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Energy consumption is rising in unison with population increase, industrialization, and
urbanization. A solar heating system is one of the devices that supply consumers with
thermal energy. Consequently, it is imperative to conduct an exergy analysis on this system
in order to identify genuine, beneficial energy loss, which is not detectable by the first law
of thermodynamics. The exergy analysis in this study is conducted using experimental data
from the solar heating system in a space that includes a solar collector, pump, connections,
and radiator, all of which operate with water as the working fluid. The exergy analysis is
conducted for indoor heating spaces, radiators, and solar collectors under a variety of
operating conditions, including a range of ambient temperatures and heating demands. The
findings indicated that the rate of energy degradation is directly influenced by the heating
burden and ambient temperature. The energy degradation rate in the solar collector
increased by 14.25% when the ambient temperature varied from 15 to 21°C, while it
decreased in the radiator and interior space by 55.59% and 57.57%, respectively.
Conversely, as the heating capacity increased from 1100 to 1250 W, the energy degradation

rate in the radiator and the indoor space increased by 15.45% and 19.81%, respectively.

1. INTRODUCTION

The type of room heating system you choose affects how
much energy you use, how comfortable your home is, and how
it affects the world [1, 2]. Energy analysis is important for
system determination, but it is insufficient because it cannot

quantitatively clarify the effects of working temperature levels.

Exergy analysis can be used to quantify the efficiency of
system operation and the amount of energy wasted [3, 4].
Exergy studies incorporate both the first and second laws of
thermodynamics, while energy analysis just considers the first
law [5-7]. In the engineering system which includes heating,
cooling, ventilation systems and environment, the exergy has
a wide application range [8-10] Exergy analysis has gained
significant popularity in several thermal applications, such as
thermal power plants [11, 12], vapor compression refrigeration
cycles [13, 14], organic Rankine cycles [15, 16], solar
photovoltaic cells [17, 18], solar stills [19, 20], and solar
cookers [21, 22]. Research on the use of exergy analysis in
determining and controlling HVAC systems in buildings has
just recently begun [23, 24]. In the most recent publication by
Gongalves et al. [25], the authors conducted research on the
energy and exergy analysis of eight different space heating
systems in various climates. Zhou and Gong [26] analyzed
buildings energy systems in terms of the complete energy flow
cycle. Suzuki [27] described the general framework of the
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exergy balancing analysis. Furthermore, Suzuki offered the
specific relationships required to calculate the energy
equations of solar collectors. Luminosu and Fara [28]
investigated the optimal operating mode of a flat solar
collector by numerical simulations.

As prior studies have shown, and as far as the authors are
aware, there has never been an exergy analysis for the entire
heating system; thus, this study provides a comprehensive
analysis of the exergy performance of the solar heating system
under various operating situations. After the introduction, the
study is organized into four sections: methodology, exergy
analysis, findings and discussion, and conclusions.

2. METHODOLOGY
2.1 Materials and design

Although some studies discussed the related materials, the
details of the solar heating system are unspecified [29]. This
system has an interior room space of 2:5 meters in width,
length, and height respectively. Figure 1 also indicates the
installation of a flat-plate solar water heater on the outside
surface of the building referring to the building roof, while the
radiator for air heating is inside the building space. Each plate
consists of 30 micro-channels linking two manifolds, a
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chamber for water movement within the solar heat collection
system, and the valves for water flow prior to the flat solar
water heater. In the flat-plate solar water heater, hot water
circulates in two headers and risers, where the intake header
sends it through the riser, and the exit header, which takes
water from the risers, passes it through plastic pipes to the
radiator. In addition, to reduce the heat losses from the
collection to the surrounding environment, thermal insulation
is placed at the back and sides of the collector. Wrapped
around the pipe plastic in the heating system is an aluminum
casing that has a thickness of 2 mm The parameters of the flat
plate solar collector shown in Table 1.

4-flowmeter

y&
_)l’_

Figure 1. Solar heating system schematic diagram [29]

Table 1. The dimension specification of flat plate solar
collector

Flat Plate Solar Collector
(2000=<1000>80) mm

Dimension Specification
Dimension of collector

Glass cover thickness 3.2mm
Transmittance of glass 95%
Aluminum Absorber plate
- 0.4 mm
thickness
Absorber plate absorptivity 95%
Absorber emissivity 5%

22 mm / 2 headers
8 mm/ 7 risers

Copper header tube diameter
Copper riser tube diameter

Space between riser tube 110 mm
Fiber glass insulation
; 30 mm
thickness
Fiber glass density 60 kg/m?3
Air gap spacing between glass 25 mm

and absorber

2.2 Theoretical basis and design rationale

The guidelines for the design of the experiment are enriched
by the knowledge of the principles of thermodynamics and
heat transfer. The choice regarding the material, size, and
arrangement of components that are employed in the solar
heating system depends on the aspects of thermal performance
and heat losses. The design of the flat plate solar water heater
entails solar energy collection whereby the flat plate collector
has a relatively large surface area that is used in capturing solar
energy. Thus, application of the risers and headers helps attain
good distributions of water and proper heat transfer.

