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Abstract: This study analyzes the interaction between exergy and
energy in residential air conditioning. The objective is to ensure
thermal comfort at lower cost by integrating solar air collectors and
photovoltaic systems. The first part models and simulates a coup led
solar air and photovoltaic system to supply the energy required for air
conditioning. The second part develops an analytical method based on
thermodynamic principles, including the Carnot cycle, to evaluate the
exergy flow and cooling efficiency. The results show that the exergy
method provides better performance in cooling during summer, while
the energy method is more effective in heating during winter. The
combination of both methods ensures stable and comfortable indoor
conditions throughout the year.

Keywords: Carnot cycle, Energy efficiency, Exergy, photovoltaic
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I INTRODUCTION

In Madagascar, domestic energy demand for air conditioning is
increasing due to climate change. Winters are colder and
summers are hotter, which creates a strong need for thermal
comfort. Houses built for present and future generations must
provide efficient and low-cost air conditioning, [1].

Energy analysis alone is not sufficient to evaluate the
performance of air conditioning systems. Exergy analysis is
also required to account for the quality of energy
transformations. The combination of energy and exergy
provides a better understanding of system efficiency and
sustainability, [2].

This study investigates the heat required to maintain
comfort in a conditioned space over a given period. The
objectiveisto evaluate exergy flows through a simplified linear
model and to propose a practical method for estimating the
energy load of heating and cooling. The method is based on
modeling and simulation of a solar air system coupled with a
photovoltaic system. It also integrates thermodynamic
principles, including the Carnot cycle, to optimize the
production of cold air and to reduce operating costs.
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Figure 1: Flowchart of the general approach for heating or cooling, air
conditioning of a room

III. MODELING AND SIMULATION OF AN AIR SOLAR SYSTEM
COUPLED WITH A PHOTOVOLTAIC SYSTEM

A. System description and sizing
e Solar heated floor

The solar heated floor is a solar thermal energy exchanger
for heating the home using the circulation of the heat transfer
fluid heated in the solar collector in the copper pipe installed
under the reticulated mat on the low floor. Its performance is
directly linked to exterior temperatures, that of the fluid inside
the coiland thatinside the heated room. The mathasundergone
cross-linking in order to improve its resistance to high
temperatures, which allows the use of solar thermal collectors
in a hot or normal air network, [3].
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Figure 2: Diagram of the description of the solar floor heating system.

e Solar air collector

The solar collector is a major component of most solar
equipment. It is a device thatabsorbs radiation to convert it into
heat-transfer fluid (air) circulating through the sensor, [4].

A thermal sensor (water or air) has three essential elements
which are: the window, the absorber and thermal insulation.

The airchamber is connected to the regulator: coldair or hot
air.

The air current is generated by the low pressure that reigns
inside the box. The volume or air flow rate circulating inside is
given by:

Vair = Scha - ity (1)
The air flow inside the room is determined by the expression:
Vair = Shp . Vitair (2)
where

V,ip: air flow,
Shp: habitable surface area of the room or the air outlet
surface

Scha: @ir chamber or air inlet surface,

Vit air speed,
The load due to ventilation Q,ptiarion (t) 18 calculated as the
internal convective load of instantaneous power:

Qventilation (t) = pch[Tan (t} Tint (t)] (3)

where

p. ¢ heat capacity of the air which is constant and

approximately equals to 1220 J/m3 °C

D,: : air volume flow rate

T, (t): fresh air temperature entering into air chamber

Tin: (t): temperature inside the room.

e Fan coil

The installed indoors fan coil is an exchange circuit

equipped with ventilation and a battery. Fan coil diffuses the
heat and freshness thatinitially provided air conditioning in the
room.

e  Thermal resistance

The thermal resistoris a heating resistor with a specific heat

emitter. The resistance response must be fast and precise. It is
controlled via the switch and is turned on as soon as the outside
air temperature falls below the reference temperature.
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However, it is preferable to highlight a resistance using
energy from the battery. In fact, the heating resistance which
uses electrical energy significantly increases energy
consumption during days of extreme cold and little sunshine,
[5]

