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Keywords: Solar tracking devices are efficacious in maximizing solar irradiation collection. However, higher
Sglar collector price makes these systems less frequently used. As an alternative, optimum tilt angle estimation has
Tilt angle the advantage that it does not involve tracking cost expenditure. In this study, optimum tilt angles
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for different months have been computed for Hamirpur, Himachal Pradesh, India (L 31° 42’ N).
Several mathematical models and statistical tools have been employed to forecast the monthly
optimum tilt angles for the selected site. Different scenarios have been presented by considering

five, four, three, and two annual adjustment models to increase the practical usage of the estimated
optimum tilt angles. Additionally, cost-benefit analysis has also be performed on the PV panels.
Based on the results, it has been concluded that model M — 11, with three annual adjustments,
stipulates maximum benefits over the other models. This study can serve as fundamental guidance
for setting up solar energy plants in this specified region with the highest efficiency.
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Nomenclature

17 Latitude

n Julian day

1) Declination angle

0 Incidence angle
Hour angle

0z Zenith angle

y Azimuth angle

7s Solar azimuth angle

s Sunset angle

Popt,monthly Monthly optimum tilt angle
Popt.yearty Yearly optimum tilt angle

Hp Beam radiations on the tilted surface

H, Maximum direct beam radiations

H Beam radiations normal to the horizontal surface
Rp Beam radiation view factor

Hyp Reflected radiations

H, Daily extraterrestrial radiations

kr Day’s clearness ratio

Gsc Global solar constant

Hy Diffuse radiations on the horizontal surface
Hp Diffuse radiations on the tilted surface

Hg, Global irradiance

Pq Reflection factor

GI Global Irradiance

sc Solar collector

PV Photo Voltaic

1. Introduction

Energy is an essential requisite for every living being to sustain life and development. The resources of energy are categorized as
conventional and non-conventional resources. Conventional energy resources are conventionally utilized for complying the energy
requirements. However, these resources are nearly exhausted, and their utilization is non-ecofriendly [1,2]. Non-conventional energy
resources are abundant while also more sustainable than conventional resources [3,4]. Among numerous energy resources available,
solar energy distinguishes itself as one of the cleanest ones. The solar energy received on a particular location on earth changes
throughout the day and year because of the rotary motion along its axis and revolutionary movement along with the sun, respectively
[5-8]. The most feasible method to collect maximum solar irradiations is by establishing the solar tracking system. However, solar
energy entrepreneurs dodge the solar tracking systems due to their high cost [9]. Alternative expedient means to harvest an extensive
amount of solar irradiations is by exercising the tilt angle adjustment of the solar collector (SC). Attaining considerable amount of solar
energy by the means of SC system is a convoluted process. It comprises examining the climatology, positioning, and tilt adjustment
with the wide-open surface horizon [10]. Therefore, climatology and optimum tilt angle assessment is desirable prior to the onset
installation of an SC system.

Recently, various studies have been reported respecting to SC tilt angle optimization and correlation assessment across the world.
Wessley and co-workers [11] designed a model for optimum SC tilt angles by considering different Indian cities. Similarly, Benghanem
[12] calculated the monthly optimum tilt angles (Bopt, monthty) for Madinah, Saudi Arabia. Siraki and Pillay [13] studied the effect of tilt
angle at different latitudes and the consideration of obstacles in an urban area. It was found that the optimum tilt angle is not only
influenced by obstruction at an urban place but also by the azimuth angle. In an another study, Soulayman and Sabbagh [14] intended
to work on assessing the tilt angle at tropical regions and found a percentage increment of 11 to 18% from a conventional system.
Several authors have reported that latitude angle is a significant parameter for determining the variation in monthly and yearly op-
timum tilt angles [15-18].

As seen in various studies, optimum tilt angle correlation development for a particular latitude range can bring forth substantial
application possibilities. Most of the correlations are developed based on latitude or the declination angle. Morad et al. [19] calculated
the monthly and Sopt., monthty and Bopt. yearty for Diyala and Tikrit of Baghdad. The Sy, yearty assessment and correlation development for
26 Indian cities were carried out by Yadav and Chandel [20]. Al-Sayyab et al. [21] conducted an experimental and theoretical study for
assessing tilt angle variation on photovoltaic cells’ output in Basrah city of Iraq. The authors also checked the accuracy of their
developed correlations using different statistical tools. Similarly, Stanciu and Stanciu [22] developed a correlation for fopt, monhty for
various locations in the northern hemisphere in terms of declination angle.

