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a b s t r a c t
This paper deals with the improvement of exergo-enviro-economic parameters and productiv-
ity of a number (N) of identical compound parabolic concentrator (CPC) evacuated tubular collec-
tors (ETC) integrated double slope solar still (NCPCIETC-DS) for New Delhi climate wherein all 
kinds of climatic environments in a year have been considered. The system has been analyzed for 
mass flow rate of 0.012  kg/s and N  =  8 using computational code developed in MATLAB. Results 
of NCPCIETC-DS have been compared with results of DS included with NETCs (NETC-DS) for the 
same mass flow rate, N, geometry, and weather condition. Concludingly, carbon dioxide mitiga-
tion is higher by 16.57%, enviro-economic parameter is higher by 16.57%, cost of producing unit kg 
of freshwater is lower by 36.6%, productivity is higher by 26.82% and exergo-economic parameter 
(kWh/₹) is higher by 62.5% for NCPCIETC-DS than NETC-DS.
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1. Introduction

The analysis of solar still is the requirement of contem-
porary time as the world is facing the shortage of fresh-
water particularly in developing and under-developed 
countries. Freshwater production using solar still does not 
affect the environment because this technology works on 
green energy. The most important part of solar still is that 
it can be fabricated using locally available material. The 
work on active solar still was reported by Rai and Tiwari [1] 
in 1983. Since then, lots of developments on the active solar 
still have been reported throughout the world. The devel-
opment of characteristic equations on compound parabolic 
concentrator (CPC) by incorporating photovoltaic thermal 
(PVT) was reported by Atheaya et al. [2] and Tripathi et al. 
[3]. This work on PVTCPC was further extended by Singh 

and Tiwari [4–6] who integrated PVTCPC with basin type 
solar still and analyzed from energy metrics viewpoint for 
knowing the feasibility of the system from energy point of 
view. The exergo-enviro-economic parameters and different 
efficiencies were also estimated, and they reported that dou-
ble slope solar still produced better performance than the 
similar single slope set-up under optimized condition and 
0.14 m of water depth due to better solar energy utilization 
by double slope set-up. Further, Gupta et al. [7] developed 
characteristic equations for PVTCPC integrated single slope 
solar still for the same watt peak as of partially covered 
PVTCPC integrated solar still and reported an improved 
performance due to reduced top loss in the case of fully 
covered PVTCPC integrated solar still.

The performance of active solar still could be improved 
further by replacing PVTCPC with evacuated tubular 
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collector (ETC) because of reduced loss from ETC. The con-
vective loss of heat could be prevented in the case of ETC 
due to the presence of vacuum. The development of char-
acteristic equation for solar still by incorporating ETCs was 
investigated by Singh et al. [8] and Singh and Tiwari [9]. 
The work on ETCs integrated solar still was also investi-
gated by Dev and Tiwari [10] and they reported an improve-
ment in freshwater production by 48% over conventional 
solar still because of heat addition to the basin. A com-
prehensive review on active solar still can be witnessed in 
Sathyamurthy et al. [11].

The performance of solar still by incorporating evacu-
ated tubes was investigated by Singh et al. [12] in natural 
circulation mode and concluded that the exergy efficacy 
was in the range of 0.15%–8%. Further, an experimen-
tal investigation of solar still by incorporating evacuated 
tubes was done by Sampathkumar et al. [13] and reported 
an improvement in freshwater production by 129% over 
conventional solar still of same geometrical details due 
to heat addition to basin in the case of active mode. This 
work was further carried forward by Kumar et al. [14] by 
inserting pump for enabling the system to work in forced 
circulation mode and concluded that the performance was 
better than the similar set-up working in natural circulation 
mode because of increased effectiveness of heat addition in 
forced circulation mode. This work was further extended 
by Mosley et al. [15] in which parabolic trough collector 
was also incorporated and reported the freshwater pro-
duction rate of 0.27 kg/m2-h. In another study, Shafii et al. 
[16] investigated the modified solar still by incorporating 
evacuated tube and concluded that the freshwater produc-
tion was highest corresponding to the inclination of tube 
matching with the latitude of location. A study of hybrid 
solar still by incorporating humidification and dehumid-
ification concept was done by Sharshir et al. [17] which 
also included evacuated tube and reported the gain out-
put ratio as 50%. An investigation of double slope solar 
still by incorporating evacuated tube was done by Bait 
and Si-Ameur [18] and concluded that the freshwater pro-
duction and efficacy were higher if evacuated tubes were 
used in place of flat plate collectors. The carbon dioxide 
estimation for the system reported by Bait and Si-Ameur 
[18] was done by Bait [19]. The investigation of solar still 
by incorporating evacuated tubes in series-parallel arrange-
ment was done by Issa and Chang [20] and reported an 
improvement in freshwater production by 61.11% over 
a conventional solar still having similar geometry due 
to heat addition to basin in the case of active mode of a  
solar still.