Thus, the heating resistance quantifies the opposition to a
thermal flow between the interior of the energy box and the
interior of the room on which a flow Qis exchanged. Basically,
if AT the room and box difference temperature, the thermal
resistance Rc can be established as follows:

Ro=75 4)
o [nner tube or energy box

The energy inner tube is a preferred means for optimal
management of thermal energy. We can adapt to needs and
create better conditions for this management by expressing the
relationship between the energy required for heating and the
energy to be provided for coolingaccordingto air conditioning.
We thus highlight the heat exchanger. In the home, we
determine the contribution to improving occupant comfort
when air conditioning is properly installed, [6].

When dimensioned, the inner tube or energy box has two
input circuits connected to the photovoltaic panel and the
thermal sensor, an outputcircuit connected to the fans and the
heatingresistor. Experimentally, there is also a circuit which is
connected to the battery but the characterization of the inner
tube by these three circuits is sufficient. The maximum
admissible power for the input circuits must be greater than the
power supplied by the solar modules and the same goes for the
output circuit.
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Figure 1: Diagram of the description of the system studied

Electric wire

To obtain effective air conditioning of the system, it is
necessary to regulate the operation of heat gain or loss. The use
of valves then becomes essential.

For heating operation, valves 2, 3 and 4 are open, valve 1
closed to allow circulation of hot air through the entire system.
Otherwise, i.e. air cooling; the air circulates towards the cooler,
which is the ice water. Then valves 1 and 3 are open because
they allow the entry of air into the cooler and the exit of cold
air from the box towards the heated floor. But valves 2 and 4
are closed to block the passage of hot air.

B. Thermal balance
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o Thermal assessment of the sensor
The resulting heat balance taking place at the level of
the absorbing wall [2] is written:
Qa=Qu+Qp+ Qg (5)
Where:
Q,: solar flux absorbed (W/m?),
Qp: flux lost through insulation (W/m?),
Q: useful flow transmitted to the heat transfer fluid (W/m?),
Q.. : flow stored in the sensor (W/m?),
Let Qs be the energy stored in the sensor or denoted by
Qy such that:

dT
Que = MiCa; (6)
Where:

Ma.: the air mass of the sensor,
Ca: the air specific heat,

dr -
e the absorber temperature variation

By calculating the energy transferred to the heat transfer fluid
called useful flow and denoted by Qu, we have:
Qu = mypce(Typ — Top (7
If hgdenotes the mass flow rate of the fluid and ¢ its
specific heat.
Concerning the flux lost by the insulating wall of
average temperature Tm, it is expressed by Newton's law:
Qp = hpA(Tm - Ta) (8)
Where: T, is the ambient temperature outside, Ty, is the average
sensor temperature.
For a flat sensor, its average temperature T, is expressed:
_Ty—T¢
T3 ©)
Where: T. is the temperature of the plate or the absorber.
The air thermal, exchanger metal coil and window
conductivities are 0.026W/mK, 386W/m K and 0.8W/mK
respectively.
e Sensor efficiency
The evaluation of the sensor efficiency depends on the
different influential parameters, which are sensor internal
parameters (orientation, inclination and location, etc.) and
sensor external parameters (irradiance due to the global
radiation G, Sun position, etc.), [7].
The overall efficiency of the sensor is defined by:

n=2t (10)
Where A is the surface of the sensor.
o Thermal inertia of the sensor
In experimentation, we set the inlet temperature Tirof
the fluid and a flow rate ;. We collect the output temperature
Tar which allows evaluating:

¢y beingthe specific heat of the heat transfer fluid in Watt.
But when the temperature of the sensor varies, we consider
the thermal diffusivity a’ofthe incident energy towardsthe heat
transfer fluid.
fa