Theoretically, Sopt,monthty assessment can be conducted effortlessly. However, it is tedious work to change the tilt angle of the SC
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each month practically. Thereby, various annual adjustment models have been devised and suggested in the literature. Skeiker [23],
Sultan et al. [24], Ismail et al. [25], and Khorasanizadeh et al. [26] considered the winter starting from December to February, and
some other authors like Talebizadeh et al. [27] suggested winter from November to January. Idowu et al. [28] evaluated the optimum
tilt angle for each month at low latitude tropical regions. It was found that tilt angles¢ + 25°for November, December, and January,p +
15°for February, September, and October; ¢ — 15°for August; ¢ — 25°for May, June, and July; and ¢for March and April provided the
most relevant results.

The literature suggests that the solar irradiation collection can be significantly improved by tilt angle optimization. In this article,
the optimum tilt angle assessment has been conducted for a location (Hamirpur (L31°42'N)) in the western Himalayan region. The
correlations have been developed to generalize the obtained results. The accuracy of these correlations has been checked by statistical
tools such as coefficient of determination (Rz), the sum of the square of the relative error (SSRE), relative standard error (RSE), and root
mean square error (RMSE). Different scenarios have been devised by considering five, four, three, and two annual adjustment models
for increasing the practical usage of these tilt angles. Adjustments of the tilt angle also improved the operational cost of the system. A
cost-benefit analysis has also been conducted to estimate the actual effectiveness of these models [29]. This research would provide a
window to the process of making most of the solar energy and developing an alternative to the solar tracking system.

2. Solar irradiation on the tilted surface

Solar irradiation intensity over the SC changes continuously due to the change in the sun’s position with respect to the earth
(Fig. 1). The slope of the SC is defined by the tilt angle of the collector () about the horizontal surface. The azimuth angle (y)
(westward positive and eastward negative) determines the SC’s orientation concerning the south. The other associated angles which
are used for tracking the sun w.r.t. any latitude on the earth are declination angle (8), incidence angle (0), hour angle (®), zenith angle
(62), and sunset angle (ws) [30].

Global irradiance (GI) is the total solar power received by the surface of SC. GI is the sum of direct, diffuse, and reflection irradiation
from the nearby surfaces (Fig. 2).

Hg s = Hpeam + Hpiuse + Hrefrected 1)

HH7,:H~RB+HJ-(@)+((H+H‘,> .pg.(U*;OSﬂ))) @

Rp is the beam radiation view factor, H is the direct beam irradiation normal to the horizontal surface, Hy is the monthly average
diffuse irradiation, and py is the reflection factor. Correlations for various associated entities are readily available in the literature [9,
17,24,30].

For estimating the diffuse radiation component on a tilted surface, two types of models, viz., isotropic and anisotropic models, are
implemented. Yadav and Chandel [33] performed a comparative analysis of different diffuse radiation models for a location in the
northern hemisphere. They uncovered that the results obtained from the isotropic model (Liu and Jordan [31]) were maximally
effective. Therefore, the same model has been used in this study.

3. Tilt angle assessment
3.1. Data collection

Computations for tilt angle optimization have been conducted for Hamirpur, Himachal Pradesh (L31°42'N), located in the Western

Sun Trajectory

Zenith

South /

Fig. 1. The schematic is representing different solar angles and orientations for the flat-SC.
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Extraterrestrial Solar Radiation

Surface of Earth

Fig. 2. The schematic is representing the sky and different constituents of solar irradiation over a tilted collector. Mathematically, GI is given as
[31,32].

Himalaya region. Data for diffuse and global irradiance from 2012 to 2017 have been taken from the Center for Energy and Envi-
ronmental Engineering situated at the National Institute of Technology, Hamirpur. Solar irradiance at the selected location varies
throughout the year (Fig. 3). Two peaks of solar irradiance and sunshine hours have been observed in April-May and
August-September.

3.2. Monthly optimum tilt angle (Bopt.,monthiy)
Solar irradiance on the tilted surface has been computed using Eq. (2). Since the location is in the northern hemisphere, the SC is

oriented toward the true south (i.e., y=0°). The tilt angles have been varied from 0° to 90° for the calculations. The tilt angle cor-
responding to the maximum solar irradiance has been selected as the optimum tilt angle.