As for the choice of the insulating materials, and the
aluminum casing, is to reduce thermal losses and accordingly
the increase in the system’s efficiency. The sub-passages and
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manifolds in the design of the radiator aim at improving
convection between the hot water and room air for efficient
heating of the premises. Due to the need of constant and
reliable water supply in the cooling process, the pump and
valve system is incorporated in the frame.

Incorporation of these theoretical considerations in the
procedural design helps to achieve the maximum level of
efficiency of the solar heating system, which forms the solid
ground for the experimental procedures and data collection.
This approach corresponds to existing literature at the same
time as including a reputable theoretical framework to the
experimental approach [29].

2.3 Study data

For the evaluation of the exergy of the solar heating system
in the quasi-steady-state mode, the historical experimental
data obtained in the study of Obaid [29] are used. The
experiment was conducted on four separate days: January 9,
January 20, February 20 and February 24 in the year 2019. The
irradiance of the sun, wind and air temperatures in the
environment were taken intermittently using portable
instruments and a weather station from 9:00 a.m. to 5:00 p.m.,
The metallic absorbing plate exhibited a high level of
absorbency, efficiently converting solar irradiance into heat
upon reaching the flat solar collector via the glass cover.
Consequently, the absorber plate became heated, and the heat
is transmitted from the absorber plate to the water by
convection [30]. The pump sent the heated water from the
collection to the radiator. The upper manifold tube is
segmented into several smaller channels, via which the hot
water is sent into the radiator. Convection facilitated the
transport of heat from the hot water to the outside surface of
the radiator. Subsequently, the hot water, excluding the lower
manifold tube, was collected prior to being circulated back
into the radiator. Finally, there is heat transfer by free
convection and radiation between the surface of the radiator
and the room. Throughout this procedure, the ambient
temperature progressively rises until it reaches the designated
internal temperature or just below.

3. EXERGY ANALYSIS

The second law of thermodynamics is used in energy
optimization and the tool known as the Exergy analysis helps
in this process. The quantity of power produced by a system
that has an important function in determining the
thermodynamics is the exergy. The energy analysis which
follows the calculation of the solar heating system is shown in
the Figure 2. Certain assumptions are made in order to enable
analysis [31, 32]:

(1) Each component is in a steady state and is flowing
steadily.

(2) The exergy destruction of the pump and valves are
negligible.

(3) Heat and pressure losses in the connecting pipes are
negligible.

(4) There is no heat exchange with the outdoor space.

The exergy balance for solar collector can be shown in Eq.
(1) [33, 341:

EXin — EXout —EXq =0 (1)



Exergy Exergy [Exeray Space consumption

Exergy

Heating
exergy
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Figure 2. The exergy analysis

The total exergy rate that enters a solar collector may be
determined by comparing the intake exergy rate with mass
flow and the inlet exergy rate with solar irradiance absorbed
by the collector, as shown in Eq. (2) [35].

EXijn = EXjn s + EXin,q 2

Inlet exergy rate with mass flow as follows in Eq. (3) [36]:

Tw,in)

EXin,f = rn'CP(Tw,in T
a

—T,—T,n 3)

Inlet exergy rate with solar irradiance absorbed by the
collector as follows in Eq. (4) [33]:

Ta
EXing =MoGeAp(1 — 1) “4)

in,q

The apparent solar temperature represents by T,=6000 K
[37], optical efficiency represents by n, and calculated from

Eq. (5) [38]:

S

r|0=G_t

&)
where, S is solar energy absorbed can be calculated using Eq.
(6) [38]:

m'CP(Tw,out - T

i win) 4 vyt - T,)

(6)

P

where, U, overall heat loss coefficient can be found from [39,
40]:

Uy = U+ Uy + Ug (7
Ut
r -1
N 1
- C Tp - T ¢ E
(%) (G+2) ®)
. o(T, + T)(T,” + T,7)
L [PN+z2—-1-0133g,]
e, +0.00591Nh,, ] +[ : ]
z = (1+ 0.08%h,, — 0.1166hy¢,)(1 + 0.07866N)  (9)
¢ = 520(1 — 0.00005B2) for 0°< B < 90° (10)
100
e=043(1-—) (11)
TP
h,, = 2.8+ 3V (12)
Ky,
b=3, (13)
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L + W)HK
o = # (14)
LWX,
The outlet exergy rate represents by the outlet exergy rate
with mass flow only and as the follows Eq. (15) [36]:

TW,Oth)

EXout = EXout,f = m'CP(Tw,out =T, — Taln (15)

a

By three items, the exergy destruction rate can be
represented and as follows Eq. (16) [41]:
EXy = EXd.Ap + EXd,AT + EXd_Apf (16)

Exergy destruction rate produced by pressure declined
through the tube as in Egs. (17) and (18) [42]:

Tw,out
= o[ L (17)
d4p Tw,out - Tw,in
AP = p g(L,sin 3 + hy) (18)

The gravity acceleration represents by g, tube length
represents by L., total pressure drop represent by h; and equal
to Eq. (19) [42]:

8m

— 19
" n,gp?mn2D} (19)

+ZKL

where, the number of tubes represent by n,, partial pressure
drops coefficient of connections represented by K. which in
tube’s inlet equal to 1 and at outlet equal to 0.5, the friction
coefficient represents by f and can be determined by Eq. (20a)
and Eq. (20b) [43, 44]:

64
f = z- (Laminar flow) (20a)
64
f = 275 (Turbulent flow) (20b)

Exergy destruction rate produced by the difference in the
solar temperature with absorber plate surface can be shown in

Eqg. (21) [43]:
1
7)

Exergy destruction produced rate by the difference in
temperature between absorber plate surface and working fluid
can be shown in Eq. (22) [35]:

1
EXgar = noGtApTa <_ - (21)

T

Tw,out -

T

[ i
w out w,in
)

=mCpT,(In

EXqapt 22)

TW mn

The exergy balance for radiator can be seen in Eq. (23a) and
Eq. (23b) [45]:
AEX,,

— EXpa = EXrout (23a)



AEXW = EXw,supply - EXw,return (23b)
where, AEXy, represents the difference between the supply and
return water exergy rate. The exergy rate of the supply water
to the radiator and return water from radiator can be represent
by EXwsupply and EXwrewrn respectively. EX;q is the exergy
destruction rate within radiator, and EXou is the exergy
received by indoor from radiator.

The exergy rate supply and return water flows are
determined by Egs. (24a) and (24b) [25]:

TW ou
_t> (24a)

EXw,supply = m'CP ((Tw,out - Ta) - Taln T
a

Tw in)
' (24b)

Exw,return = m'CP ((Tw,in - Ta) - Taln T
a

The exergy rate supplied to the indoor space from radiator
can be seen in Eq. (25) [45]:

a

EXr,out = Qheating(1 - ) (25)

Tm,rs

The exergy destruction rate in an interior area is calculated
as the modification between the exergy rate provided to the
indoor space and the rate at which exergy is lost due to heating.

EXsp,d = EXr,out - EXheating (26)

The heating exergy load rate expressed in Eq. (27) [46]:

T
EXneating = Qneating(1 = ) 27)
1

4. RESULTS AND DISCUSSION

An examination is conducted on the effect of solar energy
on the temperature of the water discharged from the solar
collector in order to efficiently assess the performance of the
system. According to Figure 3, there is a direct correlation
between the increase in solar energy and the corresponding
rise in water temperature from the solar collection. This
happens no matter what temperature the water is coming in at.
When the insolation was 750 W/m? and 100 W/m?, the output
water temperature increased by 5.30 percent and 9.12 percent,
respectively, compared to an insolation of 500 W/m?. Note that
choosing a shadow-free site and determining the optimal
azimuth and tilt angles can lead to the optimal orientation of
solar collectors [47-50]. This will enable the collectors to
collect the maximum amount of solar irradiance.

Figure 4 shows a study of the solar collector's exergy in
relation to the temperature of the surrounding area. When the
temperature outside goes up, both the rate at which energy is
made by the water moving into the solar collector and the
amount of sunlight that the collection plate absorbs go down.
It seems that when the temperature of the surroundings goes
up, heat is lost in both the water and the absorber plate because
the process is irreversible.

The system's exergy rate largely determines the behavior of
the outlet exergy rate with the ambient temperature, which
remains consistent with the previous description. Due to
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entropy creation in the solar collector, also known as
irreversibility, the intake and output exergy rates differ. The
rate of exergy destruction, also known as irreversibility, will
undoubtedly grow with the rise in the temperature of the
surrounding environment, as evidenced by the fact that it rose
by 14.25% when the temperature of the surrounding
environment went from 15 to 21 degrees Celsius. Energy
producers exhibited this behavior in earlier investigations
linked to this topic [51, 52].

Gi=500 W/m? = G>=750 W/m? 4 G5=1000 W/m?

