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Having kilometers of asphalt road, yet with this heat going to waste, an attempt has been made
in this research to extract the road's renewable energy heat. The purpose of the experiment is
to compare the energy and exergy efficiency of various materials of asphalt solar water heaters
(ASWH), as well as heat transmission through the water tube and how friction affects exergy
destruction. The water flow rate of one ASWH was 0.01 kg/s, while that of the other was 0.02

Keywords:

Asl))/lrl;lt road kg/s. Each ASWH has an area of 0.5 square meters. The copper tube is buried 10 mm deep in the
Efficiency asphalt. 15 degrees is the angle of inclination. The results indicate that the energy and exergy
Exergy efficiencies are reasonably high for the water flow rate of 0.02 kg/s. Depending on the water

Renewable energy
Solar water heater

flow rate, asphalt temperature, and sunlight intensity, the energy and exergy efficiencies
changed from 32% to 65% and 5.8% to 16%, respectively. The water flow rate is an essential
parameter for estimating the internal convective heat transfer coefficient and Reynolds number
in order to calculate the friction factor in the copper tube based on internal convection heat
transfer. In contrast, the friction factor is a consequence of the pressure loss and exergy
degradation induced by friction.
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NOMENCLATURE

Cy Specific heat ECO Economizer

Ex Rate of exergy EVAP Evaporator

h Enthalpy FAR Fuel air ratio

Qin Inlet heat HLC Hard line combustor

Qout Outlet heat HRS Heat recovery system

Qnr Heat released ORC Organic Rankine cycle

Qw Heat exchanged RoHR Rate of heat released

m Mass ratio RoHC Rate of heat capacity

Vg Actual volumetric air ratio SLC Soft line combustor

Vgs Stoichiometric volumetric air ratio WHR Waste heat recovery

p Pressure Greek symbol

P Power a Stoichiometric ratio of carbon
v Volume B Stoichiometric ratio of hydrogen
w Work @ Equivalence ratio
Abbreviation p Density

CB Carbon black n Efficiency

EPA Environmental protection agency y Stoichiometric ratio of oxygen
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INTRODUCTION

The classic solar water heater is a flat-plate solar water
heater (FP-SWH) (SWH). A FP-SWH is a basic system
that collects and converts solar energy into heat using
water as a heat transfer medium. It consists of a black
absorber plate with a high thermal conductivity pipe, one
or two transparent coverings a few millimeters above the
absorber plate, well-insulated. FP-SWH performance
analysis is a significant and important method for
comprehending the system's overall performance.
Numerous practical and theoretical investigations on the
performance of FP-SWH have been thoroughly published
by Attia et al. [1] and Rahmanian et al. [2]. Esmaeili
Shayan et al. [3] reported on the experimental
performance of a novel type of flat plate micro-heat pipe
array solar water heater. Effective heat gain and thermal
efficiency were employed to describe the performance.
Annual daily effective heat gain and system efficiency
were 9,5 MJ/m? and 58.29 percent, respectively. Also
considered as a possible solar water heater shape was a
cylindrical solar water heater [4]. Utilizing a cylindrical
solar heater, researcher assessed the factors influencing
the heater's performance, feces holding tank [5]. Some
researchers studied the efficacy of a cylindrical solar
water heater. It was made out of a cylindrical glass tube
that served as a lid and a copper coil acting as the absorber
surface. By the end of the experiment, the maximum
efficiency was around 40% [6, 7].

Concrete-based collectors the design and integration
of SWH into building components such as the roof and
walls have been finished. On an inclined roof, Esmaeili
Shayan et al. [10] studied and tested a concrete solar water
heater (CSWH) for home hot water [8, 9]. A researcher
installed a solar concrete collector on a flat roof to restrict
a home's heat absorption while still supplying domestic
hot water [10]. The parametric analysis and experimental
and numerical research of a CSWH as integrated on the
wall and/or facade were reported by Azadbakht et al. [11].
The objective of the study was to evaluate the efficiency
of a concrete solar collector.

