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Highlight
Life cycle savings as performance evaluation criterion is used to evaluate the economic performance of solar air
heater.

Abstract

Due to the minimal transfer of heat from absorber plate to moving air in the duct, solar air heaters have low
performance. One of the procedures to augment the heat transfer by substantial amount is by utilizing artificial
roughness, by which the performance can be improved considerably. In this study, an economic investigation
of solar air heater embedded with artificial roughness is accomplished numerically employing v-shaped
roughness, with the objective of optimising life cycle solar savings. The non-dimensional parameters
of roughness, namely, angle of attack (a), roughness pitch (p/e) and roughness height (e/Ds) are examined
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by varying temperature rise over the solar air heater (AT) and solar radiations (/) for different economic
parameters values i.e., cost of collector, cost of roughness elements, and cost of conventional fuel.

Keywords
solar air heater; heat transfer; artificial roughness; economic analysis; life cycle savings.

Introduction

Solar air heater (SAH) is the most used heat exchanger which is used to convert the solar radiations coming onto
the earth’s surface into heat. This heat is then transferred to the flowing air below the absorber plate of SAH.
As the thermal conductivity value of air is less, the transfer of heat among the air and the absorber plate
is ineffective. Owing to this, numerous alterations to the SAH are considered by various researchers to elevate
the transfer of heat between the air and absorber plate. One among the most successful approach to augment
the transfer of heat in SAHs is by using artificial roughness in the form of ribs below the absorber plate.
The artificial rib roughness introduces the disturbance in the flow by mixing and promoting turbulence in fluid
flow, thereby breaking the viscous sublayer at absorber plate’s surface, and induces secondary flows, which
augments the transfer of heat and accumulate less rise in pumping power.

Prasad and Mullick [1] incorporated artificial roughness in SAH to elevate the transfer of heat initially. They used
protruding wires for improving the plate efficiency factor of SAHs from 0.63 to 0.72, corresponding
to an enhancement in the performance of 14%. Momin et al. [2] examined the impact of v-shaped roughness
in a duct of the SAH, and recorded that for v rib, the utmost elevation in Nusselt number (Nu) and friction factor
(f) was 2.30 and 2.83 times concerning smooth duct, respectively. Hans et al. [3] used multiple v-rib as roughness
in SAH duct and reported a maximum enhancement in Nu and f of 6 and 5 times concerning smooth duct. Chamoli
and Thakur [4] used v-shaped baffles with perforation and reported enhancement in Nu and f of 2.2 and 5.5
times concerning smooth duct. Gawande et al. [5] incorporated chamfered square ribs and reported a maximum
thermal-hydraulic performance of 2.047. Maithani and Saini [6] applied v ribs with gaps at symmetry
and recorded an utmost elevation in Nu and f of 3.6 and 3.67 times concerning smooth tube. Nadda et al. [7]
employed multiple arc protrusions obstacles in a jet impingement SAH and reported that the optimal
improvement is achieved at a width ratio of five, angle of attack of 55°. Bisht et al. [8] compared different
roughness geometries based on their thermal and exergetic performance and gave a comprehensive review
of the roughness geometries. Singh and Singh [9] incorporated square cross sectioned transverse ribs
as roughness and reported the highest thermo-hydraulic performance factor of 1.43 at a pitch ratio value of 10.
Chamoli et al. [10] used winglet vortex generators as roughness and reported thermal enhancement factor
ranging from 1.72 to 2.20. Maithani et al. [11] incorporated spherical shaped turbulence promoters and reported
a maximum value of enhancement factor of 2.98. Similar strategies to raise the heat transfer using different
novel inserts to augment thermal performance of heat exchangers was reported by various researchers like
Bahuguna et al. [12], Paneliya et al. [13], Bahuguna et al. [14], Kumar and Chandra. [15]. Bisht et al. [16] employed
v ribs in conjunction with perforated baffles of the shape of vand recorded that utmost Nu and thermal efficiency
comes at an open area ratio of 12%. Choi and Choi [17] employed transverse triangular block type ribs in SAH
and reported an utmost augmentation in Nu of 3.37 over smooth duct. Ghritlahre et al. [18] studied the works
related to energy and exergy analysis of distinct types of solar air heaters and reported that the energetic
and exergetic efficiencies of distinct types of SAHs varied from 2.05% to 82% and 0.01% to 60.97%, respectively.
Singh et al. [19] used kite-shaped ribs in SAH and reported an utmost augmentation in Nu of 4.8 times than that
of a smooth tube, and highest thermohydraulic performance of 2.9. Azadani and Gharouni [20] employed
cylindrical shape roughness and reported a thermohydraulic performance of 1.20 for best parameters
of roughness. Haldar et al. [21] numerically investigated artificial wavy ribs in SAH and reported the optimum
thermohydraulic performance parameter of 1.96. Likewise, a number of investigators used different orientations
of ribs to enhance Nu with a minimal increase in f.