PaCa

a' =
Where
Kq: the thermal conductivity of the absorber,

(12)
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pa: the density,
Cu: the specific heat of the absorber.
The thermal inertia 77 of the sensor is given by [2],
Tla' = l’thf (13)
o Thermal balance of the heat transfer fluid
The thermal balance of the heat transfer fluid inside the sensor
is given by:

MpCr oL = Qeap = Qcpe = Q@ (14)
The heat exchanged by conduction-convection between the
fluid and the outside Qcy, is expressed by:
Qere= A hepe(Tr = To) (15)
The heat carried away by the heat transfer fluid Qf is
expressed by:
Qp = Atngpa(Ty — Tp) (16)
where,
h¢g. 1s the exchange coefficient by conductivity-convection
between the fluid and the exterior and My, is the
mass flow rate of the fluid used.
o Thermal balance of the inner tube
Neglecting the heat radiated outwards, we have the
following expression:

. Ty,
muCu; = Qf - QCp - QCu (17)

Theheatlostatthe periphery ofthe inner tube by convection

results in Qcp and the heat used is practically taken from the

inner tube with Qcu.
QCp:ArhCra(Tr - Ta) (1 8)
QCu = muCu (Tu - Tap) (19)
Where:
T.: air temperature,
m,: mass flow,
C,: specific heat at air pressure constant,
hcrat coefficient of exchange by convection between air
ambient and inner tube.
o Thermal balance of air heated floor
The floor has a heat supply by convection from the heat
transfer fluid and another heat exchange in the form of heat
losses by radiation and convection with the room. The equation
is then written:

darT, hepA A
D= -T,) (00 (0)
Where:
Qc: heat exchanged by convection with the room such that:
Qc = hap (Ty—Ta) (21)
Q:: heat exchanged by radiation with the room.
Qr- 6 & (Tp*~Ta?) (22)
Ty : floor temperature given by:
T,=19-5.42 (%E) (23)

p
Up: heat loss coefficient whose value 5.42W/m? corresponds to
the energy gains per m?:

hg=5.7+3.8 V¢ (24)
Vr: fluid speed between 0.13 and 0.25m/s with:
hap: 5.7+3.8Vair (25)

M, : energy emittance from the floor,
Cp: Specific heat from the floor,
Ap: floor surface.
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The use of solar energy as a heat source for local heating in
winter [3].
hCra:5.7+3.8Vair
Vair: air speed which is between 6 and 7m/s.

(26)

IV. ENERGY — EXERGY RELATIONSHIP

A. Exergetic analytical method

o FEnergy signature method
Exergetic analytical method is applied to the permanent
regime of a habitat, which instantly results in the thermal
balance between the exterior and interior exchanges of all the
walls constituting the building.

The modeling is designed to express the heating load
according to external demands (sunshine, outside temperature,
etc.). Then, according to the heat balance equation, the simple
energy signature method [8] is written:

Q' =a+b (TinetTex)* (27)
where only heating (or air conditioning) periods are
taken into account, i.e.:
(Tint+Text) *=max ((Tint+Text) ,0) (28)

This heat balance equation can be simplified with the
assumption of very small variations in the interior temperature
of ahome. When the heat balance of a home no longer requires
measurements of the interior temperature, the equation
becomes:

Q,:Xr+}’r Text
Where,

Q': heating load,

Tin:: home average interior temperature (°C),

Text: average exterior temperature leaving through the system

on the roof (°C).
The coefficients x, and y, are estimated by linear regression
from point clouds of daily, weekly or monthly data collected at
the habitat level.
®  Quadratic equation of the system
Exchanges in the system take place in three known modes:
convective, radiative and by conduction. For the transfer
calculation that occurs there, it needs to consider the main
components ofthe sensorand the flow of the heat transfer fluid
in the metal coil. For this, the quadratic equation of the system
is defined as a linear function of coil, [9].
temperature in contact with the upper part of the absorber
on the roof:
y=mx+p

(29)