3.3. Correlations for optimum tilt angles

The methodology for developing optimum tilt angle correlations has been discussed in this section. Three mathematical models (Linear, second-degree polynomial, and

third-degree polynomial equations) have been developed to estimate the optimum tilt angle based on the declination angle. Declination angles have been evaluated
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Fig. 3. Daily contribution of different components of the GI on the horizontal surface and the number of sunshine hours.
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corresponding to the Julian day at the center of each month. These values are depicted in Table 1.

3.4. Statistical analysis

The developed correlations have beenstatistically analyzed with four statistical methods [35-37]. The selected methods are co-
efficient of determination (R2), sum square relative error (SSRE), relative standard error (RSE), and root mean bias error (RMSE).

The coefficient of determination (R2) shows how much one variable depends on another. This statistical tool provides a linear
relationship between the measured and calculated data. The value of R2 ranges from 0 to 1, and its best value is close to 1. It is
evaluated by Eq. (4). Here, ca and ma are the average of the calculated and measured quantities, respectively.

S (ci — ca) x (mi — ma)
[> o (ci— ca)z} x [Yor (mi — ma)z}

The sum of the square of the relative error (SSRE) shows the total square error and is normalized by dividing it by the absolute error of
correlation. The outcome of this statistical tool is a positive integer, and the ideal value is zero.

n . N 2 n
- 1
SSRE — 21 (%) where, ¢ = Zl ci “4)

The relative standard error (RSE) determines the accuracy degree of the correlation and the actual results. The RSE is calculated
using,

R =

(3)

5)

Root mean square error (RMSE) is another significant parameter to compare short-term measured and predicted model performance.
Its outcome is a positive integer, and the ideal value is zero. It is calculated as follows:

n

RMSE—= |- > (ci— mi)’ (6)

n=

These equations determine certain margins of error in predicted and measured results.

3.5. Utilizable scenarios and models

Four scenarios, including a total of fourteen models, have been developed in this study. These models have been framed based on
seasons, average monthly solar irradiance, and range of S, monthiy for the current site. Further explanation of the model formulation
methodology has been discussed in section 4.5.

3.6. Cost-benefit analysis

Solar irradiation collection through SCs is a function of the incident GI. However, the economy of this process depends on other
variables as well. The professional technicians adjust the tilt angle and charge a considerable amount. Consequently, an increase in
adjustments can also affect the overall economy of the solar energy collection. The SC tilted at fSopt., monthly can collect maximum solar
energy. However, the number of adjustments associated with this model is also high; therefore, it cannot be considered the best model.
A market-based cost-benefit analysis [29] has been executed to discover the most practicable model. Cost-benefit analysis is an
economic tool for estimating the overall earning by evaluating different benefits and costs and subtracting the service’s prices to
ultimately acknowledge the overall earnings [38]. The primary considerations for the cost-benefit analysis are as follows:

(a) PV panels have been considered as SCs to calculate solar energy collection economics. PV panels are supposed to spread over a
trivial area of 1500 m?.

(b) PV panel’s efficiency is the ratio of electricity generated to the received solar irradiation [39]. At present, the solar cells can
work with maximum efficiency of 30% [40]. For the current estimation, the PV efficiency is assumed as 20%.

Table 1

Suggested values of Julian day and declination angle for different months [34].
Months Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Day of the year 17 47 75 105 135 162 198 228 258 288 318 344
Date 17/1 16/2 16/3 15/4 15/5 11/6 17/7 16/8 15/9 15/10 14/11 10/12
Declination (8) —20.92 -13.29 —2.42 9.41 18.79 23.09 21.18 13.45 2.22 —9.60 —18.91 —23.05
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(c) The thermal, transmission, and other miscellaneous losses reduce the generated electricity significantly at the application end. It
is well-known that the temperature of the surroundings strongly influences the output of the PV panel [41]. For every degree rise in
temperature from the standard (i.e., 25°C), the PV panel’s efficiency decreases by 0.4-0.65% [42]. So, the percentage of energy loss by
an increase in temperature is assumed to be 5% in this study. Conversion losses of DC to AC, with transmission losses, are considered to
be 5%. Other miscellaneous losses due to dust and shadow have been assumed to be about 10% of total energy conversion.

