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ABSTRACT

This paper studies the application of Python programming in renewable energy research through the development
of a model for a flat plate solar collector. These collectors plays a very important role in solar thermal systems especially
in in low to medium-temperature applications. Common modelling methods frequently involve the manual calculations
(which are sometimes error prone) or the use of commercial software which are often costly. By utilizing Python’s open-
source environment along with the efficient libraries like NumPy and Matplotlib, this article presents an iterative,
reproducible, and computationally efficient construct. The developed Python model integrates key heat transfer principles
which governs the flat plate collectors and accounting for thermal and radiative interactions between the absorber plate,
glass cover, and surrounding environment. The developed Python functions are used to calculate the essential parameters
such as Rayleigh and Nusselt numbers along with the heat transfer coefficients and loss factors. The developed model
offers a versatile educational tool for renewable energy studies and will provide a robust foundation for improving the

research in solar thermal system optimization.
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1. Introduction

Renewable energy has come up as an alternate source of energy
to address the climate change problem by reducing the global reliance
on fossil fuels ¥, Among all the sources of renewable technologies,
the solar energy stands out for its extensive availability and potential
to give clean and sustainable power 4. Flat plate collectors (FPC) are
one of the most used solar thermal devices which finds application in
water heating, space heating, and industrial preheating processes 7.
The performance of these collectors is affected by the complex physics

which encompasses thermal, optical, and environmental engineering.
Therefore, a precise modelling is very much need to enhance their
design and efficiency .

Generally, the flat plate collectors are modelled by using either manual calculations or specialized
simulation software. However, both of these methods present limitations in terms of the cost and accessibility

-1 'With the increasing number of programming languages, the way the

for the students and researchers |
scientific modelling was done previously has changed a lot and Python being a versatile tool, is doing wonders
in the field of scientific computation ['>!3], Tt gives an open-source and user-friendly environment for building
mathematical models, simulations, and creating visual descriptions. Its strong library network viz. NumPy [*
161 Matplotlib !7!° and Pandas *?!) can seamlessly handle complex datasets and advanced numerical

computations, thus making it good aid for the applications in the renewable energy field.

This article focuses on the development of a Python-based model to know the performance of FPC. By
using Python programming, this study establishes a reproducible, simple, and computationally effective
method to analyse the performance of a FPC under different base plate thicknesses. The objective of the article
is to gain insights into the thermodynamic behaviour of FPC and showcasing the potential of Python
programming language as a powerful tool in the field of renewable energy modelling. Beyond serving as an
educational resource, the developed Python model sets a foundation for the future developments in the study
of solar thermal systems.

2. Methodology
2.1. FPC fundamentals

FPC are among the most used solar thermal technologies known for their simple design, stability, and
efficiency in catching the solar energy for the applications which requires low to medium temperature. The
core parts of a FPC are [

Absorber Plate (AP): Absorber plate is normally made up of metal and absorbs solar radiation which are
then converted it into heat. To improve its radiation absorption efficiency, it is coated with black material that
enhances.

Transparent Cover: It is the top covering of FPC, and it is normally made up of glass or plastic. It
allows the sunlight to enter the FPC cavity while reducing heat loss by trapping thermal radiation within.

Insulation: Insulation is placed on the side boundaries and the underside of the FPC to limit the heat loss
to the surrounding environment.



Piping System: Embedded within or attached to the absorber plate, the piping system facilitates the flow
of the working fluid; commonly water or a water-glycol mixture, which absorbs and transports the heat
generated.

Casing: The external structure houses all components, offering mechanical protection and ensuring the
collector’s structural integrity.

The operation of a FPC involves the transparent cover permitting the solar radiation, which is
subsequently absorbed by the AP. The generated heat is then transferred to the working fluid, which is
circulating through the piping system, effectively harnessing solar energy for various applications. A
diagrammatic representation of a FPC is given in Figure 1.
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Figure 1. Schematic of FPC

When it comes to the theoretical modelling of FPC the following approach is normally followed:
*  Heat transfer from plate to glass:

First the Rayleigh number (Ra) is evaluated with the help of Eqn. 1 %2,

_ gXPyXATXLE
- av

Ra (1)

where, (3, is the volumetric expansivity, AT is the difference of temperature between mean plate temperature
(Tpm) and ambient air (T,), L is the specific length of the FPC, a is the thermal diffusivity, and v is the
kinematic viscosity. The thermophysical properties of are estimated by the relations given by the Toyama [2324]

Tin+Tpm)

which is evaluated at the mean air temperature (T,, = . The inlet air temperature (T;,) is taken same

as the T,,. The Ty, can be taken as Ty, + 20.