(621 a1 [4)]
SN » [ee] o
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Figure 3. Influence of solar irradiance on water temperatures
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Figure 4. Influence ambient temperature on exergy rate in
the solar collector

Figure 5 illustrates the exergy analysis of the radiator in
relation to the surrounding environment's temperature. The
radiator inputs an exergy rate equal to the observed exergy rate
between the supply water and the return water. When the
temperature of the surrounding environment rises, it is noticed
that the input exergy rate falls. This decrease results in a drop
in both the outlet energy rate from the radiator and the amount
of energy supplied to the area. On the other hand, the change
in ambient temperature from 15 to 21°C resulted in a 55.59%
reduction in the energy destruction rate. This indicates that the
rate of energy destruction decreases as the ambient
temperature rises. This is due to the irreversibility of the
entrance exergy rate, which leads to a greater amount of
degradation than the outlet exergy rate. This behavior has been
reported in applications that are comparable to exothermic
radiators [52, 53].

Since the same exergy rate is received and delivered in the
interior area, it is logical to expect a decrease in its value as the



temperature of the surrounding environment increases, as
shown in Figure 6. However, as the ambient temperature
increases, the rate of energy destruction in the interior area is
reduced. This is rather logical because the energy requirements
will be lower due to the reduction of the temperature
difference necessary for the system and the temperature of the
environment. With the change of the external environment
temperature from 15 to 21°C the rate of energy dissipation in
the interior area was reduced by 57%.
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Figure 5. Influence ambient temperature on exergy rate in
the radiator
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Figure 6. Influence ambient temperature on exergy rate in
the in indoor space
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Figure 7. The exergy destruction rate at various heating load
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Figure 7 illustrates the rate of exergy destruction in the
radiator as well as the interior area, which is dependent on the
amount of heating load. As the heating load increases, the rates
of energy degradation rise, but in a nonlinear fashion. An
increase in the heating load leads to an increase in entropy
creation, subsequently causing a decrease in the exergy rate.
To put that into perspective, the rate of energy degradation has
a greater impact on the inside area than it does on the radiator.
The exergy destruction rate of the radiator and the interior area
increases by 19.81% and 15.45%, respectively, when the
heating load increases from 1100 to 1250 W. This is the typical
trend.

5. CONCLUSIONS

This study describes an energy analysis of a solar heating
system, including a solar collector, radiator, and interior area
that utilizes water as a working fluid. The analysis used data
from experimental testing on a comparable system. The key
discoveries of this investigation may be succinctly described
as follows:

-The While the sun collector's exergy breakdown rate went
up as the temperature outside went up, the rates at which it
took in and released exergy went down.

-As ambient temperature increased, the radiator's intake and
output exergy rates decreased, as did its exergy destruction
rate. Furthermore, increased heating demand led to a
comparable increase in energy degradation.

-As the temperature increased, energy destruction in the
inner region reduced. However, the increase in heating
demand led to a comparable increase in the rate of energy
degradation.

‘The architecture and positioning angles of the solar
collector system significantly influence its efficiency. This
design feature effectively minimizes thermal losses and
maximizes heat gains from sun irradiation.

‘The study suggests that as the ambient temperature
increases, the energy destruction in the indoor space decreases.
By regulating the thermal conditions of the building space and
the ventilation to reduce the existing thermal gradient between
the two spaces, we can improve the system's efficiency.

This study offers useful insights into the quantitative and
qualitative thermal efficiency of the solar heating system. This
research may be expanded by investigating the decrease in
energy destruction in the system through component
replacement while also examining the economic viability of
implementing such changes in the system.
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Gt
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area, m?

specific heat of water, J/kgK
coefficient to find top surface heat loss
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exergy rate, W

coefficient to find top surface heat loss
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solar irradiance, W/m?

gravity acceleration, m/s?
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collector thickness, m

wind heat transfer coefficient, W/m>K
total pressure drop, Pa

insulation thermal conductivity, W/mK
pressure drop coefficient of connections
collector length, m

tube length, m

mass flow rate of water, kg/s

number of covers

number of tubes

pressure, Pa

heating load, W

Reynolds number

solar energy absorbed, W/m?
temperature, K

heat loss coefficient, W/m>K

wind speed, m/s

collector width, m

insulation thickness, m

coefficient to find top surface heat loss

Greek symbols

aa oo™

different

tilt angle, deg

emittance

Pi (3.1415)

Stefan-Boltzmann constant, W/mk*
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No optical efficiency

Subscripts

a ambient

b back

c consumption

d destruction

e edge

f flow

g glass

i operative

in inlet

1 overall losses

m mean

out outlet

p plate

q solar irradiance

r received by indoor from radiator

s radiator surface

S solar

sp space

t top

W water

AP pressure declined through the tube

APf difference between the water temperature and
absorber plate temperature

AT difference between the solar temperature and

absorber plate temperature