According to the author's information, the thermal performance of SAH along with its economic analysis have
never been reported together, therefore there is a need to assess the value of solar thermal systems
by considering the economic aspects to check their feasibility. Once the thermal performance of SAH
is evaluated, the methods for making economic evaluations are required. Based on life cycle solar savings,
an economic analysis of an artificially roughened SAH utilising v-shaped ribs as roughness was conducted in this
study. The impact of roughness parameters, namely, e/Ds, p/e, and a, on life cycle savings (LCS) of SAH for various
values of collector cost factors, with respect to design parameter i.e., insolation (/) and temperature rise
parameter (AT/I) have been studied. This research is conducted in Dehradun, which is the capital of Indian State
Uttarakhand where temperature varies from around 10°C to 40°Cin a year, with mostly sunny all around the year
making it appropriate to use solar energy utilization system. Also, as this research work is based on financial
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aspect of solar air heater, hence it is imperative to know the conventional solar air heater cost which is around
$1/Watt, and if artificial roughness is applied to it than the cost may increase by around 25%.

System Model
For this investigation, below the SAH’s absorber plate a continuous v-down ribs are applied using a wire

as roughness elements. The parameters of roughness i.e., e/Ds, p/e, and a have been varied. The useful heat gain
(Qu), is determined from the following relationship for SAH:

(1) Qu = FRAp{I(Ta) - Ul(To - Tl)}

where, Ap is surface area of absorber plate, (ta) is transmittance-absorptance product U, is Overall heat loss
coefficient, To and T;is outlet and inlet temperature of air, Fr is heat removal factor given by,

(2) o _ GG FUN_
T G ol

where, G is mass velocity of air, Cy is specific heat of air, F’ is collector efficiency factor.
The roughness geometry of repeated continuous v-down ribs analysed in this work is shown in Figure 1.

P

Figure 1. Continuous v-down rib geometry analysed in present work.

It is seen from the geometry of multiple v-shape rib roughness investigated by Hans et al. [3], that if the width
of single v-rib (w) is same as width of plate i.e. (W/w) = 1, the roughness geometry so obtained will be identical
with the one, which is been considered in the present study (Figure 1). So, by using the value of W/w as 1
in the correlations of Nu and f given by Hans et al. [3], the modified correlations of Nu and f are presented in Egs.
3 and 4, respectively, and are used in the present study:

3
GBF Nu= 0.0000335(Re)°'92(

Di)0.77 (2)8‘54 (9;.;)_0.49 exp {—0.61 (ln :—0)2} exp {—2.0407 (ln S)z}

h

(4) f =0. 000447(R€) 0.3188 (De )0.73 (5)8.9 (%)_0.39 exp {—0.52 (ln %)2} exp {—2.133 (ln g)z}
h

The top loss coefficient (U:) in the present study is found by using the correlation reported by Malhotra et al.[22]
as:

(5) U _|[ N i]| +|[ 6(T2+T2)(T +T,) ]I
t— _ o252z T 3 IN+f, — 1
l(%) (7;1\/n+ };a) 7] l +0. 04251v(1 ) +eg - NJ
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where, N is number of glass covers in SAH, C is an empirical factor (= 620(1- 0.00005132) for 0°< B< 70° and for
70°< B< 90° use B = 70°, B is tilt angle of SAH), Tm is mean plate temperature, T, is ambient temperature, fe is an
empirical factor (= (1+0.089hw — 0.1166hwep)(1+0.07866N)), hw is wind heat transfer coefficient (=5.7+3.8Vw, Vi
is wind speed), o is the Stefan Boltzmann constant, €, is emissivity of absorber plate, €4 is emissivity of glass cover.
The operating and system parameters employed for the present investigation are presented in Table 1.