Once Ra is known then Nusselt number (Nu) is evaluated based on the inclination of plate and Ra by
using the Eqn. 2 1%,

1708 1%t . 1708 Racos g\1/3 *
Nu=1+1.44 [1 - ] (1 - sin™®(1.88) x ) [( — ) - 1] Q)

Racosf Racosf3

Here, [ ]t means that only positive value will be taken if negative value comes then it should be taken
as zero.

Then the convective heat transfer coefficient (h,.) from the AP and glass is evaluated as follows
[10].

hye = Nu X % 3)

where, k, is the airs thermal conductivity which is evaluated at T,.
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The radiative heat transfer coefficient (hq,-) from plate to glass is evaluated with the help of Eqn. 4 1!,

4 4
hyy = g0 ((Tpm+273.15) —(Tg+273.15) > @

Tpym—Tg

where, T is the glass temperature, o is Stefan Boltzmann’s constant (5.67 X 1078 W/m?K*), and & is the

overall emissivity of AP and the glass cover (Eqn. 5) which is obtained by using the individual emissivity of
plate (&5) and glass (&g).
1 1
The overall heat transfer coefficient (h;) from plat to glass will be the sum of radiative and convective
coefficients which will be obtained as follows [1:

hy = hyc + hyy (6)
*  Heat transport from glass to surrounding ambient:

The convective heat transfer coefficient (h,.) between glass and surrounding atmosphere is obtained with
the help of Eqn. 7 as follows [1!:

hy, = 2.8 + 3V, (7)
where, V, is the local wind speed.

The radiative heat transfer coefficient (h,,.) between glass and surrounding ambient (sky) is obtained by
using Eqn. 8 19,

4
T,+273.15) —(T,+273.15)%
har = €50 <( ’ ;g—Ts > ®

where, T is the sky temperature which is obtained as follows [1%!:
Ty=T,—6 )
The overall heat transfer coefficient (h,) from glass to ambient will be the sum of radiative and convective
coefficients which will be obtained as follows P!:
hy = hy + hy, (10)
*  Evaluation of top loss coefficients:

Once, h, and h, are known then the coefficient of top loss (Ur) can be obtained as:
1
Ur = D) (11)
h1 hp

* lterative approach to evaluate glass temperature (T)

All the Eqn’s 4-11 cannot be solved until Ty is unknown. Therefore, the evaluation of T is the most
important part of calculation. This can be done by using iterative procedure i.e. first some initial guess of Ty, is
taken then based on this guess Ur is obtained. Then based on this Ur again the Ty ., is obtained by using
Eqn. 12. If the difference between new and old T is less than sum suitable valued (say 1072) then the Ty new 18
the final value of T, otherwise, Ty = Tg 5\ and the process is repeated. Once the iteration gets over then

obtain the final value of Uy form the converged vale of Tj.

*  Evaluation of bottom, edge, and overall loss coefficients:

The bottom (Uy), edge (U,), and overall (Uy,) loss coefficients are obtained as follows !):
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Up = ki/A; (12)

ki Ae
U, = A_lXA_c (13)

UL :UT‘l‘Ub‘l‘Ue (14)

where, k; is the thermal conductivity of insulation,A; is the insulation thickness (which has been assumed
uniform in this manuscript), and A, & A, are the edge and collector plate areas, respectively.

¢  Evaluation of heat removal factor for Collector (Fg):

Fy is the ratio of the actual energy received by the collector to that of the energy take-up by the air. Eqn.
15 shows the mathematical formulation of Fg 1%,

Fp = 2 <1 - e"(AmLpF)> (15)

AcUL

where, m, ¢p, and F "are the mass flow rate of air, specific heat at constant pressure of air, and collector
efficiency factor, respectively. The F' is evaluated with the help of Eqn. 16.

, 1
Fl=——— (16)

1+——"L -
P S
)

where, h, is the radiative heat transfer coefficient which is evaluated as follows:

2 2
hy =0, <(T”"‘+T“)i““””m)) (1)

In Eqn. 17, &; is the thickness of absorber plant.

2.2. Python programming approach

*  First modules for array and data plotting will be imported.

from numpy import *
from pylab import *

*  Then functions are developed for the evaluation of hy., hy., h1y, Ry, Nu, Ra, hy, hy, Up, Up, U,,
Ur, Tym, Ts, and T,,. Table. 1 shows the functions.