An investigation on basin type solar still by incorpo-
rating ETCs under optimized condition was done by Singh 
and Tiwari [21] and they concluded that the freshwater pro-
duction in the case of double slope set-up was 15.19% lower 
than the single slope set-up due to higher freshwater pro-
duction by double slope set-up than single slope set-up at 
0.14  m water depth under optimized condition. This work 
was further extended by Singh and Al-Helal [22] for com-
parative energy metrics estimation and they concluded that 
the life cycle conversion efficiency of double slope set-up 
was best followed by double slope set-up incorporated with 
PVTFPCs and PVTCPCs. At the same time, energy metrics 

analysis for single slope solar still by incorporating PVT 
collectors was done [23]. Further, exergo-enviro-economic 
analysis of DS by incorporating ETCs was done by Singh 
[24] and concluded that the performance of double slope 
set-up by incorporating ETCs was better than double slope 
set-up incorporated with PVTCPCs due to the presence of 
vacuum in the case of ETCs which prevents heat loss by  
convection.

A review on solar desalting units by incorporating evac-
uated tubular collectors was carried out by Kumar et al. 
[25]. An investigation on the impact of mass flow rate and 
number of collectors on the performance of active solar 
desalting units was carried out. They concluded that values 
of performance parameters diminish with the increase in 
mass flow rate and tend to be approximately constant after 
a certain value of mass flow rate. However, an improvement 
in performance parameters was seen with the increase in 
value of the number of collectors [26–33]. Further, sensitiv-
ity analysis of active solar desalting units was carried out 
and it was reported that outcomes of the analysis were very 
useful for the designer and installer of active solar desalt-
ing units because the designer and installers of the systems 
were having information in advance about which param-
eter effected more [34–39]. In another study, the effect of 
variation of water mass in the basin on the performance of 
solar desalting unit was carried out and reported that the 
performance was improved with the increase in water mass 
in the basin for higher water depth. It occurred because 
sensible heat was contained by water mass during the 
daytime and the heat of water mass was released during 
nighttime which resulted in increased evaporation at  
nighttime [40–42].

The literature review clearly indicates that the exergo-en-
viro-economic and productivity analyses of double slope 
solar still by incorporating concentrator integrated ETCs 
(NCPCIETC-DS) has not been reported by any researcher 
worldwide. Hence, the present research work focuses on 
the estimation of exergo-enviro-economic parameters and 
productivity for NCPCIETC-DS and comparison of results 
with results of DS incorporated with ETCs for N = 8 and mass 
flow rate of 0.012  kg/s. The main objective of the research 
work are as follows:

i.	 To estimate exergo-enviro-economic parameters, 
cost of freshwater production and productivity of 
NCPCIETC-DS.

ii.	 To compare the performance of NCPCIETC-DS with 
NETC-DS based on exergo-enviro-economic parameters, 
cost of freshwater production and productivity.

2. Materials and method

The diagrammatic representation of double slope solar 
still included with compound parabolic concentrator inte-
grated evacuated tubular collectors (NCPCIETC-DS) and 
cross-sectional view of 1st CPCIETC is displayed as Fig. 1. 
The particularization of NCPCIETC-DS has been depicted as 
Table 1. CPCIETCs are a type of solar thermal collector that 
uses a vacuum-sealed glass tube to trap solar radiation and 
convert it into heat, which can be used to generate steam or 
hot water. The double slope active solar desalting unit is a 
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type of solar still that uses the energy from the sun as well as 
from collectors to purify water. It works by using a transpar-
ent cover, which allows sunlight to enter and heat up a basin 
of water. Basin also receives heat from NCPCIETCs. As the 
water evaporates, it rises and condenses on a sloping surface, 
which directs the purified water into a collection container.

Incorporating compound parabolic concentrator inte-
grated evacuated tubular collectors (CPCIETCs) into a dou-
ble slope solar still can increase the efficiency of the still 
by concentrating sunlight to the receiver surface of collec-
tors and supplying heat to water in the basin. It results in 
increasing the temperature of the water and accelerating 
the evaporation process. The steam generated by the heated 
water rises and condenses on the sloping surface, where 
it is directed towards the collection container. The use of 
CPCIETCs in a double slope solar still reduces the amount 
of time required for water purification. Overall, the work-
ing principle of a double slope solar still with CPCIETCs 
is based on the same principles as a standard double slope 
solar still, but with the addition of concentrator reflecting 
surface to increase the efficiency of the still.

Assumptions for thermal modeling of NCPCIETC-DS 
are as follows [43]:

i.	 NCPCIETC-DS is in quasi steady state condition and 
temperature gradient across insulation thickness as well 
as condensing cover surface is small.

ii.	 Heat capacity of condensing cover surface, absorbing 
surface and insulating materials is negligibly small.

iii.	 One dimensional heat flow occurs, and all joints are 
leakproof.

iv.	 Water mass in the basin is kept constant and stratification 
does not occur.

v.	 Film wise condensation is taken by ensuring cleaning 
of the condensing surface and providing inclination to 
the condensing surface.

