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Abstract: Solar tracking devices are quite effective for
collecting maximum solar radiations but for vastly spread solar
energy collection plant, their usage is suppressed due to large cost
involvement. The best alternative to this problem is adjustment of
tilt angle at most appropriate position. In this study monthly
optimum tilt angle have been identified for a solar power plant
setup-able site Kalth (φ 30.85046˚, L 77.06153˚), situated at
Himachal Pradesh, India. For diffuse radiation estimation, an
isotropic model has been used. By considering the impracticality
involved in monthly tilt angle adjustment, various annual
adjustment models have been formulated for two, three and four
annual adjustments. In order to estimate the increment in solar
insolation by adopting these models, Performance Enhancement
(PE) have been computed from the conventional method of setting
the solar collector tilt equal to latitude angle. The results show that
PE is maximum for monthly optimum tilt angles followed by M-4
which is a three annual adjustment model. Based on PE
requirement, any of the proposed models can be selected for
setting up solar energy collection plant at suggested site.
Keywords : Annual adjustment model, solar collector, solar
power plant setup-able site, tilt angle optimization

I. INTRODUCTION

Solar energy is amongst clean energy resources and
available in abundance. It can be utilized both in thermal and
electricity form. The solar collectors either thermal or PV
panels can collect maximum solar energy by appropriate
orientation towards sun. Application of solar tracking devices
for vastly spread solar power plants is not economically
beneficial [1]. Adjustment of tilt angle of solar collector at
optimum position can resolve this problem at large extent [2].
Various studies have been carried out in literature for
optimizing the tilt angle for solar collectors. Wessley et al. [3]
determined optimum tilt angle for eight Indian cities and also
developed a correlation for yearly optimum tilt angle for these
sites.
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In another study, Benghanem [4] computed monthly
optimum tilt angles for Madinah, Saudi Arabia. The author
observed a loss of 8% for conventional method of tilting the
solar collector at latitude from the monthly optimum tilt
angles. Soulaymana and Sabbagh [5] determined the optimum
tilt angle for tropical regions and found that the system
oriented at optimum tilt angle yields 11 to 18 percent more
than conventionally oriented system. Ghosh et al. [6]
considered three models viz. isotropic, Klucher and Perez for
estimating solar insolation and optimum tilt angle
determination at Dhaka, Bangladesh. Authors reported
percentage increment upto 55 and 15 percent at monthly and
yearly optimum tilted collectors from collector tilted at local
latitude. Implementation of monthly optimum tilt angle is not
feasible practically due to much tediousness involvement and
cost association. To overcome this problem different seasons
have been considered in literature. Various studies [7-10]
considered four seasons: Autumn (September-November,
Winter (December-February), Spring (March-May) and
Summer (June-August). Skeiker [7] and Ismail et al. [8]
reported that the net decrease in solar insolation by
considering seasons was 2% and 0.8% in reference to monthly
optimum tilt angle respectively. Despotovic and Nedic [1]
considered different scenarios of seasons and found that the
solar insolation collected by biannual tilt angle adjustment is
minutely less than four adjustment seasons. The literature
indicates the significance of optimum tilt angle determination
and annual adjustment models for a solar power plant. In the
current study monthly optimum tilt angle has been identified
for a location Kalth, situated in Himachal Pradesh, India (φ
30.85046˚, L 77.06153˚). The location selection has been
done by considering the suitability for solar power plant
setup. By taking in account the cost association with monthly
optimum tilt angle adjustment, different adjustment models
has been considered for four, three and two adjustments per
year. Comparison of these models has been carried out to find
most appropriate one. The next section discusses the
methodology adopted for attainment of desired objectives.
II. METHODOLOGY
A. Optimum Tilt Angle Determination
This section discusses the important relations and
methodology adopted for modeling of optimum tilt angles.
The optimum tilt angles have been determined by maximizing
the global insolation for selected site. The global insolation at
any surface is function of direct, diffuse and reflected
radiations.
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Fig. 1.Schematic of solar angles for flat plate collector
In order to estimate diffuse radiations, various models have
been suggested in literature. Yadav and Chandel [11] carried

out a comparative study of these models for Himachal

Hd depends on clearness ratio (kT) and H, and is given by
Pradesh, India and found Liu and Jordan model [12] most
equation
accurate. This model has been used in this study for
For
estimating the diffuse radiations. Global insolation on a tilted
surface (Hg,t) be calculated by


(1) And for
Where, H is global insolation on horizontal surface, RB is ratio
of the beam radiation on tilted and horizontal surface, Hd is

diffuse radiation on horizontal surface, ρg is reflection factor

Where kt=H/H0, in this equation, H0 are extraterrestrial
and β is tilt angle.
radiations on horizontal surface and for any Julian day (n) of
Data for global insolation on horizontal surface (H) have been
year its value can be evaluated as,
taken from Surface Meteorology and Solar Energy (SSE)
datasheets provided by NASA, USA. This data for Kalth (φ

30.85046˚, L 77.06153˚) from 2014 to 2017 have been
presented in Table-I.
2

Where G is global solar constant (G =1367 W/m ). Yearly
SC

Table- I: Data for global insolation on horizontal surface
Mont
h

Monthly Average global insolation on horizontal surface
(H) (kW-hr/m 2/day)
2014

2015

2016

2017

Average

Jan

3.12

2.94

3.38

3.03

3.1175

Feb

3.84

4.08

4.43

4.47

4.205

Mar

4.89

4.92

5.06

5.48

5.0875

Apr

6.31

6.03

6.41

6.62

6.3425

May

6.66

6.83

6.82

6.39

6.675

Jun

6.56

5.91

5.96

5.44

5.9675

Jul

4.66

4.5

4.23

4.53

4.48

Aug

5.4

4.63

4.26

4.54

4.7075

Sep

4.98

5.43

5.19

4.87

5.1175

Oct

4.74

4.98

4.94

5.18

4.96

Nov

4.1

3.8

4.08

3.87

3.9625

Dec

3.17

3.25

3.47

3.11

3.25

SC

optimum tilt angle has been estimated as average of optimum
tilt angles for all the months. The flow chart of the
computational model has been presented in Fig. 2.

