International Journal of Trend in Scientific Research and Development (ILJTSRD)
Volume 10 Issue 3, May-Jun 2026 Available Online: www.ijtsrd.com e-ISSN: 2456 — 6470

L 4

Performance Analysis and Optimization of
a 5 kW Rooftop Solar Photovoltaic System

Maroof Ne!, Unnikrishnan Nair!

'"Workshop Superintendent, Department of Mechanical Engineering, Tirur, Kerala, India
?Assistant Professor, Department of Mechanical Engineering, Fisat, Angamali,
affiliation Federal Institute of Science and Technology, Angamaly, Kerala, India

ABSTRACT

Solar photovoltaic (PV) systems installed in tropical regions face a
distinctive set of operating challenges that can substantially limit
their real-world energy yield. High ambient temperatures, seasonal
monsoon irradiance reductions, and soiling accumulation on module
surfaces collectively drive performance below the nameplate
potential that system designers typically assume. This paper
investigates the actual energy output behavior of a 5 kW rooftop solar
PV system situated in Thrissur, Kerala - a location that combines
abundant annual sunshine with significant thermal and
meteorological variability. A structured MATLAB simulation
framework was developed to model both the baseline and the post-
optimization performance of the system using twelve months of local
meteorological data sourced from 2024. The baseline model
integrates the temperature coefficient of power, Nominal Operating
Cell Temperature (NOCT), and a Performance Ratio (PR) of 0.90 to
compute realistic monthly energy yields and the annual Capacity
Utilization Factor (CUF). Three targeted optimization strategies are
subsequently applied: panel surface cleaning to raise the PR from
0.90 to 0.92, passive rear-ventilation cooling through a 10 cm air gap
to reduce cell operating temperature by approximately 5 °C, and
dynamic seasonal tilt adjustment during the south-west monsoon
months (June through September) to recapture irradiance lost due to
low solar elevation angles. Simulation results demonstrate that the
integrated optimisation strategy raises total annual energy generation
from 7,476.4 kWh to 7,860.0 kWh - a net improvement of 5.16
percent. Monthly efficiency gains range from a minimum of 4.27
percent in January to a peak of 6.08 percent in June and August, with
the monsoon months exhibiting the highest relative improvement
owing to the combined benefit of tilt correction and temperature
reduction. The study confirms that low-cost, non-invasive
interventions can yield economically meaningful performance gains
without modifications to the core electrical infrastructure, and
provides a validated MATLAB workflow that can be readily adapted
for similar tropical rooftop installations.

1. INTRODUCTION
The global shift toward renewable energy has
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reduce electricity bills while contributing to

accelerated rapidly over the past decade, with solar
photovoltaic technology at the forefront of this
transition. In India, the government has set ambitious
capacity targets, and rooftop solar installations have
become an increasingly practical choice for
residential and commercial consumers seeking to

decarbonisation goals. Kerala, positioned between
latitudes 8° N and 12.8° N, receives solar radiation
well suited for PV deployment. However, the state's
humid tropical climate - characterised by consistently
high ambient temperatures and a pronounced south-
west monsoon season - creates conditions that can
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meaningfully degrade module performance relative to
standard test conditions.

For a rooftop system of moderate scale such as a 5
kW installation, the gap between theoretical and
actual energy output often comes as an unwelcome
surprise to system owners. Temperature-induced
power losses can reduce annual yield by 8 to 14
percent in hot climates, while dust and biofilm
accumulation on module glass can cut irradiance
transmittance by a further 2 to 10 percent depending
on cleaning frequency. During the monsoon season,
reduced global horizontal irradiance and a lower solar
elevation angle further suppress generation, yet this is
also the period when optimal tilt adjustment could
partially recover some of that lost output.

MATLAB has long been a preferred tool in the
engineering research community for energy system
modelling because of its powerful array computation
capabilities, flexible scripting environment, and rich
visualisation toolkit. In this study, MATLAB scripts
were developed from the ground up to simulate the
monthly and annual energy performance of the target
system under both standard and optimised operating
regimes. The meteorological inputs - monthly average
daily solar irradiance and ambient temperature for
each month of 2024 - were sourced from field-
relevant datasets for Thrissur district, ensuring that
the model reflects real-world conditions rather than
idealised solar resource maps.

The principal objective of this research is twofold.
First, it establishes a transparent, reproducible
simulation methodology that accounts for temperature
derating, PR variation, and seasonal irradiance
patterns. Second, it quantifies the incremental energy
gain achievable through three practically deployable
optimisation measures - enhanced cleaning, passive
rear cooling, and seasonal panel tilt adjustment - and
demonstrates their combined effect on annual yield
and CUF.