Mathematical equations for different components are 
as follows:

2.1. For NCPCIETCs arranged in series

The expression of the temperature at the outlet of 
Nth CPCIETC is written as [44]:
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The rate of heat gain for NCPCIETCs is written as:
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Fig. 1. (a) Schematic diagram of NCPCIETC-DS and (b) elevated view of CPCIETC.
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Using Eqs. (1) and (2), rate of heat gain is expressed as:
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One can see all unknown terms of Eqs. (1)–(3) in 
Appendix A.

After writing equations for different components of 
double slope solar desalting unit, and solving those equa-
tions considering Eq. (2), one can express water temperature 
and condensing cover temperatures using equations as [45]:
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One can see all unknown terms of Eqs. (4)–(6) in 
Appendix A.

After knowing values of Tw, TgiE and TgiW, one can 
estimate hourly freshwater production as:
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Expression for heat transfer coefficients is given in 
Appendix A.

Table 1
Particularization of NCPCIETC-DS and NETC-DS

Double slope solar desalting unit

Component Specification Component Specification

Length 2 m Material of cover Glass
Width 1 m Orientation East-west
Glass cover inclination 15° Glass cover thickness 0.004 m
Smaller side height 0.2 m Kg 0.816 W/m-K
Body material GRP Insulation thickness 0.1 m
Stand material GI Ki 0.166 W/m-K

NCPCIETC ETC

Component Specification Component Specification

Type and no. of collectors CPCIETC, N Type and no. of collectors ETC, N
Rating of DC motor 12 V, 24 W Rating of DC motor 12 V, 24 W
Inner copper tube diameter 0.0125 m Inner copper tube diameter 0.0125 m
Copper tube thickness 0.0005 m Copper tube thickness 0.0005 m
Outer radius of outer glass tube of 
evacuated coaxial glass tube

Outer radius of outer glass tube of 
evacuated coaxial glass tube

0.024 m
0.024 m

Inner radius of inner glass tube of 
evacuated coaxial glass tube

0.0165 m
Inner radius of inner glass tube of 
evacuated coaxial glass tube

0.0165 m

Thickness of outer/inner glass tube of 
evacuated coaxial glass tube

0.002 m
Thickness of outer/inner glass tube of 
evacuated coaxial glass tube

0.002 m

αp 0.8 αp 0.8
F’ 0.986 F’ 0.986
τg 0.95 τg 0.95
Kg (W/m·K) 1.09 Kg (W/m·K) 1.09
Inclination of NCPCIETC 30° Angle of ETC with horizontal 30°
Length of each copper tube 2.0 m Length of each copper tube 2.0 m
ρ 0.85 m Receiver area 0.27632 m2

Aperture area 0.82896 m2

Receiver area 0.27632 m2

Average monthly wind blow

Month Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Velocity (m/s) 2.77 3.13 3.46 3.87 4.02 4.11 3.39 2.91 2.85 2.16 1.83 2.40
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One can get all fundamental equations for NETC-DS 
considering Ib(t)  =  I(t), ρ  =  1 and Aa  =  Ar with the help of 
Eqs. (1)–(7) and expressions given in Appendix A.

3. Analysis

For analyzing NCPCIETC-DS/NETC-DS, four weather 
conditions per month for the year have been considered 
in this study. The considered weather conditions can be 
identified by the number of sunshine hours (SH) in a day 
and ratio (r) of daily diffuse to daily global irradiation at 
the earth’s surface. For type (a), that is, clear day weather 
condition, value of SH is greater than or equal to 9  h and 
value of r is less than or equal to 0.25. For type (b), that is, 
hazy day weather condition, value of SH lies between 7h 
and 9h, whereas value of r lies between 0.25 and 0.50. For 
type (c), that is, hazy and cloudy day weather conditions, 
value of SH lies between 5  h and 7  h, whereas value of r 
lies between 0.5 and 0.75. For type (d), that is, cloudy day 
weather condition, value of SH is less than or equal to 5 h 
and value of r is greater than or equal to 0.75 [46].

4.1. Annual freshwater yielding assessment

The value of hourly freshwater yielding for 
NCPCIETC-DS and NETC-DS can be assessed using Eq. (7) 
for weather situation of types a followed by the daily fresh-
water yielding for NCPCIETC-DS and NETC-DS by adding 
value of ṁewh for 24 h. The multiplication of daily freshwa-
ter yielding with the corresponding number of days will 
give the value of monthly freshwater yielding. Likewise, 
monthly freshwater yielding for NCPCIETC-DS/NCET-DS 
for other 3 weather situations can be assessed. The totaling 
of monthly freshwater yielding for all 4-weather situations 
will give net monthly freshwater yielding. The addition 
of monthly freshwater yielding for a year will give annual 
freshwater yielding (Mewy) for NCPCIETC-DS.