The asphalt solar collector (ASC) is a collector used
to capture and convert solar energy [12]. Thermal
performance of the mixed-asphalt solar water heater
(MASWH) was investigated [13]. Meanwhile, the
MASWH was utilized to integrate on the roof house in
the same project, with the aim of minimizing heat input
through the sloping roof. 5 to 12 W/m? of heat input into
the home might be minimized [14]. The asphalt pavement
functions as a solar collector. It has been investigated how
asphalt pavement performs in terms of temperature, heat
dynamics, and efficiency [14, 15].

The energy equation was utilized in the bulk of SWH
research. In consequence, the exergy equation is crucial
for modeling irreversible losses [17]. Esmaeili Shayan et
al. [18] conducted an exergy analysis of domestic-scale
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solar water heaters (DSSWH). The objective of the
initiative was to save money while preserving DSSWH's
efficacy. A researcher published the exergy study of an
integrated photovoltaic thermal solar water heater [16].
According to the research, the overall exergy and thermal
efficiency of an integrated photovoltaic thermal solar
system are greatest at a hot water withdrawal flow rate of
0.006 kg/s [19]. Afterwards, a researcher investigated the
energetic and exergetic performance of integrated solar
storage collectors. In the experiments, the energy and
exergetic efficiencies were determined to be 32% and
23.5%, respectively [20]. The water temperature control
equipment and solenoid valves were created. Under
identical conditions, energy and exergy evaluations were
conducted [21-23]. Azadbakht et al. [24] assessed the
pipe designs of pavement solar collectors, which have
been analyzed in terms of heat dynamics, performance,
and system exergy.

This study examines the energy and exergy analyses,
as well as the first and second law efficiencies, of the
asphalt solar water heater (ASWH). Flow through the
copper tube's internal convective heat transfer, pressure
loss, and irreversibility will also be represented.
Depending on the experimental measures, findings differ.

Experimental set-up and description

The asphalt solar water heaters (ASWH) utilized in this
investigation were created. The research was conducted
at Tehran, Iran. The experimental equipment utilized in
this work is depicted in Figure 1. It consists of two asphalt
solar water heaters of equal size.

The ASWH comprises a cover plate, an air gap, a
copper tube, an absorber layer, and a well-insulated
housing. A cover plate is a piece of glass with a 4 mm
thickness. There is a 50 mm air gap between the cover
glass and the absorber layer. A 50-millimeter-thick
absorber layer was created using asphalt. A copper tube
has an interior diameter of 9.52 mm, an exterior diameter
of 10 mm, and a length of 8 m. The copper tube is encased
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Figure 1. Experimental equipment schematic (Asphalt solar
water heaters)
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in asphalt 10 millimeters deep. The sides and rear of the
ASWH were insulated with 10 mm of polyurethane
insulation. Each ASWH is 1.0 m (0.5 m in size and 0.5
m2 in surface area. Depending on the flow meter, the
water flow rates through copper tubes range from 0.01 to
0.02 kg/s. The inclination of ASWH was determined to
be close to the local latitude (15 degrees, pointing south).
Each absorber layer weighted around 30 kg.

The solar water heater is a heat exchanger that
transmits heat at a consistent temperature from the
collector to the water flow, or a single-stream heat
exchanger. The copper tube is depicted in Figure 2(a),
whereas the temperature profile is depicted in Figure 2(b).

Figure 3 illustrates the different ASWH measurement
positions. The accuracy of Type K thermocouples is 5%
across a temperature range of 0-1250°C. The top and
bottom surfaces of a cover plate, the middle of the air gap,
the absorber layer, the intake and exit of water flow, and
the temperature of the ambient air were all measured
(installed in an appropriate container). At three distinct
depths, absorber layer measurements were taken (3
thermocouples at each depth). The thermocouples were
specially calibrated for the testing. Total solar radiation
was measured using a Kipp and Zonan CMP11
pyranometer with a range of 310 to 2800 meters and an
uncertainty of 2%. Using a data logger with an accuracy
of 0.8% (Hioki: Model-8422-51), temperature and solar
radiation data were recorded. The water flow rate was
controlled using calibrated flow meters (accuracy of 5%).
The data from the experiment were recorded every 10