(d) The price of electricity has been calculated by kWh of energy consumption. Thus kWh/day energy is estimated by multiplying
the output energy of PV panels by the total number of sunshine hours per day. Average sunshine hours are 9.66 h/day for this
location. The total sunshine hours have been considered 7 h/day for this study by bearing in mind extreme environmental
conditions.

(e) The price of electricity in India is different in every state. For Himachal Pradesh, the per-unit charge slab starts from Rs. 1 to a
maximum of Rs. 4.35 for domestic subsidized supply. The least price of solar electricity is 2.44 Rupees. In this study, the
electricity price is assumed to be 2.5 Rs./kWh.

Earnings have been evaluated by considering various losses from the most feasible models of each scenario. Aggregate earnings or
benefits from PV panels are a function of tilt angle adjustment cost. Final earnings have been evaluated considering this factor, and
results have been discussed.

4. Results and discussion
4.1. Optimum tilt angle assessment

Daily solar irradiance on a tilted SC at different angles has been computed using Eq. (2). The results are plotted in Fig. 4(a).
Optimum tilt angles corresponding to maximum irradiance have been shown in Fig. 4(b).

The graph shows that the optimum tilt angles reaches to maximal values between November and January. However, its smallest
values are observed from May to July. GI for fopt., monhly is compared with the cases when the SC is fitted at a /=0° and /=¢. Month-wise
comparison data for solar irradiance over differently tilted surfaces are presented in Table 2. The data depict that the enhancement in
solar irradiance from p=0° increases gradually from June to December, and afterward, it decreases from January to June. The
enhancement from f=31.69° has two peaks: one between October and February and another between April and August. The minimum
value has been observed in March and September. The monthly maximum solar irradiance enhancements for fopr, monchly are 58.7% and
8.8% from p=0° and $=31.69° respectively. These data show that the SC oriented at fop,montuy could significantly collect more
irradiations.

4.2. The correlations for optimum tilt angles
The correlations have been formulated for the fopt.,monthly. Eq. (12), Eq. (13), and Eq. (14) represent the linear, second-degree

polynomial, and third-degree polynomial mathematical models, respectively (Fig. 5). By using these mathematical models, the
popt.,monthly can be assessed. The following section discusses the statistical analysis of these developed models.

Bopr. = — 1.0728(5) + 33.285 (12)
Bopr. = —0.0009(5) > — 1.0727(8) + 33.515 (13)
Jan
. Feb
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Fig. 4. (a) Variation of solar insolation with tilt position for different months, (b) Monthly optimum tilt angle (Degrees).
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Table 2

Comparison of average GI (W/m?) over the surface at different values of tilt angle.
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Month (Hg)p—0r (Hgp—y (Hg,0) p—monhly opt. Solar irradiation collection enhancement for Sope, monhty (%)
From (=0° From =31.69°
Jan 411 551 583 41.7 5.8
Feb 464 581 595 28.3 2.4
Mar 578 655 656 13.5 0.1
Apr 684 717 723 5.7 0.8
May 765 752 779 1.8 3.5
Jun 663 633 667 0.6 5.4
Jul 478 461 482 0.9 4.5
Aug 565 575 584 3.4 1.6
Sep 613 688 688 12.2 0.0
Oct 599 758 775 29.2 2.2
Nov 512 707 750 46.6 6.1
Dec 417 607 662 58.7 8.8
Popr.= — 0.00002(5) 3 0.0009(6) L 1.0647(5) + 33.515 (14)

4.3. Statistical analysis

The R2, RSE, SSRE, and RMSE have been used to check the accuracy of developed mathematical models. The outcomes of these
statistical tools are presented in Table 3. The ideal product of R2 is 1. Eq. (13) and Eq. (14) (0.9986 for each) provide the most relevant
result of R2 as compared to Eq. (12) (0.9985). For RSE, SSRE, and RMSE, the most suitable outcome is near to zero. Eq. (14) provides
comparatively more relevant results for RSE (0.0206), SSRE (0.005), and RMSE (0.6633). Fig. 6 shows the calculated and predicted
popt.,monthly. No significant deviations observed when fopt.,monthly are estimated by Egs. (12)-(14). The stable results have been
obtained from all the developed equations for monthly percentage error (Table 4). The highest value is in July for all the equations,
while the lowest value is in December. Average absolute error values for Eq. (12)-13-14are 2.07, 1.63, and 1.60, respectively. Here, the
equation that best represents all values is Eq.(14).