4.2. Annual exergy and energy assessment for NCPCIETC-DS/
NETC-DS

The energy output from NCPCIETC-DS/NETC-DS 
can be estimated using 1st law of thermodynamics as:
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The amount of exergy on hourly basis for the consid-
ered NCPCIETC-DS/NETC-DS can be estimated as [47]:
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The value of evaporative heat transfer coefficient for 
east orientation (hewgE) can be estimated as:
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In the similar fashion, value of hewgW can be estimated. 
Here, yearly thermal exergy (Exout,annual) can be estimated 
using Eq. (9). Firstly, hourly thermal exergy from the sys-
tem for climatic situation of a type has been calculated from 
Eq. (9). Then, monthly thermal exergy has been assessed 
as the product of hourly thermal exergy and number of 
clear days for type a weather situation. Likewise, compu-
tation of monthly thermal exergy for other three types of 
weather situation has been carried out. The value of yearly 
thermal exergy has been assessed as the summation of 
monthly thermal exergy for a year.

4.3. Exergo-economic parameter assessment for NCPCIETC-DS/
NETC-DS

The exergo-economic parameter relates the exergy with 
uniform end-of-year annual cost (UEAC). Exergy represents 
the quality of energy. The value of exergo-economic param-
eter can be assessed either on the basis of exergy gain or 
exergy loss. If exergy gain is considered, the objective will be 
maximization type. If exergy loss is considered, the objective 
will be minimization type. Here, exergo-economic parame-
ters have been assessed on the basis of exergy gain as the 
two systems have to be compared. The exergo-economic 
parameter for NCPCIETC-DS/NETC-DS can be assessed as:

Exego economic parameter based on energy
Annual energy gain

UEAC

�

� 	 (14)

Exego economic parameter based on exergy
Annual exergy gain

UEAC

�

� 	 (15)

The value of annual exergy gain can be assessed using the 
methodology presented in section 4.2 – Annual exergy and 
energy assessment for NCPCIETC-DS/NETC-DS. The uni-
form end-of-year annual cost (UEAC) can be assessed using 
the concept of present value method [48] as:

UEAC CF MC CF SF� �� � � �� � � �� �C Sp V 	 (16)

where Cp represents total present cost of NCPCIETC-DS/
NETCDS, Sv represents salvage value of NCPCIETC-DS/
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NETC-DS and MC represents the cost of maintaining 
the system during the whole life span of NCPCIETC-DS/
NETC-DS. The maintenance cost (MC) for NCPCIETC-DS/
NETC-DS can be represented as:

MC MCF� �Cp 	 (17)

where MCF represents maintenance cost factor. The value 
of MCF has been considered as 0.1.

The expression for CF which is used for converting Cp 
into a part of UEAC can be written as:
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Similarly, SF which is used for converting Sv into a 
part of UEAC can be written as:
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where i stand for interest of the system and n stands for 
life span of the system.

The expression of Pc for 50  y life span of 
NCPCIETC-DS/NETC-DS can be written as [45]:
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where IC represents the initial cost of system and Cp rep-
resents cost of the DC motor pump. The life of DC motor 
pump can be considered as 10 y [49]. It has been assumed 
that the cost of motor pump assembly at the time of pro-
curement is same as the present cost if inflation takes care of 
Sv. The value of IC of the system NCPCIETC-DS/NETC-DS 
can be evaluated as:

IC DS NCPCIETC� � �C C Cl 	 (21)

The first term in Eq. (21) represents present cost of double 
slope solar still (DS); the second term in Eq. (21) represents 

Table 2
Computation of yearly energy output for NCPCIETC-DS and NETC-DS

Month Type a weather situation Type b weather situation Type c weather situation Type d weather situation Monthly 
energyEa na ma Eb nb mb Ec nc mc Ed nd md

NCPCIETC-DS
January 14.52 3 43.56 13.25 8 105.97 4.02 11 44.22 0.95 9 8.58 202.33
February 14.22 3 42.66 13.68 4 54.72 4.13 12 49.52 0.80 9 7.20 154.10
March 15.68 5 78.40 16.51 6 99.04 6.97 12 83.60 3.40 8 27.20 288.24
April 17.31 4 69.23 17.56 7 122.92 7.92 14 110.88 6.48 5 32.40 335.43
May 17.37 4 69.47 13.77 9 123.90 9.90 12 118.80 5.67 6 34.04 346.21
June 16.59 3 49.76 13.92 4 55.68 8.41 14 117.79 3.25 9 29.28 252.51
July 14.43 2 28.87 11.82 3 35.46 8.41 10 84.07 2.75 17 46.69 195.09
August 13.99 2 27.97 12.84 3 38.52 6.53 7 45.69 2.87 19 54.59 166.77
September 17.73 7 124.09 15.37 3 46.10 9.29 10 92.93 3.47 10 34.67 297.79
October 14.52 5 72.60 10.55 10 105.53 7.55 13 98.19 2.17 3 6.50 282.83
November 13.05 6 78.28 8.60 10 86.00 2.85 12 34.24 2.37 2 4.75 203.27
December 12.85 3 38.56 10.93 7 76.53 4.89 13 63.53 0.97 8 7.79 186.41
Annual energy output (kWh) 2,910.96