(a) Copper tube

Tasp i

—f (AT)out = Tasp - Tout
(AT)in = Tasp - Tin Tou —f
L

l AT =Tout - Tin
(b) Temperature profile

Figure 2. (a) Copper tube and (b) temperature profile
through the collector
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minutes. The trials were conducted in a real-world
environment. Text should be created within the page
dimensions displayed. Use the maximum permitted
length with the two limitations listed below: | do not
begin a new section at the bottom of a page; instead,
relocate the heading to the top of the next column; (ii) you
may only extend the length of the text area by one line to
finish a section of text or a paragraph. You must use a line
spacing of 1.0 (single) and the typeface Century
Schoolbook. To avoid subscript and superscript fonts
from overlapping and rendering your printed material
unreadable, it is necessary to increase the space between
text lines while inputting mathematically complex
language. Ensure that your desktop publishing program's
auto-adjust for interline spacing is set appropriately to
prevent overlapping without leaving excessive gap.

ANALYSIS

The present work focuses on the energy and exergy
analyses of the ASWH. The energy and exergy may be
expressed using the first and second laws of
thermodynamics in the following ways:

Let's investigate the ASWH. On the absorber layer of
the ASWH, heat balancing is based on the first law
(Energy equation), and absorbed heat is dispersed by
flowing water; the theoretical equation is as follows:

ATasp,ave _

mcp (Tout - Tin) =Aclrn, — (mcp)asp dt (1)

ULAC (Tasp,ave - Ta)

The left-hand side (LHS) of the equation represents the
useable heat (1). mis the water flow rate (m = pAV =
pV). C, is specific heat of water. The first term on the
right-hand side (RHS) represents the heat absorbed, the
second term represents the heat capacity of the ASWC,
and the third term represents the total heat loss between
the ASWC and the ambient. The optical efficiency (n,) is
given by Fu et al. [25]. The overall heat loss coefficient
(Up) proposed by Feng et al. [26]. (MCp)asp iS the mass
multiply by specific heat of asphalt., The specific heat of
the asphalt is given by Zhang et al. [28].

Figure 3. Measuring positions of ASWH
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ASWH efficiency is the ratio of useable heat to
incident solar irradiance falling on the asphalt collector
surface [27].

_ mcp(Tout—Tin)
[y —

@

As indicated earlier, one of the aims of the study is to do
an exergy analysis. Exergy is a term that expresses two
principles of thermodynamics. For the analysis, the
following assumptions are considered: 1. A steady-
flowing process is employed. 2. Kinetic and potential
energy are ignored. 3. Work transmission is disregarded.
4. Specific heat is constant. The mass balance of the water
flow may be expressed in rate form as follows:

©)

where is the water flow rate (kg/s) and "in* and "out™ are,
respectively, the entrance and outflow of the water flow.
Assuming the following, the energy and exergy balances
may be represented in rate form:

hX My = > Moyt

X Ein =X Eout (4)
and

X Exin -2 Exout =X Exdest 5)
or

Z ( - %) QS _W + Zminwin - (6)

Zmoutlpout = EXxgest
with

Qs = (ta)Aclr (7

Y =(h—hg) —Ta(s — sqa) (8)

By substituting Equations (7) and (8) into Equation (6) as
follows:

% (1~ 3) Ga)Acly = (houe = hin) =

Ta(Sout — Sin)] = Exdest

©)

The first component is the rate of heat exergy, and the
second term is the rate of flow-related input and output
exergy. The destruction of exergy due to irreversibility is
seen on the right-hand side. The ratio of net output to
input exergy may be used to evaluate the exergy
efficiency of an ASWH. Therefore, the efficiency of
exergy may be computed as follows:

_ Exout _ Mm[(hout—hin) —Ta(Sout—Sin)]
M= T — (1-18) ) Ak
in Ts c!T

(10)

In order to compute the internal heat transfer coefficient
(hi), the useful heat in Equation (1) is to be equal the
internal convection heat transfer in a copper tube as
expressed in Equation (11).