Table 1. Functions for different parameters

T # The sky temperature (Tsky)
Tsky = lambda Ta: Ta-6

hyy # rad. heat trnsfr. coeff. glass --> ambient
def h2 rad(Tg,Ts,€g,0):
A = (Tg+273)**4 - (Ts+273)**4

return eg*o*A/ (Tg-Ts)

Ry # rad. heat trnsfr. coeff. abs. plate --> glass
def hl rad(ep,€g,o,Tp,Tg):

€ eff = (1/ep+l/eg)**-1
A = (Tp+273)**4 - (Tg+273)**4

return € eff*oc*A/ (Tp-Tg)

hye # conv. heat trnsfr. coeff. glass --> ambient air
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h2 con = lambda va: 2.8+3.0*va #Va is the wind speed

Ra

# Rayleigh number (Ra)
Rayleigh = lambda g,R v,AT,Lc,o,Vv: g*B _v*AT*Lc**3/ (o*v)

# Nusselt number for air
def Nusselt (Ra, B):

A =1708/ (Ra*cos (radians (B)))

B = sin(1.8* (radians(B)))**1.6*1708/ (Ra*cos (radians (B)))
C = (Ra*cos(radians (B))/5830)**(1/3)

if (C-1)<0:

else:
y = CO01

return 1+1.44*x* (1-B)+y

# Top heat loss coefficient
def hl con(Nu, ka, Lc):

return Nu*ka/Lc

Tym

# Estimation of Tpm (deg C)
Tp mean = lambda Tin: Tin+20 # Tin: fluid entery Temp.

return dt* (Tpm**2+Ta**2) * (Tpm+Ta)

#radiative coefficient (hr) for F prime
def h_rad(dt, Tpm, Ta, ep,€qg) :

X = 1/ep+l/eg-1

# total top loss coeff. coll. plate-->glass

hl Total = lambda hlc,hlr: hlc+hlr

# total top loss coeff. glass --> ambient
h2 Total = lambda h2c,h2r: h2c+h2r

# effective total top loss coefficient (UT)
UTop = lambda hl,h2: (1/h1+1/h2)**(-1)

#collector efficiency factor (F _prime)
def Collector_eff fact(UL,hl,h2,hr):

A 1/h2+1/hr

B

hl+1/A

return 1/ (1+UL/B)

Fg

# Collector heat removal factor (FR)
def Collector_heat removal fact(m_dot, cp, Ac, UL, F_prime):

X = exp(-Ac*UL*F _prime/ (m_dot*cp))
Y = m _dot * cp/(Ac*UL)

return Y* (1-X)

Up

# Back loss coefficient (Ub)
def Ubottom(ki,Ai):

return ki/Ai

# Edge loss coeff. (Ue)
def Uedge (ki,Ae,Ai,Ac):




return (ki/Ai)* (Ae/Ac)

U, # Overall heat loss coeff (UL)
UL Total = lambda UT,Ub,Ue: UT+Ub+Ue

Tw # Function to evaluate Glass temeprature
def T glass(B,ep,€g,0,Tpm,qg,B_v,AT,Lc,a,Vv,ka,Ts,va) :

# Assumed value of Tg
Tg = 0

error = 1

count =0

while error>1.E-3:

# Heat transfer: plate --> Glass
hlr = hl rad(ep,€g, o, Tpm, Tg)

Ra = Rayleigh(g,B v,AT,Lc,x,V)
Nu Nusselt (Ra, PB)

hlc = hl con(Nu, ka, Lc)

hl = hl Total (hlc,hlr)

# Heat transfer: Glass --> Ambient
h2r = h2 rad(Tg,Ts,eqg,0)

h2c = h2 con(va)

h2 = h2 Total (h2c,h2r)

# Top heat loss coeff.
UT = UTop (hl,h2)

# New value of Tg
Tg new = Tpm - (UT/hl)* (Tpm - Ta)

# Error calculaiton
error = abs(Tg new-Tg)

# Updating Guess
Tg = Tg new

# updating counter
count = count+l

return Tg, hl, h2, UT

*  Thermophysical properties of air are evaluated using the following code snippet

# Thermophysical properties of air
cp = 999.2+0.1434*Tv + 1.101E-4*Tv**2-6.7581E-8*Tv**3

pa = 353.44/ (Tv+273)

ka = 0.0244+0.7673E-4*Tv
pa = 1.718E-5+4.62E-8*Tv
a = ka/pa

v = pa/pa

B v = 1/(Tv+273)

* Following Flow chart is used to evaluate the impact of plate thickness on the performance of FPC
viz. on Fp.