4.4. Comparison

The comparison of the current procured results with the published literature has been carried out. For this comparison, the fopt. yearty
has been calculated by averaging the fopt., montly- Afterward, the comparison of the fope. yearty has been conducted with the correlation
provided in the literature.

Table 5 presents the comparison of previous studies in the literature at Hamirpur and the values of the current study. These
reference equations are developed particularly for the northern hemisphere. The table shows that the Sy, yearty Obtained from the
correlations significantly deviate from the current study [30,43-46]. However, the variation has been observed least from the cor-
relations developed for a particular region. The Darhmaoui and Lahjouji [47] estimated the fop, yearty for Mediterranean regions and

Hamirpur
60 T T ; p
Q
ﬁ\ O 31°42'N
O\\ linear
50 AN quadratic
cubic
=
P 40 . 1
& .}
< ‘\*O
E 30 F \\\ ]
E 20t
p=y
10 \c\ 8
0 Il 1 1 2

-30 -20 -10 0 10 20 30
Declination Angle (d)

Fig. 5. Correlation providing monthly optimum tilt angles for Hamirpur (Eq. (12) to Eq. (14)).
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Table 3
Statistical analysis of thedevelopedmathematical models.
Statistical analysis Eq. 12 Eq. 13 Eq. 14
R? 0.9985 0.9986 0.9986
RSE 0.0254 0.0211 0.0206
SSRE 0.0072 0.0051 0.0050
RMSE 0.6831 0.6690 0.6633
December ']'.
November %'.
October } }
September ]

August '.E [ ]Calculated
e — Eq.12
June —E Eq.13
ey =1t
April ] !
March ] 7

February !

Months

January )
T T T T T T

0 10 20 30 40 50 60
Optimum Tilt Angle (B°)

Fig. 6. Calculated and predicted values comparison for Hamirpur.

Table 4

Statistical error (%) of thedeveloped equations for Hamirpur.
Months Eq.12 Eq.13 Eq.14
January -1.5 -1.1 -1.1
February -0.9 -1.1 -1.1
March -3.2 —4.0 -3.7
April 0.4 —-0.4 -0.4
May 3.0 3.7 3.7
June -3.7 0 0
July ~4.0 ~2.0 -2.0
August 1.1 0.5 0.5
September 3.1 2.5 2.5
October 3.1 2.7 2.9
November 0.7 0.9 0.9
December 0.2 0.7 0.5

Table 5

Optimum tilt angle by current and literature studies for Hamirpur.
Reference Model Bopt. yearty (DeGTEES)
Wessley et al. [11] Popt., yearty = 0.8230 + 8.8274 34.90
Duffie and Beckman [30] Popt., yearty = (@ +15) £ 15 39.19
Jamil et al. [43] Popt.. yearly = D 31.69
Ajao et al. [44] Bopt. yearty =@+ 135 45.19
Kern and Herris [45] Popt.. yearty = @+ 10 41.69
Yellot [46] Bopt., yearty = @+ 20 51.69
Darhmaoui and Lahjouji [47] Bopt.yearty = 1.25351 @ — 0.00728944 @2 32.64
Present study 33.26
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developed a correlation in terms of latitude angle. A trivial difference of 0.64° has been observed between Darhmaoui and Lahjouji
[471 and the current study. Similarly, Wessley et al. [11] evaluated the optimum tilt angle for Indian cities and developed a correlation
for Bopt. yearly- A minor deviation of 1.64° has been observed between Wessley et al. [11] and the current study. This comparison can also
be detected as a validation for this study.

4.5. Utilization models

The models under different scenarios have been developed to increase the practical applicability of the assessed optimum tilt
angles. For scenario I, three models have been designed with five annual adjustments. The averaging of the fop:, monthiy is an effective
method to devise the different seasons. Thereby, the M — 1 and M — 3 have been developed based on the range of optimum tilt angle.
Fig. 4(b) demonstrates that the maximum fp;, monchly Values have been observed from November to February. Whereas approximately
similar values have been observed for March and September, April and August, May and July. For M — 1, the November to February
has kept in one adjustment group while the other adjustment groups have been defined relatively.

For designing the M — 2, the variation in solar irradiance for the consecutive month has been chosen as a basis. Four models have
been designed for scenario II, which requires four adjustments per year. Models M — 4 and M — 6 have been designed as per the
suggestion of [27] and M — 5, according to Ref. [24]. For the selected site, winter, summer, monsoon, and autumn last from December
to March, April-May, June-August, and September-November, respectively (Fig. 7 and [48]). Based on this data, M — 7 has been
designed. The models under scenarios III and IV encompass three and two adjustments per year, respectively. The M — 10 and M — 14
have been formulated as per the convenience of dividing the months of a year.