Tth (Tout - Tin) = hiAiATlm (11)
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The tube's internal surface area (4;) and the logarithmic
mean temperature difference (AT, ) are calculated as
follows:

Ai = Tl.'dl'L (12)
and
Tout—Tin
ATy = (Tout=Tin) 13)

ln(TTSS—_T?Zr)
The classical dimensionless of Nusselt number (Nu)
inside the tube is given as:

Ny = i
ky

(14)
Equations (11) to (13) and Equation (14) help to calculate
the Nusselt number. The Reynolds number for internal
flow in a copper tube is evaluated as;
_ A

u wdiu (15)

The pressure loss (A4p) is a parameter to affect the
irreversibility associated with flow through the tube, in
other word, the exergy destruction due to friction
(Exgest.r). The pressure loss is considered to be the total
of the pressure loss caused by frictional effects and the
pressure loss caused by return bends. The words for
friction and slight loss are [(fL/d;)+2K]V?po/2, the concept
of equivalent length allows us to replace the minor loss
term with (ZK= fLeg/d;).
The Ap and the Ex ;. £ can be expressed as

VZ
Dp =L (L+Legp s (16)
and
. T, | 8m?
Eaoses = f 12 [ 3omes] (L + Lea) a7)

where f is the friction factor that applied to the entire
copper tube, d; is the inner copper tube diameter, L.,is
the equivalent length. The f for circular tube can be
determined from literature [29].
64
f=%

Re<2300  (18)

f=(0.790 - InRe —1.64)2 3000 < Re <5x10°  (19)

Note that all properties in heat transfer section are to be
evaluated at the mean temperature of water determined
from Tf = (Tin+T0u[)/2.

EXPERIMENTAL RESULTS

In this study, the data collected for each ASWH was
utilized to evaluate their performance. The research was
conducted during February and March of 2022, during the
daylight. As shown in Figure 4, because ambient
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Figure 4. Variation of hourly ambient temperature and sun intensity throughout the day

temperature and sun irradiation are crucial variables for
ASWH, the optimal day for displaying the ambient
environment was selected.

Figure 4 illustrates the midday atmosphere. The sun
intensity was zero at 6 a.m. and climbed gradually after
6:15 a.m., while the ambient temperature was around 26
degrees Celsius. Peak solar intensity and ambient
temperature were around 1010 W/m?2 and 35 degrees
Celsius, respectively. Due to the clear sky and absence of
shadows, the solar radiation profile is unmistakably
parabolic. The dimensions of the two ASWHs were
identical. They were facing the same direction (15
inclination facing south). One ASWH got a water flow
rate of 0.01 kg/s. While the other received 0.02 kg/s, we
received. This section presents statistics from 8:00 a.m. to
4:00 p.m. during the sunny season.

Figure 5 depicts the average asphalt temperatures
(Tasp) and the inflow water temperatures (Tin). Since the
entering water for two ASWH was pumped from the same
water tank, the Ti, was considered to be equal. Due to the
difference in water flow rate, the average asphalt
temperature for, m=0.02 kg/s was between 1.5 and 4 (C

90

80 | — Tasp, m=0.01 kg/s — ~ Tasp, m=0.02kg/s * Tin

Temperature ( C)

..0§00§0"00¢000..““
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30 4o
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Time (hr)
Figure 5. Variation per hour of asphalt surface temperature and
intake water temperature throughout the day
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lower than that for, rh = 0.01 kg/s, with a range of 1.5 to
4 (C; nevertheless, the largest temperature differential
between T, and Tin ((A)in was 30.5 (C, occurring at
12:20 pm).

Figure 6 demonstrates the difference in temperature
between the exit water temperature and the intake water
temperature (AT=Tou - Tin) for fluctuating water flow
rates throughout the day. The maximum AT was about
17°C for mn = 0.01 kg/s, and 12°C for m= 0.02 Kkg/s,
respectively. As expected, the AT is not more than the
maximum (AT)in. As a matter of fact, the m= 0.01 kg/s
can approach Tasp than the = 0.02 kg/s. This is because
a smaller flow rate may absorb more heat than a larger
flow rate. Figures 5 and 6 in conjunction with Figure 2 (b)
elucidate the situation.