Table 1. Specification and range of parameters of the investigation.

Fixed Parameters Values Variable Parameters Range of parameters
L 2 e/Dn 0.020-0.044
w 1 p/e 6-12

H 0.025 o 30-75

N 1 AT/l 0.002-0.025
(ta) 0.80 / 1000

Ta 300 Cc 1000-20000
fi 0.8 Cr 2-20

di 15 Cr 300-2000

i

Ce 5

ie., 4

d 10

im 5

ni

n 10

Procedure for Prediction of Economic Performance

The procedure for calculating the absorbed irradiation and the heat losses for conventional flat plate SAH is used.
Further, by knowing the thermal performance, economic evaluation is being done, i.e., life cycle savings
are calculated.

If the system requires a total investment ‘C’ of which a fraction fi is taken as a loan amount, then loan taken,
and down payment are given as:

Loan taken = f;C

Down payment = (1 — f;)C

Assuming the interest rate on loan to be diand that it is to be paid back in equal annual instalments over a period
of nyyears. For any year j, the annual repayment on loan is given as:

d(£i)
1
[~ taw ]

The collector cost is determined from the conventional collector cost factor Cc, which is the unit area cost
of smooth surface. In this, the cost of roughness configurations fixed to the absorber plate is also added. If Cr
is the roughness cost factor that represents material cost and the fabrication cost per unit cubic meters
of roughness material per unit area of the collector plate.

Then,

Annual repayment on loan =

(6)

(7) C = Ap(Cc + CrVg)

where, Ap= W x L
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where w and L are width and length of the absorber plate.

(8) - Dy, (Dih)

(9) _2XWXH
T w4+ )

Vr is the volume of the material attached as roughness to absorber plate in cubic metres per meter square
of collector plate area, Dn is hydraulic diameter of the solar air heater duct.

The annual savings of conventional fuel is converted into money by multiplying it with the cost factor
of conventional fuel (Cr), which is the unit cost of conventional fuel, which increases at the rate of ir per year and
is then calculated for jt" year as:

. . \G-D
(10) Fuel Savings = CFE(l + lf)

where E is the annual solar energy collected.
The cost of maintenance is taken as M in the first year of operation, and that it increases at the rate of in every
year, the maintenance cost for the jt" year is given as:

(11) Maintenance cost = M(1 + i)Y~

This pumping energy (Ep) for the running of a pump to continuously flow air in solar collector comes from
the electricity. So, the electricity bill over a year of this pumping energy is calculated by multiplying the cost factor
of electricity (Ce) by the pumping energy. Let this cost of electricity increases at the rate of ie per year. So, the
electricity bill for running the pump in j* year is given as:

(12) Electricity Bill = CzEp(1 + i,)U~

Neglecting the tax deduction on the interest component of loan repayment and tax deduction on depreciation,
the annual solar savings (ASS) in the j™ year is given as:

di(fi0)

[~ tawa

Ass = CE(1+ i) - — ML+ i;)U™ = CEp(1 + i,)UD

(13)

This equation is valid for j < n;.

The LCS over a period of n years for the system is obtained by summing up the present worth of the annual solar
savings and considering initial down payment. Thus, LCS is given by:

n
(14) LCS = Z(ASS)]- — (Initial down payment)

j=1

Taking market discount rate as ‘d’, and ASS from Eqg. 13, we obtain LCS as given in Eq. 15.
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The Eq. (15) is valid for n = n;, d # i, d # i, and d # .