(30)
Where:
x: Temperature of coil in contact with the upper part of the
absorber on the roof (°C)
y:average exterior temperature leaving through the systemon

the roof (°C)
_ IR+ (yi+y)
M= S K w) G
p=y—mx (32)

However, in the experiment
X=42.8838; y=32.6238; m=0.3655 and p=16.9497
Thus y =0,3655x + 16, 9497
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B. Energy yield

Considering a heat transfer between the heat transfer fluid
and the solar collector located above the temperature level of
the ambient environment, the collector providing heat being
called thehotsource and thefluid (coldair) receivingheat being
called cold well. This process is subject to irreversibility. We
expect an equivalent system comprising a set of direct and
inverse reversible machines: the sensor on the roof in question
is called adrivingmachine, whichsuppliesheat to the receiving
machine (heat transfer fluid), [10].

e First law of thermodynamics:

|CI||:M|/'/1|/c|+|(loc|| | (33)
Wel _ 4 _ lMoc
lql lql (34)
e Second law of thermodynamics:
190l _ Ta
we _;rc (33)
2 _q1_2a
lal 1 T (36)
The exergy associated with the hot spring:
Ta
Exe=Wet=[1="1ldl (37)
With:  |qFTC
Exc=Tc=T,
®  Receiving machine consideration :
First law of thermodynamics:
| |61||=|Wf|+||¢10f|| (38)
w, a
Tl = Ll (39
Second law of thermodynamics:
laofl _ k
I .
A1 -2
lql T¢ “h
The exergy associated with the cold well:
Ta
Exe=Wi= (11 1al (42)

With: |q|=Ty
Exf=Tf—Ta
According to the system, the irreversibility and exergy yield:
ISW =W l=Exc—Exy (43)
[=max (Exc, Exf)—min(EXg, Exf) (44)

We introduce the dissipative factor which measures the ratio
1

[Wel

of irreversibility in relation to the motor work: é=
min(EXC,EXf)
max(EXCEXf)
—1-Ir
&=l
The exergy yield nu is the complement of the dissipative
factor:

§=max (Exc, Exf - (45)

T
1§ (46)

In this study, nu is approximately 76%.

C. System operation: heating and cool9ing

The system operation principle is based on the capture of
solar radiation using the flat solar air collector to obtain heat
from the heat transfer fluid which circulates in the coil and that
in the PV panel to obtain electrical energy,[11]. Y and Z are
two parameters without dimensions and Y is the ratio of
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conventional capture losses to requirements, with possible
corrections; Z: the ratio of solar energy absorbed to needs.
Coefficient values according to the type of storage:

Coefficient Air storage Heating floor
a 1.02 0.863
b -0.065 -0.147
c -0.245 -0.263
d 0.0018 0.008
e 0.0215 0.029
f 0 0.025
Y= AUchAT- tjourCOS/Q (48)
Z=A NoMyp AT. tjour/Q (49)

where,
tjour : day length in hour;
A: sun azimuth;
Y,: solar collector optical yield;
9,: capture loop yield;
U.: the heat loss coefficient from the collection loop in
relation to the surface area of the collectors;
AT: conventional temperature difference;
Q: heating or hot air needs;
Cyg: corrective storage coefficient;
Isc: monthly average sunshine on the sensor
In this study, we work as well on a new mathematical
analytical method which is as follows:
F=F +F (50)
F; = Cosh(x) + Sinh(x) — u,
F, = Cosh(y) + Sinh(y) — u,
uy=u,=1
where :
x: heat loss during the heating period and y the supply of hot
air into the home given by:
X = DpViap (T = Tex)
y=0.34Dy(T5o — T,)
where :
T,: ambient temperature~23°C;
Tox: external temperature;
T, air blowing temperature;
Dy: loss coefficient;
D,.: hot air flow in the home;
Vjap: home volume.