During the testing, solar radiation was absorbed by the
asphalt, some heat (useful heat) was retrieved by the feed
water, some heat was lost to the environment, and the
remaining heat was stored in the asphalt collector. Figure
7 depicts a comparison of accumulated heat in asphalt
collectors. As noticed, the maximum cumulative heat
reached 0.52 kwWh and the minimum value neared 0.31
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Figure 6. Hourly change of temperature disparity with respect
to time of day and water flow
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kWh. In contrast, the usable heat and all heat losses had a
significant influence on the asphalt layer's total heat. As
observed by Farzan and Zaim [27], due to the thermal
inertia behavior of the asphalt collector in the ambient
state, the asphalt collector is susceptible to thermal shock.
From dawn until midday, asphalt may absorb and slowly
release heat into the surroundings.

This section illustrates the particular enthalpy change
(4h) and the precise change in entropy (4s) with relation
to time They were informed of the energy transformation
and the irreversible loss. In the case of ASWH, there is no
phase shift of water flow; the specific heat may be
assumed to be constant. The Ah and As were assessed
based on the specific heat and fluid temperatures, namely
the water temperatures at the input and outflow. The
acquired findings were depicted in Figures 8 and 9 for
m= 0.01 kg/s and m= 0.02 kg/s, respectively.

For m= 0.01 kg/s, the Ah and As varied between
37.74 to 716 kikg and 0.122 to 0.226 kJ/kg.K
respectively. Meanwhile, the Ah and Asfor = 0.02 kg/s,
they were varied between 16 to 50.1 kJ/kg and 0.050 to
0.160 kJ/kg. K respectively. It is apparent that, the high
m decreases the As whereas the low mis high the Ah
value.

m=0.01kg/s BWon-00 kg/s
0.8 1

0.6

At

08:00-09:00  09:00-10:00  10:00-11:00 11:00-12:00 12:00-13:00  13:00-14:00 14:00-15:00 ~15:00-16:00
Time (hr)
Figure 7. Variation in hourly heat accumulation based on water
flow rates
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Figure 8. Variation per hour in the difference between specific
enthalpy and specific entropy for, i = 0.01 kg/s
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The change in instantaneous energy efficiency is seen
in Figure 10 (n,) with time of ASWH for m= 0.01 kg/s
and m= 0.02 kg/s. It was found that at m= 0.02 kg/s is
high n; than the m= 0.01 kg/s. The n, of both ASWH
were within the range 33.5 to 72% whereas the difference
n; was varied about 5 to 20%.

In addition, the immediate exergy effectiveness (n,;)
As shown in Figure 11, It is apparent that the n,, has
decreased than the energy efficiency which is due to the
loss of irreversibility. The minimum and maximum of n;;
were 6.0% at m= 0.01 kg/s and 16.0% at = 0.02 kg/s,
respectively.

The results reveal that the n; and n,, are affected by
water flow rate, asphalt temperature, and sun intensity.
Meanwhile, the n;and the n;;were increased during the
late afternoon due to the cumulative heat available in
absorber layer being transferred to the water flow.

In addition, the m correlated with the average internal
convective heat transfer coefficient (h;), and also the
pressure loss (4p) and the exergy destruction due to
friction (Exgese.s). To do the data analysis, all data are
determined using the relative steady-state criterion as a
comparable instance reported in literature [27].

100 05
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Figure 9. Variation per hour in the difference between specific
enthalpy and specific entropy for, i = 0.02 kg/s
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Figure 10. Energy efficiency varies hourly with time of day at
various water flow rates
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The copper tube seen in Figure 2 (a) is composed of a
straight tube with return bends. As demonstrated in
section 3, the notion of similar length was employed to
determine the length equivalent of return bends to the
straight tube. Figure 12 indicates the value of h; and Nu
at m= 0.01 kg/s and m= 0.02 kg/s. It is apparent that the
value of h;andNu were increased with increasing of m.
The maximum h;andNw occur at rh= 0.02 kg/s, there are
the values of h;= 144.8 W/ m2.K and Nu = 2.2. Besides
this the m is a function of the Reynolds number (Re),
which used to evaluate the friction factor (f) for
assessment the Ap and the Exgeq, fin the next.