Figure 2. Flowchart to evaluate the impact of plate thickness on the performance of FPC

3. Case study

Input Data
B, eg, ep, Lc, cp, Lc, Ta,
o,V agkiAi m’

!

Evaluating Glass temeprature

Tg, hl, h2, UT =T _glass(p,ep,eg,0,Tpm,g,p_v,AT,Lc,a,v.ka,Ts,va)

!

Bottom heat loss coeff.
Ub = Ubottom(ki,Ai)

!

Edge heat loss coeff.
Ue = Uedge(ki,Ae,Ai,Ac)

!

Overall heat loss coeff.

UL = UL_Total(UT,Ub,Ue)

!

Creating list of plate thickness

!

Evaluate hrl

hrl =h_rad(dt,Tpm,Ta,ep,eg)

!

Evaluating F_prime

F_primel = Collector_eff fact(UL,h1,h2,hrl)

!

# Evaluating FR

FR1 = Collector_heat removal fact(m_dot, cp, Ac, UL, F_primel)

!

Data Plotting
figure(1,dpi=200)
plot(ét, FR1,'r-0")

xlabel('6t (m)")
ylabel('FR")
ylim(0.4,0.45)

The input data for the calculations is taken as follows:

Table 2. Input parameters

Category Parameter Symbol Value Unit
Angle of FPC Angle B 30 °
Emissivity of glass €g 0.88 -
Input Parameters
Emissivity of plate €p 0.95 -




Category Parameter Symbol Value Unit

Collector length Lc 0.8 m
Geometric Dimensions Collector breadth bc 0.6 m
Box channel height Lc 0.1 m
Temperatures Ambient air temperature Ta 26 °C
Stefan-Boltzmann const. c 5.67 x 1078 W/m?-K*
Constants
Gravity g 9.81 m/s?
Thermal conductivity k; 0.03 W/m-K
Insulation
Insulation thickness 4; 0.01 m
Air Flow Mass flow rate m 0.0024 kg/s
Table 2. (Continued)
0.45
0.44 -
0.43 1
£
0.42 4
0.41 1
0.40 *=v T T —
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Figure 3. Variation of FR with 6§,

Based on the procedure mentioned in the Figure 2, the variation of Fy as a function of §; is presented in
Figure 3. At the lower end of the insulation thickness, Fp starts at a relatively low value. This is because thin
insulation allows significant heat losses from the absorber plate to the surroundings, reducing the efficiency of
heat transfer to the working fluid. As the insulation thickness increases, the ability of the insulation to minimize
these losses improves, resulting in a sharp rise in Fp. This initial region is characterized by a noticeable
improvement in thermal performance, as more heat is retained and effectively transferred to the working fluid.
However, as the insulation thickness continues to increase, the graph exhibits a flattening trend. This
asymptotic behaviour indicates that further increases in insulation thickness led to diminishing returns in the
improvement of Fp . Once a critical thickness is reached, most of the heat loss from the absorber plate is
already mitigated, and additional insulation has little impact on the collector's thermal performance. Beyond
this point, Fy saturates, signifying that the heat transfer efficiency has reached its maximum practical value.

This shows the importance of selecting an optimal insulation thickness during the design of flat plate
collectors. While increasing insulation thickness initially enhances the system's efficiency by reducing heat
losses, excessive insulation results in unnecessary material costs with minimal gains in performance. This
balance between cost and efficiency is critical for designing an effective and economical solar collector system.



4. Conclusion and future work

The use of Python programming in renewable energy research offers many advantages viz. including ease
of access, repeatability, and computational efficiency. This article shows the potential of Python programming
for simulating the performance of FPC. Through the application of heat transfer concepts and iterative
numerical methods, the proposed Python-based model provides a strong outline for understanding the thermal
behaviour and energy efficiency in different operating conditions. The study highlights the Python’s ability to
manage complex computations and present results in a clear visual format. This methodology not only
increases the understanding for students and researchers but also will aid in the advancing renewable energy
technologies by enabling in-depth performance evaluations.

In future, this model can be further enhanced by incorporating additional features and exploring new
scenarios viz. integration of real-time weather data and geographical parameters that will improve the scope
of the simulations. The program could also be developed to include other solar collector types, such as
evacuated tube collectors which can help in comparative performance analyses. Moreover, Python’s increasing
ecosystem of machine learning libraries suggestions opportunities for optimizing system design and
forecasting long-term performance trends. Improvements like interactive dashboards and graphical user
interfaces (GUIs) could further increase the model’s reach which will make it more accessible to policymakers
and non-technical users. These improvements would strengthen the role of Python programming in driving
innovation and dissemination in renewable energy research.
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