NETC-DS
January 4.07 3 12.22 3.78 8 30.24 1.72 11 18.92 0.82 9 7.38 68.76
February 4.26 3 12.78 4.46 4 17.84 1.93 12 23.20 0.87 9 7.86 61.68
March 5.70 5 28.50 6.50 6 39.00 3.39 12 40.72 2.81 8 22.51 130.73
April 7.67 4 30.67 8.17 7 57.17 4.93 14 68.97 5.10 5 25.50 182.31
May 8.38 4 33.52 8.35 9 75.18 7.47 12 89.60 5.79 6 34.76 233.06
June 7.85 3 23.56 8.29 4 33.17 6.67 14 93.43 4.29 9 38.64 188.80
July 7.15 2 14.31 7.31 3 21.92 5.74 10 57.40 3.87 17 65.73 159.36
August 6.31 2 12.63 6.91 3 20.74 4.97 7 34.77 3.45 19 65.49 133.62
September 7.94 7 55.58 7.70 3 23.10 6.09 10 60.87 3.73 10 37.33 176.88
October 5.57 5 27.83 4.78 10 47.80 3.41 13 44.29 2.13 3 6.40 126.32
November 4.61 6 27.68 3.44 10 34.40 1.65 12 19.84 1.57 2 3.15 85.07
December 3.93 3 11.80 3.17 7 22.21 2.00 13 26.00 0.91 8 7.25 67.27
Annual energy output (kWh) 1,613.85
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present cost of NCPCIETCs and Cl represents the cost of 
fabrication for NCPCIETC-DS/NETC-DS. It also includes 
the cost of piping and labor.

UEAC for NCPCIETC-DS/NETC-DS has been evalu-
ated using Eq. (16) and it has been presented in Table 3. 
The life span of NCPCIETC-DS/NETC-DS has been taken  
as 50 y.

4.4. Computation of production cost of 1 kg of potable water 
obtained from NCPCIETC-DS/NETC-DS

Having calculated annual freshwater yielding of potable 
water from section 4.1 – Annual freshwater yielding assess-
ment and UEAC from section 4.3.1, one can compute the 
unit cost of producing potable water from NCPCIETC-DS/
NETC-DS (Cpw) as follows:

Cpw
UEAC

Annual yield
= 	 (22)

Values of Cpw for NCPCIETC-DS/NETC-DS have been 
calculated with the help of Eq. (22) and they have been 
presented in Table 3.

4.5. Enviro-economic parameter assessment

The production of freshwater from conventional method 
using RO system requires electrical energy for its operation. 
The electrical energy production process emits pollutants 
which is harmful for the environment. So, freshwater pro-
duction using solar energy can be used for mitigating the 

contemporary need of freshwater and it does not emit any 
pollutants during its operation. The enviro-economic anal-
ysis is a way to reduce pollution by providing incentive to 
diminish the release of polluting elements and motivate 
to use solar energy technology as solar energy technology 
does not emit polluting elements. The concept of enviro-eco-
nomic analysis is based on the price of carbon-di-oxide emis-
sion reduction and diminish in carbon-di-oxide emission 
for the entire life of the system under consideration. The 
enviro-economic parameter for NCPCIETC-DS/NETC-DS 
can be estimated as:

Enviro economic parameter
Carbon di oxide emission reduction p

�

� � � rrice

carbon di oxide

� �
� � �� �� 	 (23)

where ξcarbon-di-oxide is reduction in the emission of carbon-di- 
oxide for the entire life of the system.

If a consumer makes use of unit electrical power, loss 
during distribution and transmission amounts to 40% and 
the domestics appliance loss due to its poor condition is 
20%, power required to be generated in power plant  =  1/
(1–0.2)(1–0.4) = 2.08 units. The mean value of carbon-di-oxide 
emission for unit kWh at source is about 0.96 kg if electrical 
energy is produced from coal [50]. In this way, the value of 
carbon-di-oxide emission corresponding to 1  kWh electri-
cal power consumption comes out to be 2.08 × 0.96 = 2 kg. 
The value of reduction in the amount of carbon-di-oxide 
for the entire life of NCPCIETC-DS/NETC-DS in terms of 
ton of carbon-di-oxide can be estimated as:

Table 3
Computation of UEAC for NCPCIETC-DS and NETC-DS

Investment for NCPCIETC-DS and NETC-DS

S.N. Parameter Cost of NCPCIETC-DS (Rs.) Cost of NETC-DS (Rs.)