2. Literature Review

A substantial body of research has examined how
climate, soiling, and system design parameters
influence the performance of grid-connected solar PV
systems. Dubey, Sarvaiya, and Seshadri (2013)
provided one of the early comprehensive reviews of
temperature-dependent efficiency models, noting that
the power temperature coefficient (B) for crystalline

silicon modules typically lies in the range of 0.003 to
0.005 per degree Celsius. Their analysis highlighted
that cell temperature - determined by both ambient
temperature and the thermal resistance of the module
mounting structure - is the single largest controllable
variable after irradiance.

Researchers studying South Asian deployments have
consistently reported CUF values in the range of 14 to
20 percent for tropical rooftop systems. Kymakis,
Kalykakis, and Papazoglou (2009) demonstrated
through field measurements that rear-side ventilation
significantly reduced module temperature and
improved power output. A 10 cm air gap between the
module rear surface and the mounting structure was
shown to reduce steady-state cell temperature by 4 to
7 °C under high-irradiance conditions.

The impact of soiling on PV system performance in
India has been documented by Verma and colleagues
(2015), who found that uncleaned modules in humid
semi-urban environments lost on the order of 2 to 4
percent of annual energy yield. Translating this into
system modelling terms, a post-cleaning PR
improvement of 0.01 to 0.03 (absolute) is a
reasonable and widely accepted assumption.

Optimising panel tilt angle for seasonal irradiance
maximisation has been studied for Kerala by Nair and
Pillai (2018), who found that fixed optimal annual tilt
systematically underperforms during the monsoon
because the solar path shifts significantly. Adjusting
the tilt was found to improve energy capture during
June through September by 2 to 4 percent, informing
the tilt correction factor adopted in the present
simulation.

3. System Description and Meteorological Data
The system under investigation is a grid-connected
rooftop solar PV installation of 5 kW nameplate
capacity located in Thrissur district, Kerala
(approximately 10.5° N, 76.2° E). The system uses
monocrystalline silicon modules with a rated power
temperature coefficient () of 0.004 per °C and a
NOCT of 45 °C. The system is south-facing with a
fixed tilt angle set at the local latitude to maximise
annual irradiance capture. A standard string inverter
with a rated efficiency of 97 percent is used,
connected to the state distribution grid under a net
metering agreement.

Month H T_amb Days T_cell T_cell E_Baseline E_Opt
(kWh/m?d) (°C) Baseline (°C) Optimised (°C) (kWh) (kWh)
Jan 5.12 27.5 31 37.9 32.9 717.5 4.27
Feb 6.27 28.4 29 39.5 34.5 815.0 4.43
Mar 6.51 30.2 31 41.4 36.4 896.0 4.37
Apr 6.33 314 30 42.5 37.5 840.0 4.41
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May 4.55 30.6 31 40.3 35.3 632.5 4.46
Jun 4.19 28.7 30 38.2 33.2 578.0 6.04
Jul 3.57 27.8 31 36.7 31.7 509.5 5.44
Aug 4.63 27.7 31 37.2 32.2 661.0 6.04
Sep 5.33 28.0 30 37.9 32.9 732.5 6.02
Oct 4.59 28.4 31 38.3 33.3 643.0 4.33
Nov 4.56 27.9 30 37.7 32.7 608.5 4.45
Dec 4.46 27.2 31 37.2 32.2 627.0 4.57
Table 1. Monthly meteorological data and simulated energy yields for the 5 kW system at Thrissur, Kerala
(2024)

4. Mathematical Modelling Framework

4.1. Cell Temperature Model

The operating cell temperature (T_cell) is estimated from ambient temperature (T_amb), incident irradiance (G),
and the NOCT specification using the expression standardised in IEC 61215:

T _cell = T_amb + ((NOCT - 20)/ 800) x G

where G is the average plane-of-array irradiance in W/m?, computed from the monthly average daily irradiation
H (kWh/m?/day) by assuming uniform distribution over 24 hours.

4.2. Temperature Derating Factor
The reduction in module efficiency due to elevated temperature is captured through the temperature derating
factor TF, defined as:

TF =1 - x (T_cell - 25)

where B = 0.004 /°C is the module power temperature coefficient and 25 °C is the standard test condition
reference temperature. For Thrissur conditions, TF ranges from approximately 0.930 in summer to 0.953 in the
monsoon months.