RB can be stated as,
(2)
Where θ, θZ, δ and ωs are incidence angle, zenith angle,
declination angle and sunset angle respectively. These angles
can be visualized from Figure 1. Expression for computing δ
and ωs are as follow,
Fig. 2. Flow chart of the computational model
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B. Adjustment Models
Monthly adjustment of tilt angle for large solar energy
collection plant is not possible practically. So, different
adjustment models have been formulated based on number of
annual adjustments of four, three and two. These models have
been presented in Table-II.

Amongst the suggested models, model-2, Model-4 and Model
5 gives maximum value of average annual insolation among
two, three and four seasonal adjustment models respectively.

Table- II: Different annual adjustment models

Performance enhancement (PE) of the different models from
the conventional method of setting up solar collector tilt equal
to latitude angle have been computed by following relation


Fig. 3. Optimum tilt angles (Degrees) for different months


III. RESULTS AND DISCUSSION
The optimum tilt angles for selected site (φ 30.85046˚, L
77.06153˚) have been computed by adopting the suggested
methodology. These angles are presented in Fig. 3. The
optimum tilt angle varies between 0º and 54º. The maximum
tilt angles are observed for November to January
(53º-54º-52º) and minimum for May to July (0º-0º-0º).
Various seasonal adjustment models have been designed and
values of tilt angles for these models are presented in Fig. 4.
These values have been found by averaging the optimum tilt
angles of corresponding months. The monthly average
insolation computed by considering different models has been
presented in Table 3. In order to compare these models,
annual average insolation over tilted surface from different
models has been presented in Fig. 5. It can be clearly seen that
the monthly optimum tilt angle collects maximum insolation.

Fig. 4. Tilt angle for different annual adjustment models

Table-II: Global insolation over tilted surface (kW-hr/m2/day) corresponding to different models
Month

M-1

Jan

3.69

4.04

3.98

4.04

4.03

4.04

3.72

Yearly
Optimum
4.04

Feb

5.28

4.97

5.28

5.24

5.27

5.27

5.18

5.14

5.18

Mar

5.73

5.69

5.61

5.72

5.70

5.65

5.73

5.73

5.73

Apr

6.53

6.48

6.48

6.22

6.46

6.45

6.34

6.40

6.34

May

6.68

6.20

6.61

6.67

6.63

6.64

6.68

5.99

6.68

Jun

5.97

5.35

5.84

5.95

5.87

5.89

5.97

5.14

5.97

Jul

4.48

4.01

4.42

4.47

4.44

4.39

4.48

4.02

4.48

Aug

4.73

4.51

4.73

4.72

4.73

4.73

4.59

4.52

4.59

Sep

5.51

5.50

5.33

5.35

5.29

5.38

5.51

5.51

5.51

Oct

6.19

5.99

5.89

5.96

6.18

6.17

5.98

6.06

5.98

Nov

5.33

4.88

5.32

5.29

5.32

5.32

5.33

5.08

5.33

Dec

4.33

3.91

4.32

4.30

4.33

4.33

4.33

4.12

4.33
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M-2

M-3
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M-4

M-5

M-6

β=φ

Monthly
Optimum
4.04
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Fig. 5. Annual average global insolation from different tilt
angle models
At the selected site for tilt angle optimization, most of the
rooftop solar energy collection systems have been setup at tilt
equal to latitude. In order to estimate the effectiveness of
study, a performance enhancement (PE) analysis of the most
effective models, yearly and monthly optimum angle models
have been done from solar collector tilted at latitude(i.e. β=φ)
and results are presented in table 3. The descending order of
maximum PE from different models is Monthly
optimum>M-4>M-5>Yearly
optimum>M-2.
Monthly
optimum tilt angles give maximum PE followed by M-4
which is three seasonal adjustment models.
Table-III: PE for different models from β=φ.
Sr.
No.
1

Adjustment Model
Monthly Optimum

Performance Enhancement (PE)
(%age)
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2

M-2
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3

M-4
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4

M-5
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5

Yearly Optimum
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IV. CONCLUSION
The literature signifies that the optimum tilt angle
determination is must for collecting maximum solar
radiations. The present study discusses the optimum tilt angle
determined at different levels for Kalth (φ 30.85046˚, L
77.06153˚), Himachal Pradesh, India. The following broad
conclusion can be drawn from the study:
 The monthly optimum tilt angle varies from 0° to 54° for
which the maximum values are observed in November to
January and minimum for May to July.
 By considering the impracticality of monthly optimum tilt
angle different models have been formulated for two, three
and four annual adjustments. The order of insolation over
this surfaces is M-4>M-5>M-2.
 In order to calculate the enhancement in performance from
conventionally tilted solar collectors at latitude angle, PE
have been computed for most effective models and the
order found to be, Monthly optimum>M-4>M-5>Yearly
Optimum>M-2.
The current study suggests the monthly, yearly and different
effective models for tilt angle adjustment. Based on
requirement of PE, any of these models can be chosen for
executing the solar energy collection plant at the suggested
site.
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