1 Solar desalting unit 19,183 19,183
2 NCPCIETC (N = 8) 28,858 15,060
3 DC motor and pump 2,000 2,000
4 Fabrication 8,000 6,000
5 Salvage value of the system after 50 y, if inflation remains @ 4% in 

India, (using present value of scrap material sold in Indian market)
34,141 24,335

Computation of UEAC

n i Ps M Ss FCR,i,n FSR,i,n UNEC Mw Cwp

Yr. % Rs. @10% Rs. Fraction Fraction Rs. kg Rs./kg

NCPCIETC-DS

50 2 63,037.56 6,303.76 34,141 0.031823 0.01182 1,803.10 4,366.34 0.41
50 5 61,182.32 6,118.23 34,141 0.054777 0.00478 3,523.33 4,366.34 0.81
50 10 59,268.18 5,926.82 34,141 0.100859 0.00086 6,546.14 4,366.34 1.50

NETC-DS

50 2 47,239.56 4,723.96 24,335 0.031823 0.01182 1,365.99 2,420.64 0.56
50 5 44,971.45 4,497.14 24,335 0.054777 0.00478 2,593.42 2,420.64 1.07
50 10 43,470.18 4,347.02 24,335 0.100859 0.00086 4,801.87 2,420.64 1.98
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�carbon di oxide energy

Annual energy output life of system

� �� �

�
� �� ��

�

�

�
�
�

�

�
�
�
� � �

embodied energy
0 002. 	 (24)

�carbon di oxide exergy

Annual exergy output life of system

� �� �

�
� �� ��

�

�

�
�
�

�

�
�
�
� � �

embodied energy
0 002. 	 (25)

4.6. Annual productivity assessment for NCPCIETC-DS/
NETC-DS

The productivty stands for the deep relationship that 
exists between output and input. The main objective of 
productivity estimation is to enhance value of output as 
high as possible while keeping input as low as possible. 
International Labour Office [51] defines the term productiv-
ity as effectiveness divided by efficiency. The annual produc-
tivity for NCPCIETC-DS/NETC-DS can be defined as [51]:

�p ,annual

Annual freshwater output

Selling price of freshwate
�

� �
� rr

UEAC
� �

�100 	 (26)

5. Methodology

The methodology for computing different parameters 
for NCPCIETC-DS/NETC-DS can be expressed as follows:

Step I

The input data namely solar intensity, number of clear 
days and ambient temperature for NCPCIETC-DS/NETC-DS 
have been accessed from Indian Meteorological Department 
(IMD), Pune, India. Liu and Jordan formula has been 
employed for the assessment of intensity on the inclined 
surface using code written in MATLAB.

Step II

The value of QUN  has been assessed using Eq. (3). 
Further, values of Tw, TgiE and TgiW have been assessed using 
Eqs. (4)–(6) in that order.

Step III

The value of hourly freshwater yielding for 
NCPCIETC-DS/NETC-DS has been done using Eq. (13) 
followed by the evaluation of annual yield with the help 
of method presented in section 4.1 – Annual freshwater 
yielding assessment. Likewise, annual exergy and energy 
for NCPCIETC-DS/NETC-DS have been assessed using 
Eqs. (8) and (9), respectively.

Step IV

The values of exergo-economic parameters based on 
energy and exergy have been assessed using Eqs. (15) and 
(16) in that order.

Step V

Values of enviro-economic parameter and productivity 
have been assessed using Eqs. (23) and (26) in that order.

6. Results and discussion

The input data required for numeric computation con-
sisting of ambient air temperature, solar radiation striking a 
horizontal surface and number of days for the four weather 
conditions were obtained from the Indian Meteorological 
Department (IMD), Pune, India. For surface inclined at 30o 

north latitude, solar radiation can be calculated by using the 
formula proposed by Liu and Jordan encoded in MATLAB. 
After dining all relevant data to computational code in 
MATLAB, different outputs have been obtained and they 
have been presented as Figs. 2–3 and Tables 2–5.

The comparative monthly freshwater yielding for 
NCPCIETC-DS and NETC-DS at N = 8 and ṁfr = 0.012 kg/s 
has been displayed as Fig. 2. As seen in Fig. 2, value of 
monthly freshwater yielding is higher for NCPCIETC-DS 
than the freshwater yielding of NETC-DS in each month 
of year because more heat is made available to basin water 
by NCPCIETC than NETC due to the presence of concen-
trator in the case of NCPCIETC. Likewise, the comparative 
monthly exergy for NCPCIETC-DS and NETC-DS at N  = 8 
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and ṁfr = 0.012 kg/s has been displayed as Fig. 3. As seen in 
Fig. 3, the value of annual freshwater yielding is higher for 
NCPCIETC-DS than the freshwater yielding of NETC-DS 
in each month of the year. The higher value of monthly 
exergy in the case of NCPCIETC-DS has been obtained due 
to more heat supplied to basin water by NCPCIETC due to 
the presence of concentrator in the case of NCPCIETC.

The comparative assessment of annual energy of 
NCPCIETC-DS and NETC-DS at N = 8 and ṁfr = 0.012 kg/s 
has been displayed as Table 2. As seen in Table 2, the annual 
energy output is higher for NCPCIETC-DS because monthly 
energy output is higher for NCPCIETC-DS in each month 
of year. The value of monthly energy output is higher for 
NCPCIETC-DS because more solar energy is captured by 
NCPCIETC-DS than NETC-DS. Due to the higher solar 

energy collection area, difference of temperature of water 
and condensing cover is higher in the case of NCPCIETC-DS 
which results in the production of higher energy output 
by NCPCIETC-DS.