4.3. Energy Yield Calculation
Monthly energy yield is calculated using the performance ratio framework adopted in IEC 61724

Y _r = H x N (Reference Yield, kWh/kWp)
Y f=Y_rx PR x TF (Final Yield, kWh/kWp)
E_monthly = Y_f x P_rated (Monthly Energy, kWh)
CUF (%) = [XE_monthly / (P_rated x 8760)] x 100

5. Optimisation Strategies

5.1. Module Surface Cleaning

In Thrissur's semi-urban environment, dust, pollen, and biological matter accumulate on module glass surfaces
between cleaning events, reducing transmittance and therefore effective irradiance reaching the cell. A regular
bi-monthly cleaning schedule is modelled by raising the system PR from the baseline value of 0.90 to an
optimised value of 0.92. This increment of 0.02 in PR corresponds to the recovery of approximately 2 percent of
annual energy that would otherwise be lost to soiling.

5.2. Passive Rear-Side Cooling

Standard rooftop installations in Kerala often mount modules directly on metal railings or concrete parapets,
leaving minimal clearance beneath the rear surface. The proposed mitigation is the introduction of a minimum
10 cm vertical air gap between the module rear surface and the mounting structure, which establishes a chimney-
effect buoyancy-driven airflow reducing steady-state cell temperature by approximately 5 °C.

5.3. Seasonal Tilt Angle Adjustment

The fixed annual optimal tilt for Thrissur is set at approximately 10.5° (local latitude). During the south-west
monsoon (June through September), adjusting the panel inclination toward the seasonal solar geometry improves
irradiance capture. A 2 percent upward correction factor is applied to the monthly reference yield for the four
monsoon months, reflecting the gain achievable by manually adjusting panel inclination twice per year using
hand-tightened mounting brackets.
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6. Results and Discussion

6.1. Baseline Performance

The baseline simulation predicts a total annual energy generation of 7,476.4 kWh for the 5 kW system at
Thrissur. Table 2 presents the complete month-by-month breakdown of baseline performance parameters,
including the temperature derating factor (TF) and resulting energy output for each calendar month.

Month H T_amb G T _cell TF Y_r E_Baseline

(kWh/m?»d) (°C) (W/m?) O (Baseline) (kWh/kKWp) (kWh)

Jan 5.12 27.5 213.3 37.9 0.948 158.7 717.5
Feb 6.27 28.4 261.3 39.5 0.942 181.8 815.0
Mar 6.51 30.2 271.3 41.4 0.934 201.8 896.0
Apr 6.33 314 263.8 42.5 0.930 189.9 840.0
May 4.55 30.6 189.6 40.3 0.939 141.0 632.5
Jun 4.19 28.7 174.6 38.2 0.947 125.7 578.0

Jul 3.57 27.8 148.8 36.7 0.953 110.7 509.5
Aug 4.63 27.7 192.9 37.2 0.951 143.5 661.0
Sep 5.33 28.0 222.1 37.9 0.948 159.9 732.5
Oct 4.59 28.4 191.3 38.3 0.947 142.3 643.0
Nov 4.56 27.9 190.0 37.7 0.949 136.8 608.5
Dec 4.46 27.2 185.8 37.2 0.951 138.3 627.0

ANNUAL — — — Avg 39.0 | Avg 0.944 — 7,476.4 kWh
Table 2. Monthly baseline performance parameters - temperature derating and energy yield (Thrissur,
2024)

Peak monthly generation of 858.5 kWh occurs in March when solar irradiance reaches 6.51 kWh/m?/day. The
lowest monthly output of 483.2 kWh is recorded in July, the heart of the south-west monsoon, when daily
irradiation drops to just 3.57 kWh/m?day. The annual Capacity Utilisation Factor (CUF) under baseline
conditions is 17.06 percent, consistent with field-measured values reported for rooftop systems in Kerala and
neighbouring states. The meteorological profile (Fig. 3 below) clearly shows the irradiance dip and temperature
moderation during the monsoon window.
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Fig. 3 - Monthly Meteorological Profile: Solar Irradiance (bars) and Ambient Temperature (line),
Thrissur 2024

6.2. Optimised Performance

Table 3 presents the complete monthly comparison between baseline and optimised energy outputs, along with
the percentage improvement for each month. When all three optimisation strategies are applied simultaneously,
the total annual energy generation rises to 7,860.0 kWh - an absolute increase of 383.6 kWh and a relative
improvement of 5.13 percent over the baseline.
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H T _cell TF E_Baseline E_Optimised .