(51)
(52)

V. RESULTS
A. Result on exergy yield

Due to the gradual increase in the temperature received in
an hour during the day, the temperature obtained inside the
roomis very high and higher than the comfort temperature. But,
the applicationofthe coolingmethodin this system (that means
the passage of the heat transfer fluid in the iced water and the
use of ventilation) gives the stabilization and obtaining of the
temperature of the comfort used in this room. Then, Figures 5-
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8 shows the curves of received temperature in the floor during
a day.

Sensor performance as a function of solar irradiation (9 a.m. to 10 a.m.)
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Figure 2: Overall performance of the sensor between 9 and 10 hours
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Figure 3: Overall performance of the sensor between 1 and 2 p.m.
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B. Result on the overall thermal efficiency of the sensor
Calculating the overall heat balance on the flat air solar

collector gives the results of the overall thermal efficiencies for

this collector. They appear according to the pattern of the curve

obtained by Matlab software. The figures display obtained
results.

F-chart and Fh efficiency over time (2 to 10 h)

Time in s

Figure 6: F-chart and Fh efficiency (analytical method and hyperbolic
function) over time (9 to 10 h)

F-chart and Fh efficiency over time (11 to 12h)

fehart | |

"0 15 ?-1
Time in s
Figure 7: F-chart and Fh efficiency (analytical method and hyperbolic
function) over time (11 to 12h)
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The effectiveness of the system is achieved in clear skies
and in cloudy weather. In addition, the methods combine to
achieve the same and better results on the quantity of
instantaneous heat. The effectiveness seems intensive at solar
noon and becomes less at sunset.

The curves of figures 9-11 take account efficiency
theoretically and through experimentation of the system over
time. Meantime, these results show that the useful and received
energies captured by the system are sufficient to indicate the
heat or cold needs of the occupants all day long. Results saw
that the two curve patterns coincided during the experiment.
This justifies the best performance of the methods used.

F-chart and Fh efficiency over time (5 to 6 p.m.)

™’
Fohart | |

Time in s

Figure 11: F-chart and Fh efficiency (analytical method and hyperbolic
function) over time (5 to 6 p.m.)

The exchanger ensures cooling by lowering the temperature
from 1°Cto 10°Cand provides hot air production with its 4 liter
box (40cmx10cmx10cm).

The used technique based on low-temperature heated floors
can be transformed into cooling floors.

The low floor helps to reduce indoor temperature. The
system conditions: no visible emitter, no movement of air or
dust have many advantages. This system is connected in a
network of pipes embedded in the floor.

The cooling floor has good emission efficiency because
there is little loss in the diffusion of freshness, especially since
this remains ratherlocalized at the bottom of the room. It can
be recommended for moderate cooling where summer sunshine
has been reduced by blinds or any other means of shade.

The distribution ofhotand normal air works thanks to fresh
air taken from the roof'via the solar air collector. To cover F
tends to 1, the exchanger consumes around 30% of electrical
energy, the remaining 70% being drawn from its environment.

In winter, we always exploit solar energy and we have
dimensioned it by developing the heating or cooling work and
air conditioning
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To conclude, the system analysis shows that the thermal
evolution of the home requires several factors for air renewal
and management of solar gain. The evaluation of exergy flows
establishes a linear, elementary model essential to the limitation
of thermal discomfort during summer or winter and to the
regulation of passive and active air conditioning of a room.

The simplified approach to heating or cooling a building
involves practical and methodical conditions to determine the
acceptable and ideal temperature in order to control and charge
the significant energy needs of the basic equipment of a room.

In short, the complexity of arelationship between energetics
and exergetics leads to the following conclusion: The exergy
method is more advantageous in the search for a thermal
environmentin a home because it depends entirely on passive
energy, but it remains difficult to dimension given that it is
based on the natural climatic conditions of the home which are
randomvariables. This method is more cost-effective in cooling
buildings during summer periods. On the other hand, the energy
method is easier to manage in the search for perfect air
conditioning during winter periods since it combines the active
solar energy of a solar collector. Apart from the summer and
winter periods, it is also necessary to combine the two methods
to have a comfortable and stable daytime and nighttime climate
in a home.