The comparative assessment of UEAC and unit cost of 
freshwater yielding for NCPCIETC-DS and NETC-DS at 
N = 8 and ṁfr = 0.012 kg/s has been displayed as Table 3. The 
rate of interest has been considered as 2%, 5% and 10%. The 
life of both systems has been considered as 50 y. As seen in 
Table 3, the production cost of unit freshwater yielding is 
lower by 32.10% for NCPCIETC-DS than NETC-DS at 5% 
interest rate. The reason for the lower freshwater yielding 
cost may be attributed to 44.56% higher freshwater yielding 
for NCPCIETC-DS than NETC-DS. The comparative assess-
ment of exergo-economic parameter and productivity for 
NCPCIETC-DS and NETC-DS at N = 8 and ṁfr = 0.012 kg/s 
has been displayed as Table 4. The exergo-economic param-
eter at 5% rate of interest is 62.5% higher for NCPCIETC-DS 
than NETC-DS. The reason may be attributed to the fact 
that the exergy output and UEAC are 72.43% and 26.39% 
higher for NCPCIETC-DS than NETC-DS. In fact, the 
increase in exergy output dominates the increase in UEAC 
for NCPCIETC-DS than NETC-DS. Further, the annual pro-
ductivity is 24.68% higher for NCPCIETC-DS than NETC-DS 
at 5% rate of interest. The reason for higher annual pro-
ductivity for NCPCIETC-DS may be attributed to 44.56% 
higher freshwater yielding and hence 44.56% higher rev-
enue earned for NCPCIETC-DS than NETC-DS. Also, the 
value of UEAC for NCPCIETC-DS is 26.39% higher than 
NETC-DS. However, the increase in the value of annual 
revenue dominates the increase in the value of UEAC.

The comparative assessment of carbon dioxide mitiga-
tion and enviro-economic parameter for NCPCIETC-DS 
and NETC-DS at N  =  8 and ṁfr  =  0.012  kg/s has been dis-
played as Table 5. The carbon-dioxide emission reduction 
price has been considered as $14.5  per tCO2. The value of 
enviro-economic parameter for NCPCIETC-DS is higher 
by 16.57% for NCPCIETC-DS than NETC-DS. The rea-
son for the higher value of enviro-economic parameter 
for NCPCIETC-DS may be attributed to the higher energy 
output for NCPCIETC-DS than NETC-Ds as evident from  
Table 2.

Table 4
Estimation of exergo-economic parameter as well as annual productivity

Estimation of exergo-economic parameter Estimation of productivity

Rate of interest UEAC Annual exergy Exergo-economic parameter Annual yield Selling price of freshwater Productivity

(%) (Rs.) (kWh) (kWh/Rs.) kg (Rs.) (%)

NCPCIETC-DS

2 1,803.1 294.73 0.16 4,366.44 5 1,210.81
5 3,523.33 294.73 0.08 4,366.44 5 619.65
10 6,546.14 294.73 0.05 4,366.44 5 333.51

NETC-DS

2 1,365.99 81.25 0.06 2,420.77 5 886.09
5 2,593.42 81.25 0.03 2,420.77 5 466.71
10 4,801.87 81.25 0.02 2,420.77 5 252.07

Table 5
Computation of carbon dioxide mitigation and enviro-economic 
parameter

Component NCPCIETC-DS NETC-DS

EBE (kWh) EBE (kWh)

DS 1,483.90 1,483.90
Collectors (N = 8) 3,084.30 880.29
Others 23 20

NCPCIETC-DS

EBE 4,591.20
Annual energy output (kWh) 2,910.96
Life span (y) 50.00
Carbon dioxide mitigation (ton) 281.91
Enviro-economic parameter ($) 4,087.75

NETC-DS

EBE 2,384.19
Annual energy output (kWh) 1,613.85
Life span (y) 50
Carbon dioxide mitigation (ton) 235.19
Enviro-economic parameter ($) 3,410.27
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5. Conclusions

The comparative exergo-enviro-economic parameters 
and annual productivity of NCPCIETC-DS and NETC-DS 
have been assessed at N  =  8, ṁfr  =  0.012  kg/s and water 
depth  =  0.14  m. On the basis of current research study, 
the following conclusions have been made:

i.	 The value of kWh per unit cost based on exergo-eco-
nomic parameter has been assessed to be 62.5% 
higher for NCPCIETC-DS than NETC-DS at 5% rate of  
interest.

ii.	 Values of carbon dioxide mitigation and enviro-eco-
nomic parameter for NCPCIETC-DS have been assessed 
to be higher for NCPCIETC-DS than NETC-DS.

iii.	 The value of annual productivity for NCPCIETC-DS has 
been assessed to be higher than NETC-DS at all rates of 
interest under consideration. At 5% rate of interest, the 
value of annual productivity for NCPCIETC-DS has been 
assessed to be 24.68% than NETC-DS.

iv.	 The production cost of unit freshwater yielding for 
NCPCIETC-DS has been assessed to be 32.10% lower 
than NETC-DS.