onth kWh/m2d) Y Opt (°C) Optimised  (kWh) (lfWh) S (7))
Jan 5.12 31 32.9 0.968 688.1 717.5 4.27%
Feb 6.27 29 | 345 0.960 780.4 815.0 4.43%
Mar 6.51 31 36.4 0.954 858.5 896.0 4.37%
Apr 6.33 30 | 375 0.950 804.5 840.0 4.41%
May 4.55 31 35.3 0.959 605.5 632.5 4.46%
Jun 4.19 30 | 332 0.967 545.1 578.0 6.04%
Jul 3.57 31 317 0.973 483.2 509.5 5.44%
Aug 4.63 31 32.2 0.971 623.3 661.0 6.04%
Sep 5.33 30 | 329 0.968 690.9 732.5 6.02%
Oct 4.59 31 33.3 0.967 616.3 643.0 4.33%
Nov 4.56 30 | 327 0.969 582.6 608.5 4.45%
Dec 4.46 31 32.2 0.971 599.6 627.0 4.57%

TOTAL/AVG — 365 | Avg 33.6 | Avg0.965 | 7,476.4 7,860.0 | 5.16% avg

Table 3. Monthly comparison of baseline vs. optimised energy generation and percentage efficiency gain
(green shading highlights monsoon months >5.5% gain)

The annual CUF correspondingly improves from 17.06 percent to 17.95 percent. On a month-by-month basis,
the percentage improvement ranges from a minimum of 4.27 percent in January to a maximum of 6.04 percent in
June and August. The monsoon months (Jun—Sep) consistently show the highest relative improvement because
the seasonal tilt correction synergises with the temperature reduction from the passive cooling air gap. Figure 1
illustrates the energy generation comparison visually.
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Fig. 1 - Monthly Energy Generation: Baseline vs. Optimised Output (5 kW System, Thrissur 2024)

Figure 2 provides a month-by-month view of the percentage efficiency improvement, with the monsoon window
(June—September) shaded in blue. The consistently elevated gain during this period confirms that the integrated
strategy is most effective precisely when the system needs it most.
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Fig. 2 - Monthly Percentage Energy Yield Improvement via Integrated Optimisation Strategy (dashed line

= 5.16% annual average)
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6.3. Disaggregated Contribution of Each Optimisation Strategy

Table 4 disaggregates the approximate annual energy contribution of each individual optimisation measure.
While the strategies interact non-linearly in practice, the estimates below are derived by applying each measure
in isolation to the baseline scenario.

Annual Energy  Gain

Optimisation Strategy Parameter Changed Gain (kWh) (%) Estimated Cost (%)
M"dul(ebi‘r‘;f)ft;%eanmg PR: 0.90 — 0.92 ~164.5 ~220% | 2,000/yr (labour)
Pasmecie;‘jfr(;zgimg U0 T cellreducedby sec | ~1495 | ~200% | FO0200 (0
Seasonal Tilt Adjustment Y rx1.02 for 4 months ~69.6 ~0.93% 3,000—{1,000 (one-

(Jun—Sep) time)

Combined (Integrated | )\ 400 measures 383.6 5.13% | ~8,000-11,000 total

Strategy)

Table 4. Disaggregated contribution of individual optimization strategies to annual energy improvement

Figure 4 visualizes the proportional contribution of each measure as a donut chart. Cleaning has the largest
single impact at 2.20 percent, followed closely by passive cooling at 2.00 percent, with the seasonal tilt
adjustment contributing an additional 0.93 percent concentrated in the monsoon quarter.

Tilt Adjustment

(Mensaorn)
0.9%

PR Improvement
(Cleaning)
2.2%

Passive Cooling
(&ir Gap)
2.0%

Fig. 4 - Proportional Contribution of Each Optimization Strategy to Total Annual Energy Gain

6.4. Economic Implications
Table 5 presents the economic case for implementing the integrated optimization strategy.

Economic Parameter Value Notes

Additional annual energy (optimized vs. baseline) | 383.6 kWh Net gain from all three strategies
Applicable electricity tariff (Kerala residential) %6.50 / kWh KSEB 2024 slab rate
Annual monetary saving 32,493 383.6 x26.50
One-time capital cost (cooling + tilt hardware) 26,000 — 9,000 | Material and installation
Annual recurring cost (cleaning labour) 32,000 4 cleaning cycles per year
Simple payback period (capital modifications only) | 2.4 — 3.6 years | Capital cost + annual saving
Net saving over 25-year system lifetime 260,000+ Excluding tariff escalation
Estimated CO: offset (additional generation) ~305 kg CO2/yr | At 0.796 kg CO2/kWh (India grid)

Table 5. Economic summary of the integrated optimization strategy for the 5 kW system at Thrissur,

Kerala

At arepresentative residential electricity tariff of 6.50 per kWh, the additional 383.6 kWh generated annually
translates to an annual saving of approximately X2,493. The simple payback period for the combined capital
modifications is in the range of 2.4 to 3.6 years, after which the incremental generation represents pure
additional savings over the 25-year system lifetime. In addition to the financial benefit, the optimised system
offsets an estimated 305 kg of CO: per year compared to the baseline, contributing meaningfully to Kerala's
renewable energy targets.
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7. MATLAB Simulation Code Overview

All simulations were implemented in MATLAB R2023b. The following excerpts illustrate the core
computational logic for the baseline and optimised scenarios.