Figure 13 depicts the Ap and the Exges , at
differencern. The minimum of Ap and the Exdest_fwere
432.1 Pa and 0.00423 W, respectively. Meanwhile, the
maximum values were 2,355 Pa and 0.04636 W. It is
apparent that, the Ap and the Exdest_f were similarly
increased with h;andNu. The h;,Nu, Ap and Exdest_f are
summarized in Table 1.

As stated in Table 1, at m= 0.01 kg/s, the Re is equal
2,245, which is less than the critical Re of 2,300. The f
was calculated by Equation (18). Meanwhile, at = 0.02

—m=001kgs -

m=0.02 kg/s

Exergy efficiency (%)

8:00 9:00 10:00 11:00 12:00

Time (hr)
Figure 11 Variation of hourly exergy efficiency with time of
day at various water flow rates.
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Figure 12. Variation of the Nusselt number and the internal
heat transfer coefficient based on water flow
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Table 1. Values of Re, hi, Nu, 4p and Exgese ¢

Mass Internal Exergy
Reynolds  convective  Nusselt destructio
flow Pressure
rate number heat transfer number loss (4p) n due to
(1) (Re) coefficient  (Nu) P friction
(h) (Exdest.f)
(kgls) Q] (W/m?K) ) (N/m?) (W)
0.01 2,245 115.8 1.74 432.1 0.00423
0.02 4,261 144.8 2.20 2,355.0  0.04636

kg/s (Re = 4,261). The roughness () of the copper tube is
equal 0.0015 mm, and the inner diameter is 9.52 mm then
the relative roughness (&/di) is approximately 0.00016.
The (&/d;) is closed to the smooth pipe at Re = 4,261, the
f can be evaluated values reported by Yang et al. [30] as
given in Equation (19). It can be seen that, the values of
h;,Nu and Ap at m = 0.02 kg/s is higher than at m = 0.01
kg/s. Similarly, the increase in the m also increases the
Exdest.f-

During the data recording phase of the studies,
equipment error and uncertainty may occur. Uncertainty
analysis is necessary to comprehend the precision of the
experiments. Farzan and Zaim [27] proposed a time-
honored method for resolving uncertainty. The
uncertainties arising in calculating a result (wg) due to
several independent variables is given as follows:

R \2, (0R_ \2 ar  \2V?
WR = [(a_xlwl) + (sz) +- (a—ann) ]

where the result R is a function in terms of its independent
variables as X1, Xo, Xs,...... Xn, thus R = R(X1, X2, X3, ..., Xn),
Wr is the uncertainty of the result, wi, Wa,..., w, are the
uncertainties in the independent variables. This inquiry
examined the water flow rate, water temperature, and
other characteristics using the equipment mentioned in
the experimental setup section. The uncertainty computed
by Equation (21). Below is provided an illustration of the
ambiguity:

(20)
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o = (22 w2 + (22" wi|

am . (9 (21)
Go) =7 (7)) =+
After algebraic manipulation, as obtained
1/2
[ (] @)

The overall uncertainty of the measurements was found
to be (about 2.0 percent for temperatures and 1.5 percent
for water flow rate).

CONCLUSION

In this investigation, two asphalt solar water heaters
(ASWH) were utilized and compared in a real-world
environment. One ASWH was received m= 0.01 kg/s
while the other received m= 0.02 kg/s. Between 8:00 and
16:00, both ASWH data sets were evaluated. It was
established that the water flow rate, asphalt temperature,
and solar intensity influence the instantaneous energy and
exergy efficiency of ASWH. Due to irreversibility, the
exergy efficiency of both ASWH is lower than the energy
efficiency. As the intensity of the sun falls in the late
afternoon, the efficiency of ASWH increases. This is
because the stored heat from the absorber layer is
transmitted to the water flow. In addition, the data
analysis revealed the coefficient of internal convective
heat transmission (h;) and Nusselt number (Nu) increase
with the water flow rate (1) increases. Meanwhile, the
water flow rate (1) is a function of Reynolds number
(Re), which used to evaluate the friction factor (f) for
computed the pressure loss (Ap) and exergy destruction
due to friction (ExXges:s). The ASWH is ideal for
producing hot water because to its relatively high
efficiency and cheap material costs.
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