CiE 140" 4f0) 1 1
1s) LeS=-A-f)C+ @0 {1 - (1 : Z) } _ [1 - {(ll j_ldl)m}]a{l - m}

¢ I—Wim) {1 B Ci?)n} B (;E—Efe) {1 B G i E)n}

Results and Discussions
The results obtained from the mathematical simulation to evaluate the economic performance viz. LCS of a solar
thermal collector have been reported and discussed in this section.

Life Cycle Savings

Figure 2 reveals that the values of LCS are negative for some years in each case, although this number depends
on the values of the AT//, a lower value of this parameter requires a longer period for the LCS to become positive
because of higher electricity bill due to high mass flow rate. Thus, larger pumping power is required even
if it possess a relatively higher thermal efficiency. The maximum LCS are seen in this plot for the AT/I of 0.010
and then with an increase in AT/, LCS decreases. This is due to low Qu for the higher values of AT/l which in turn
reduces fuel savings and yields lower values of LCS.

From Figures 3 and 4 it is seen that the cost factor of collector has a significant impact on LCS, a lower value
of collector cost of Rs. 1000/m? results in a breakeven (LCS equal to zero) in less than 3 years, whereas if the cost
of collector is 20 times (Figure 4), the breakeven is reached much later (in almost 9 years).

80000
|| = = = AT/1=0.002
-
e — - = AT/1=0.010
7
60000 - Dz . - — — AT/1=0.020
” e - —— AT/1=0.025
fa’s
) Cc = 1000Rs/m?
& 40000 Cg = 10RS/m-m?
= C;= 1000Rs/GJ
- I=1000W/m?>
) e/Dy, = 0.044
> 20000 | ple=8
2 o =60°
i
0
-20000

Number of years (n)

Figure 2. Variation of LCS with number of years for different AT/I.
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80000
Cc = 1000Rs/m?
Cg = 20Rs/m*-m?
C= 1000Rs/GJ
60000 [ I=1000W/m?
e/Dy, = 0.044
2 ple= 6O
gi; a =60
k= 40000 ~
%
7!
b
2,
520000 -
,_E
3
0 T T T T
! 3 5 7 9
-20000
Number of years (n)
Figure 3. Variation of LCS with number of years with Cc as 1000Rs/m?2,
20000
s O . e
a4 | 3 9
s
gh
-5
z
“120000
b
=)
>
© C = 20000Rs/m>
= Cg = 20Rs/m*-m?
-40000 H C= 1000Rs/GJ
I=1000W/m?
e/Dy, = 0.044
ple=6
o =60°
-60000

Number of years (n)
Figure 4. Variation of LCS with number of years with Cc as 20000Rs/m2,

Effect of Cost Factor of Collector on LCS

It can be seen clearly from the Figures 5 and 6 that LCS value decreases sharply with the increase in Cc. Further,
a very large value may even result in a negative value. It can also be seen that LCS increase as the values of AT//
raises, and after attaining maximum value, LCS declines with further increase of AT/I. Very low values of AT/I
are accompanied with significantly large values of pumping power. Furthermore, high thermal efficiencies
accumulated cannot compensate the high electricity bill of pumping power. While higher values of AT/l results
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in lower thermal efficiency and hence lower fuel savings leading to lower values of LCS as can be seen from Figure
5. Figure 6 has been plotted to reveal the above-mentioned results more clearly where an increase in Cc values
always results in lower values of LCS, a linear variation for any fixed value of AT/l is seen.

120000
- = =Cc=1000
Cc=5000
100000 A
— —Cc=20000
% 50000 - - = Cc=25000
2 Cg = 10Rs/m*-m?
£ 60000 - Cy = 1000Rs/GJ
3 I=1000W/m?
o e/D,, = 0.044
S 40000 - ple=8
@) o =60°
,_E
= 20000
0 ﬁ i T T T e T
H'- 0.005 0.01 0.015 0.02°=-< 0.925
-20000 -
Temperature rise parameter (AT/I, K-m?/W)
Figure 5. Variation of LCS with AT/l with different Cc.
90000
= = = AT/1=0.002
— - =AT/I=0.010
70000 — — AT/I=0.020
— AT/1=0.025
ol
4
e 50000 Cg = 10Rs/m*-m?
2 Cr = 1000Rs/GJ
= I=1000W/m>
% 30000 e/D, = 0.044
E ple=8
0 o =60°
£ 10000
3
T T T d k T T
1000 4000 7000 10000 13000 ~ J6000 19000
-10000 ~.
-30000

Cost factor of Collector (Cc, Rs/m?)
Figure 6. Variation of LCS with Cc with different AT/I.