The M — 8 and M — 9 have been chosen, as suggested by Refs. [24,27], respectively. The M — 11, M — 12, and M — 13 have been
designed based on the range of fopt, monshty for different months. Fig. 7 additionally clarifies the concept of model formulation. Yearly
average solar irradiance on the tilted surface from each model has been estimated and compared with each other. The range of months
for different models and their respective tilt angles have been presented in Table 6 and Table 7, respectively.

4.5.1. Scenario I

In this scenario, it has been assumed that five adjustments per year are sufficient for irradiation collection. The annual average solar
irradiance for M — 1, M — 2, and M — 3 has been computed and presented in Fig. 8(a). M — 3 provides maximum average irradiance
compared to M — 1 and M — 2 in Scenario L.

4.5.2. Scenario Il

This scenario assumes that only four adjustments per year are sufficient for collecting solar irradiations. Four models have been
developed, and four seasons are considered for each model. The annual average of incident irradiance has been computed for each
model and compared with each other. Approximately the same solar irradiance has been observed for all the models under this
scenario (see Fig. 8 (b)). The descending order of models based on annual average incident irradiances is M-7>M-5>M-4>M-6.

4.5.3. Scenario III
For this scenario, four models have been devised in which each model requires three annual adjustments. As the numbers of ad-
justments carried throughout the year are comparatively low, so are the incident irradiance on the tilted SC. The annual average
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& ] ] 7 M-3
£ 1100 192
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Fig. 7. The concept for the model formulation.
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Table 6
Scenarios and models for the tilt angle.
S. No. Scenario I Scenario II Scenario III Scenario IV
M-1 M-2 M-3 M-4 M-5 M-6 M-7 M-8 M-9 M-10 M-11 M-12 M-13 M-14
1 Nov.-Jan. Jan.-Mar. Oct.—Jan. Nov.-Jan. Dec.-Feb. Jan.-Mar. Dec.—Mar. Nov.—Feb. Dec.—-Mar. Jan.—-Apr. Oct.-Feb. Oct.—May Oct.—Mar. Jan.-Jun.
2 Feb.—Mar. Apr.-May Feb.—Mar. Feb.—Apr. Mar.-May Apr.—Jun. Apr.-May Mar.—Jun. Apr.—Jul. May-Aug. Mar.-Apr. Jun.-Sep. Apr.—Sep. Jul.-Dec.
3 Apr.-May Jun.—Jul. Apr. May-Jul. Jun.-Aug. Jul.-Sep. Jun.-Aug. Jul.-Oct. Aug.—Nov. Sep.—Dec. May-Sep.
4 Jun.-Jul. Aug.—Oct. May -Jul. Aug.—Oct. Sep.-Nov. Oct.-Dec. Sep.-Nov.
5 Aug.—Oct. Nov.-Dec. Aug.-Sep.

‘D 32 DULIDYS Y

S8IT0I (IZ0Z) 9Z SulpaulSuy [PULIDY], Ul SAIPIS 2SDD
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Table 7
Tilt angle (degrees) for different scenarios and models.
Month Scenario I Scenario II Scenario III Scenario IV
M-1 M-2 M-3 M-4 M-5 M-6 M-7 M-8 M-9 M-10 M-11 M-12 M-13 M-14
Jan 55.5 45.4 52.9 55.6 53.2 45.4 48.6 53.4 48.6 40 51.7 41.2 48.9 30.2
Feb 40.7 45.4 40.7 34.9 53.2 45.4 48.6 53.4 48.6 40 51.7 41.2 48.9 30.2
Mar 40.7 45.4 40.7 34.9 23.6 45.4 48.6 20 48.6 40 29 41.2 48.9 30.2
Apr 18.3 18.3 23.1 34.9 23.6 14.9 18.4 20 13.8 40 29 41.2 17.7 30.2
May 18.3 18.3 10.6 10.6 23.6 14.9 18.4 20 13.8 12.7 16.6 41.2 17.7 30.2
Jun 9.13 9.13 10.6 10.6 12.4 14.9 12.4 20 13.8 12.7 16.6 17 17.7 30.2
Jul 9.13 9.13 10.6 10.6 12.4 20.4 12.4 26.5 13.8 12.7 16.6 17 17.7 36.2
Aug 31.9 31.9 25.5 31.9 12.4 20.4 12.4 26.5 37.5 12.7 16.6 17 17.7 36.2
Sep 31.9 31.9 25.5 31.9 43.6 20.4 43.6 26.5 37.5 47.2 16.6 17 17.7 36.2
Oct 31.9 31.9 52.9 31.9 43.6 52.3 43.6 26.5 37.5 47.2 51.7 41.2 48.9 36.2
Nov 55.5 55.9 52.9 55.6 43.6 52.3 43.6 53.4 37.5 47.2 51.7 41.2 48.9 36.2
Dec 55.5 55.9 52.9 55.6 53.2 52.3 48.6 53.4 48.6 47.2 51.7 41.2 48.9 36.2
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Fig. 8. Average GI for (a) scenario I, (b) scenario II, (c) scenario III and (d) scenario IV.