CONCLUSION

REFERENCES
[1].

Nematchoua M. K., YvonR., Chrysostome R., “Modeling and simulation
of absorption solarairconditioning to reduce energy consumption: A case
of some cities in tropical region”, Health and Environment, Vol. 4, No. 1,
pp.217-228,2024.

Al Khiro H. A., Boukhanouf R., “Performance Analysis of Solar-
Integrated Vapour Compression Air Conditioning System for Multi-Story

Residential Buildings in Hot Climates: Energy, Exergy, Economic, and

21.

95

[3].

[4].

[5].

[61.

[7].

[8].

[9].

[10].

[11].

International Research Journal of Advanced Engineering and Science

ISSN (Online): 2455-9024

Environmentallnsights”, Energies, Vol. 18, No. 11, Article 2781,pp. 1-
24,2025

Jiying Liu, Meng Su, Nuodi Fu & Moon Keun Kim, “A Numerical Study
on the Exergy Performance of a Hybrid Radiant Cooling System in an
Office Building: Comparative Case Study and Analysis”, Buildings, Vol.
13, No. 2, Article 465, pp. 1-25,2023.

Kumara Y., Verma P., “Role of absorber and glazing in thermal
performance improvements of liquid flat plate solar collector: A review”,
Energy Sources, Part A: Recovery, Utilization, and Environmental
Effects, Vol. 45, No. 4, pp. 10802-10826,2023.

LubnerS. D., Gifford A., Hallinan C., “Identification and characterization
of the dominant thermal contact resistance in lithium-ion batteries:
implications for heat flow and thermal performance”, The Journal of
Applied Physics, Vol. 127, No. 10, Article 105104, pp. 1-13,2020.
Pérez Grajales,S. G., Hernandez Ortiz, T., Martinez-Oropeza, R., Torres,
T., Adrian, L.-P. L., Delgado-Gonzaga, J., Huicochea, A., Juarez-
Romero, D., “Prediction of heat transfer in a hybrid solar-thermal-
photovoltaic heat exchanger using computational fluid dynamics”,
Processes, Vol. 12, No. 10, Article 2296, pp. 1-18,2024.

Lakshmaiya N., Udhayakumar G., Reddy M. P. K., Maranan R,
Paramasivam P.,Girma A. G., “Performance Optimization of Solar Water
Heating Systems Using Molten Salt Thermal Energy Storage Across
Varying Tilt Angles”, Global Challenges, Vol. 9, Article ¢00074,2025.
Haoxiang Duan, Xiaohui Chen, Qin Liu, Yun Li, Jie Zhang, Weijia
Huang, “An exergy-ecology assessment method and its application for
basic building heating schemes”, Energy Sources, Part A: Recovery,
Utilization, and Environmental Effects, Vol. 46, No. 1, pp. 6477-6495,
2024.

Martinez-Morales E. G., Rodriguez-Morales R., Gonzalez-Zamora P., “A
New Model to Investigate Effect of Heat Conduction between Tubes
Along Absorber Plates in Flat-Plate Solar Collectors”, Energies, Vol. 18,
No. 16, Article 4360, pp. 1-25,2025.

Kohol¢ Y. W., Traoré E. M., Rakotoson H., “Flat-plate solar collector
thermal performance assessment including irreversibilities associated
with absorber-plate, cover convection, and outlet fluid temperature”,
Solar Energy, Vol. 246, pp. 640-655,2022.

Ul-Abdin Z., “Performance evaluation of solar heat systems integrated
with photovoltaic and thermal storage”, Energy, Vol. 256, Art. 124574,
2025

Andry Thierry RANDRIANARINOSY, Jean Marc Fabien Sitraka RANDRIANIRINA, Falinirina ANDRIANJATOVO and Zely Arivelo
RANDRIAMANANTANY, “Exergy—Energy Interaction in Solar-Based Air Conditioning Systems: A Simplified Analytical Approach,

Volume 10, Issue 4, pp. 89-95, 2025.