Effect of Artificial Roughness Parameters on LCS

From Figure 7, it is to be noted that as the e/Dn of the roughness elements increases, LCS decreases in the case
of lower values of AT/I, whereas for the higher values of AT/I, the LCS increases. It is also seen that there is
no single optimum value of roughness height for the entire range of temperature rise parameter that would give
the maximum value of LCS. In Fig. 8 the values of LCS are presented for various e/Dn values, where it is revealed
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that functional changes depend on AT//; a lower value of AT/I show a decrease in the value of LCS as roughness
height is increased from a value of 0.020 to 0.044 indicating best value of 0.020, whereas corresponding to higher
AT/l value of 0.025, the best value is 0.044 (that corresponds to maxima in LCS). The fact that lower AT/I
correspond to higher electric power expenses involved with pumping power as well as the cost of roughness
components explains the difference in the optimal values. Whereas, corresponding to higher AT/I, the Qu
and the resultant conventional fuel cost savings are likely to predominate.

Plots showing the effects of p/e of roughness elements on LCS are presented in Figures 9 and 10. Where for lower
values of AT/I, LCS obtains maximum value corresponding to p/e of 12. Further, for AT/I > 0.008 the utmost value
of LCS is found for p/e value of 10. These results have been replotted in Figure 10 where variation of LCS with p/e
is shown for different values of AT/I and it is revealed that the values of LCS increases first with increase in AT/l
and after obtaining maxima at AT// value of 0.010 it starts declining; for AT/l value of 0.010, highest LCS
is obtained for p/e value of 12.

The effect of a on LCS are presented in Figures 11 and 12. Where Figure 11 shows that the maximum values
of LCS correspond to lowest value of a of 30° for lower AT/I whereas the highest value of a of 75° correspond
to maxima in LCS when AT/l values are high. These results are again shown in different manner where variation
of LCS with a are shown for different values of AT/l and it is revealed that maximum LCS is obtained for AT/l value
of 0.010. Also, the values of LCS first increases with AT/l and after attaining maxima, it starts decreases.
For the maximum value of LCS obtained for AT/I=0.010, the « value is 75°.

40000

- - - = &/D=0.020
— —¢e/D=0.028
30000 - - = =¢/D=0.036
e/D=0.044
oWl
(4
g:; Cc = 20000Rs/m?
£ 20000 Cg = 10Rs/m*-m?
= Cr = 1000Rs/GJ
o I=1000W/m?
2 Ple=38
> _
75 10000 o — 600
B
3
0 i T T T T = ~
0.005 0.01 0.015 0.02 Q025
-10000 =

Temperature rise parameter (AT/I, K-m?/W)
Figure 7. Variation of LCS with AT/I for different e/Dp,
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3 S~o
20000 A
0 . :
0.02 0.028 0.036 0.044
Relative roughness height (e/Dy)
Figure 8. Variation of LCS with e/Dy, for different AT/I.
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- .= p/e=8
30000 - == = p/es1o
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e
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0 10000 o = 60°
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-10000

Temperature rise parameter (AT/I, K-m?/W)
Figure 9. Variation of LCS with AT/I for different p/e.
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Figure 10. Variation of LCS with p/e for different AT/I.
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Figure 11. Variation of LCS with AT/I for different a.
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Figure 12. Variation of LCS with a for different AT/I.

Effect of Roughness Cost Factor on LCS

Higher cost of material and fabrication per unit volume of material results in substantially lower values of LCS
and the results can be seen from Figures 13 and 14. It is thus evident that roughness elements cost are added
to the collector cost, but these are function of roughness parameters too. The maximum LCS is obtained
for the lowest value of Cr of 2, and as Cr increases from 2 to 20, the values of LCS decreases. Another interesting
outcome of variation of LCS with Cr is seen in Figure 14, where it is evident that the LCS has a linear variation
with values of Cr for a particular value of AT/I. this is mainly since as Crincreases the cost of the collector increases

thereby increasing the initial investment costs, which in turn decreases the LCS.