incident irradiance on the SC surface for models under Scenario III (i.e., M — 8, M — 9, M — 10, and M — 11) are shown in Fig. 8(c). The
figure supports the idea that M — 11 can collect more irradiation than any other model in this scenario.

4.5.4. Scenario IV

Two annual adjustment models have been considered under this scenario. Incident irradiations on the tilted surface are low for this
scenario. The annual average irradiance for models M — 12, M — 13, and M — 14 are presented in Fig. 8(d). Based on annual average
irradiance, the descending order of models is M-12>M-13>M-14.
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4.5.5. Inter-scenario comparison

An inter-scenario comparison has been conducted to find the most feasible model. Table 8 shows the monthly average irradiance for
M-3,M—-7,M — 11, and M-12. Average GI is a function of the number of adjustments conducted on the collector. As the number of
adjustments performed in the monthly optimum model is the most and the least for M — 12, these models collect maximum and
minimum irradiance, respectively. Table 8 also represents the enhancement for each model concerning the horizontally placed SC. The
table proposes that the enhancement is highest for fopt., monshiy followed by models from the scenario I, II, III, and IV, respectively. A cost-
benefit analysis on PV panels has been carried out and presented in the next section to find the most feasible model.

4.6. Most practicable model estimation using cost-benefit analysis

A speculative cost-benefit analysis has been carried outto find the most practicable model. Table 9 shows the number of units
generated and the amount of money earned (in Rs.) from the selected models. It can be seen that the model where PV panels are tilted
at a fopt., monthly Provides maximum earnings.

This amount earned from PV panels is also subjected to maintenance and tilt angle adjustment charges. The maintenance charges
implied are the same for each model. Thereby, maintenance charges are neglected in this study. Since a trivial area of 1500 m? has been
considered in the study, that can be adjusted by two technicians in one day only. Local PV panel technician charges an amount of 2500
Rs./day. Table 10 depicts the calculation for tilt angle adjustment charges. Table 11 shows the actual amount earned by considering
adjustment charges for different models. Annual earnings from different models have been plotted in Fig. 9. Total earnings without
considering the adjustment expenses are maximum for fop montly- However, the same does not remain valid when the effect of
adjustment expenses was considered. For the Sopt, monthiy model, the maximum budget is spent on adjustment expenses, due to which it
is the most undesirable model. M — 11 gives the most earnings when the effect of adjustment charges are considered. The descending
order of models based on their earnings is: M-11>M-7>M-12>M-3>p=31.69°>Monthly Optimum.

5. Conclusions

Analytical computations have been conducted for the optimum tilt angle assessment at a location (Hamirpur L.31°42") of the
Western Himalayan Region. Mathematical models have been developed and statistically analyzed. For practical implementations,
some useable models have been formulated and compared with each other. The following results can be drawn from this study.

a) SCtilted at Bopt, monthty Provides 18.03% and 4.0% enhancement from conventional SC fitted horizontally and tilted equal to latitude
angle, respectively.

b) Three mathematical models for linear, second-degree polynomial, and third-degree polynomial have been developed (Eq. (12), Eq.
(13), and Eq. (14)) for Sopt.,monthiy based on the declination angle. It is proposed to use the linear model due to its simplicity and
slightest deviation.