7.1. Baseline Energy Calculation (Core Loop)

% Baseline Performance Analysis — 5 kW Solar PV System (Thrissur, Kerala)

Capacity = 5; % kW nameplate rating

PR_baseline = 0.90; % Performance Ratio (pre-cleaning)

beta = 0.004;
NOCT =45;

% Power temperature coefficient per °C
% Nominal Operating Cell Temperature (°C)

H=[5.12,6.27,6.51,6.33,4.55,4.19,3.57,4.63,5.33,4.59,4.56,4.46];
T2M = [27.5,28.4,30.2,31.4,30.6,28.7,27.8,27.7,28.0,28.4,27.9,27 2];

N =1[31,29,31,30,31,30,31,31,30,31,30,31];
for 1=1:12

G = (H(1)*1000)/24;

Teell = T2M(i) + (NOCT-20)/800)*G;
TF =1 - beta*(Tcell - 25);

Yr =H(@G)*N();

Yf=Yr * PR_baseline * TF;
Energy_Baseline(i) = Yf * Capacity;

% Average irradiance (W/m?)
% Cell temperature (°C)

% Temperature derating factor
% Reference yield (kWh/kWp)
% Final yield (kWh/kWp)

% Monthly energy (kWh)

end

Annual_Energy = sum(Energy_Baseline);
CUF = (Annual_Energy/(Capacity*8760))*100;

7.2. Optimised Energy Calculation
% Optimised Performance Analysis
PR_optimized = 0.92;

T _reduction = 5;
Tilt_Improvement = 0.02;

fori=1:12
G = (H@{)*1000)/24;

% Raised by 0.02 due to regular module cleaning
% Cell temperature reduction via 10 cm air gap (°C)
% 2% irradiance gain during monsoon tilt correction

Tcell_opt = (T2M(1)+((NOCT-20)/800)*G) - T_reduction;

TF_new =1 - beta*(Tcell_opt - 25);
Yr_opt = HG)*N();

ifi>=6 && i <=9 % Monsoon months: June — September

Yr_opt = Yr_opt*(1+Tilt_Improvement);

end
Yf opt = Yr_opt * PR_optimized * TF_new;
Energy_Optimized(i) = Yf_opt * Capacity;
end
Annual_Energy_Opt = sum(Energy_Optimized);

Gain_Percent = ((Energy_Optimized-Energy_Baseline)./Energy_Baseline)*100;

8. Conclusions

This study has presented a rigorous MATLAB-based
performance modelling framework for a 5 kW
rooftop solar PV system operating under the tropical
climate conditions of Thrissur, Kerala. The baseline
model demonstrates an annual energy output of
7,476.4 kWh and a Capacity Utilisation Factor of
17.06 percent - values that reflect the real-world
performance gap tropical installations typically
experience relative to their nameplate ratings.

ventilation cooling, and a seasonal tilt adjustment -
raises annual generation to 7,860.0 kWh, a net
improvement of 5.13 percent. The improvements are
distributed throughout the year but are most
pronounced during the south-west monsoon quarter,
where the tilt correction synergises with the
temperature reduction to produce monthly gains in
excess of 6 percent. Crucially, all three measures are
low-cost, non-invasive, and readily implementable by

The integrated optimisation strategy - combining res1f:lent1'al systemt owners . without - specialised
enhanced module cleaning, passive rear-side engineering support.
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From an economic standpoint, the additional annual
energy generation translates to approximately 32,493
in annual savings, with a simple payback period of
2.4 to 3.6 years on the capital modifications. Over the
25-year operational lifetime, the compounded benefit
of consistent optimised performance represents a
substantial improvement in the financial case for
rooftop solar in Kerala and in similar tropical climates
across South and Southeast Asia.

Future work should explore the integration of real-
time irradiance sensors and temperature monitoring to
enable adaptive control of tilt angle throughout the
year. Expanding the meteorological dataset to cover
multiple years would allow uncertainty quantification,
and comparative studies across different districts of
Kerala would help generalise the findings and support
state-level policy recommendations.
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