Life Cycle Savings, Rs
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Figure 13. Variation of LCS with AT/I for different Cg.
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Figure 14. Variation of LCS with Cr with different AT/I.

Effect of Cost Factor of Conventional Fuel on LCS

To study the effect of Cr on LCS, plots of LCS for different values of the Crare presented in Figures 15 and 16.
Itis clearly seen that the LCS is a strong function of Cr and it increases substantially with an increase in Cr.
Maximum LCS is found for maximum value of Cr of 2000. This is attributed to the fact that as CF increases from
300 to 2000, the solar fuel savings increases, because for same amount of energy saved by solar energy, the cost
of energy is high if that same amount of energy is utilized by convention fuel of high cost as compared
to convention fuel of low cost. Hence higher values of Cr give better LCS. Also, from Figure 16, it is seen that
the variation of LCS with CF is linear for a particular value of AT/I.
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Figure 15. Variation of LCS with AT/I for different C¢.
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Figure 16. Variation of LCS with Cr with different AT/I.
Impact

The usage of solar air heaters in residential and commercial applications to replace traditional heaters is growing,
garnering the attention of numerous investigators who are working to improve the efficiency of solar air heaters
while lowering their installation and operating costs.

In the recent times, due to the increased cost of non-renewable energy resources, the financial aspect of using
solar air heater has become more prominent. The investors will consider investing in solar air heater only
if it is profitable in comparison to conventional air heaters, hence it is imperative to assess the economic viability
of solar air heater before installing it for industrial and domestic use. The present research work deals exactly
with this problem and gives designers the complete economic analysis of an artificially roughened solar air heater
with v-shaped ribs for different system and variable parameters.

From the results of economic analysis, it can be stated that there exists a set of optimum values of roughness
parameters which maximizes the life cycle savings of a SAH, and this set of parameters comprising of e/Ds, p/e,
and a, is a strong function of operating parameters namely AT// and / and the economic parameters, namely Cc,
Cr and Cr. For lower values of AT/I the 0.020 value e/Dp, 12 value of p/e and 30° of a gives highest values of LCS.
Whereas for higher values of AT/l the 0.044 value e/Dn, 10 value of p/e and 75° of a gives highest values of LCS.
Also, the best values of Cc, Cr and Cr for which maximum LCS is obtained are 1000, 2, and 300 respectively.
Moreover, through this research, the designers now have a vast data of economic analysis for different system
and variable parameters of solar air heater with v-shaped ribs, which is very scarce in this field. Hence the use
of solar air heater is expected to increase after this research work thereby increasing the share of solar energy
in the global energy mix and reducing carbon emission from conventional fuel combustion for air/space heating;
also facilitating the saving of natural resources.

It should also be noted that the installation of a solar air heater, which will be used for drying or space heating,
assumes the availability of appropriately qualified personnel, which will result in the creation of new jobs,
the number of which depends on the scale of implementation, thus producing socio-economic impact too
in the society.

Conclusions
Based on this work, the following conclusions have been drawn:
1. There is a strong effect of roughness parameters on LCS of an artificially roughened SAH. Maximum
values of LCS obtained corresponds to the lowest value of e/Ds in the case of AT/l < 0.007, whereas
for AT/I > 0.007 highest values of LCS is found for highest values of e/Dn.
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The utmost LCS comes at p/e value of 12 for lower values of AT/ (less than 0.008), while the max LCS
comes at a p/e value of 10 for larger values of AT/I (greater than 0.008).

Cc as well as Cr plays an important role in determining the LCS of an artificially roughened SAH.
An increase in Cc and Cr values results in a substantially large decrease in LCS. Further, an increase
of collector cost, as well as roughness cost beyond a certain limit, may result in negative LCS.

Cr is another promising parameter on which LCS of an artificially roughened SAH depends.
With an increase in Cr, LCS increases.
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