c) Different statistical tools have been used for checking the accuracy of the developed mathematical models. The mathematical
model of the third-degree polynomial (Eq. (14)) provides the most relevant results with R? (0.9986), RSE (0.0206), SSRE (0.0050),
and RMSE (0.6633).

d) For practical implementation of optimum tilt angles, fourteen models with different annual adjustments have been formulated. The
model involving five annual adjustments (M — 3) provides the most enhancements, while the model with two annual adjustments
(M — 14) collects the least solar irradiations.

e) A speculative cost-benefit analysis has been carried out to estimate the effect of adjustment expenses. The implementation of M —
11 (three annual adjustment model) achieves maximum earnings. The descending order of the models, based on their earnings is M
- 11>M-7>M-12>M — 3 > p=31.69° > Monthly Optimum.

Table 8

Monthly comparison of GI (W/m?) for most feasible models of different scenarios, monthly optimum, horizontal surface, and tilted surface to latitude.
Irradiance p=0° $=31.69° Monthly optimum M-3 M-7 M-11 M-12
Jan 411.4 550.7 582.8 582.6 580.6 581.3 575.3
Feb 463.9 581.1 595.0 592.9 594.8 592.3 589.2
Mar 577.7 655.1 655.7 653.2 642.8 652.5 636.7
Apr 683.9 717.1 722.6 722.6 721.0 719.0 715.0
May 765.0 752.2 778.6 778.1 776.5 776.7 771.6
Jun 662.9 632.6 666.8 666.4 665.6 661.2 655.5
Jul 477.7 461.1 482.0 482.0 481.8 479.0 473.8
Aug 564.7 574.9 584.0 581.5 581.7 582.7 578.4
Sep 613.2 687.7 687.8 684.4 678.4 668.8 666.7
Oct 599.5 757.6 774.4 769.4 774.1 770.0 767.9
Nov 511.8 707.0 750.2 750.1 740.7 748.7 742.4
Dec 416.9 607.8 661.5 659.5 654.6 657.4 649.5
Average 562.4 640.4 661.8 660.2 658.5 657.5 651.8
Enhancement ((Hgl o-opimum — Hg)po 100) 18.03 17.85 17.5 17.32 16.25

(Hgit)po
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Table 9
Annual money earned through various models by considering losses.
S. Model Irradiance Irradiance Energy Ideal energy Energy converted by Amount Money earned
No. (W/m?) collected over collected per converted by PV considering different earned per annually (Rs.
1500 m? (W) day (kWh/day)  panels (kWh/day) losses (kWh/day) day (Rs. /day)  /day)
1 Monthly 661.8 992670 6948.69 1389.738 1128.815 2822 1030043
optimum
2 M-3 660.2 990360 6932.52 1386.504 1126.188 2815 1027646
3 M-7 658.5 987780 6914.46 1382.892 1123.254 2808 1024969
4 M-11 657.5 986205 6903.435 1380.687 1121.463 2803 1023335
5 M-12 651.8 977745 6844.215 1368.843 1111.843 2779 1014556
6 p=31.69° 640.4 960600 6724.2 1344.84 1092.346 2730 996766
Table 10
Expenses on adjustments for different models.
S. No. Model Adjustments required annually Annual expenses on adjustments (Rs. /year)
1 Monthly optimum 12 60000
2 M-3 5 25000
3 M-7 4 20000
4 M-11 3 15000
5 M-12 2 10000
6 p=31.69° 0 None
Table 11
The actual amount earned by different models considering adjustment expenses.
S. No. Model Annual expenses on adjustments (Rs. /Year) Money earned annually (Rs. /Year) The actual amount earned (Rs. /Year)
1 Monthly optimum 60000 1030043 970043
2 M-3 25000 1027646 1002646
3 M-7 20000 1024969 1004969
4 M-11 15000 1023335 1008335
5 M-12 10000 1014556 1004556
6 $=31.69° 0 996766 996766

L L 1

1040000 ™ Earnings without considering adjustment expenses
—®@— Earnings by considering adjustment expenses

1030000 -

1020000 +

1010000

1000000 +

990000 —

Annual Earnings (Rs.)

980000 +

970000 —

I I I I I I
Monthly optimum M-3 M-7 M-11 M-12 Tilted to 31.69 Deg.

Model

Fig. 9. Annual earnings from PV panels with and without considering adjustment expenses.
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This study suggests that the output of the SC significantly improves with tilt angle optimization. The obtained results can be highly
beneficial in the installation of SCs at the specified region.
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