daily, monthly, and yearly collected energy. The 

average increase depends on the size of the collector. 

For an equal absorbing surface, the spherical solar collector shows an increasing factor of 2.09 in 

the year average solar collected energy. For the case where the width and height of the flat-plate 

collector equal the diameter of the spherical one, the collecting energy by this latter one increases 

by a factor of 7.75. 

The running of a simulation procedure based on the developed algorithms for the solar energy 

collection matches the results from experimental tests within 97% for the case of the flat-plate 

collector and 99.7% for the spherical one. 

The validation of the simulation procedure allows us to predict the increase in solar energy 

collection when using spherical solar devices. 

The study is valid for variable solar collectors’ configurations and solar radiation conditions. 
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