Symbols

Ab	 —	 Area of basin, m2

AgE	 —	 Area of east glass cover, m2

AgW	 —	 Area of west glass cover, m2

Cf/Cw	 —	 Specific heat capacity, J/kg-K
Cp	 —	� Total present cost of N-CPC-ETC-DS/

NETCDS
Cl	 —	� Cost of fabrication for N-CPC-ETC-DS/

NETCDS
CNCPCIETC	 —	 Present cost of NCPCIETCs
CDS	 —	 Present cost of DS
CF	 —	 Capital recovery factor
Cpw	 —	� Unit cost of producing potable water 

from N-CPC-ETC-DS/NETCDS
DS	 —	 Double slope solar still
Exout 	 —	 Hourly exergy output, kWh

ETC	 —	 Evacuated tubular collector
Eout 	 —	 Hourly energy output

F’	 —	 Collector efficiency factor, dimensionless
HC	 —	 Heat transfer coefficient, W/m2-K
hcw	 —	� Convective heat transfer coefficient from 

water to inner surface of glass cover, 
W/m2-K

hewE	 —	� Evaporative heat transfer coefficient 
from water surface to inner surface of 
east glass cover, W/m2-K

hewW	 —	� Evaporative heat transfer coefficient 
from water surface to inner surface of 
west glass cover, W/m2-K 

hc	 —	� Convective heat transfer coefficient, 
W/m2-K

hba	 —	� Heat transfer coefficient from blackened 
surface to ambient, W/m2-K

hbw	 —	� Heat transfer coefficient from blackened 
surface to water mass, W/m2-K

h	 —	 Heat transfer coefficient, W/m2-K

hrw	 —	� Radiative heat transfer coefficient from 
water to inner surface of glass cover, 
W/m2-K

hr	 —	� Radiative heat transfer coefficient, 
W/m2-K

h1w	 —	� Total heat transfer coefficient from water 
surface to inner glass cover, W/m2-K

h1g	 —	� Total heat transfer coefficient from water 
surface to inner glass cover, W/m2-K

hEW	 —	� Radiative heat transfer coefficient from 
inner surface of east glass cover to inner 
surface of west glass cover

I(t)	 —	 Total solar flux, W/m2

Ib(t)	 —	 Beam radiation on collector, W/m2

IC	 —	 Initial cost of system
i	 —	 Rate of interest
ISE(t)	 —	 Solar intensity on east glass cover, W/m2

ISW(t)	 —	 Solar intensity on west glass cover, W/m2

K	 —	 Thermal conductivity, W/m-K
Lg	 —	 Thickness of glass cover, m
L’	 —	 Latent heat, J/kg
L	 —	 Length, m
ṁf	 —	 Mass flow rate of fuid/water, kg/s
ṁew	 —	� Mass of distillate from double slope 

solar still, kg
MC	 —	 Maintenance cost
MCF	 —	 Maintenance cost factor
N	 —	� Number of parabolic concentrator inte-

grated evacuated tubular collector
NCPCIETC-DS	 —	� Double slope solar still included with 

N identical parabolic concentrator inte-
grated evacuated tubular collectors

SH	 —	 Number of sunshine hours
n	 —	 Number of days
NETC-DS	 —	� Double slope solar still coupled with N 

alikel ETCs
CPCIETC	 —	� Compound parabolic concentrator inte-

grated evacuated tubular collectors
PF1	 —	 Penalty factor first, dimensionless
QUN 	 —	� Useful energy gain for N identical 

collector connected in series, kWh
Ro1	 —	� Inner radius of outer glass tube of 

evacuated coaxial glass tube, m
Ri1	 —	� Inner radius of inner glass tube of 

evacuated coaxial glass tube, m
Ri2	 —	� Outer radius of inner glass tube of 

evacuated coaxial glass tube, m
Ro2	 —	� Outer radius of outer glass tube of 

evacuated coaxial glass tube, m
CR	 —	 Concentration ratio
r	 —	 Radius of copper tube in ETC
Sv	 —	� Salvage value of system N-CPC-ETC-DS/

NETCDS
SF	 —	 Sinking fund factor
ρ	 —	 Reflectivity
TfoN	 —	� Outlet water temperature at the exit of 

Nth PCETC, °C
Ta	 —	 Ambient temperature, °C
TgiE	 —	� Temperature at inside plane of con-

densing cover oriented towards east, °C
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TgiW	 —	� Temperature at inside plane of condens-
ing cover oriented towards west, °C

T	 —	 Time, h
Two	 —	 Water temperature at t = 0, °C
Tw	 —	 Water temperature, °C
UEAC	 —	 Uniform end-of-year annual cost
UL	 —	 Overall heat transfer coefficient
V	 —	 Velocity of air, m/s

Subscript

b	 —	 Basin liner
P	 —	 Plate
E	 —	 East
eff	 —	 Effective
f	 —	 Fluid
g	 —	 Glass
in	 —	 Incoming
out	 —	 Outgoing
w	 —	 Water
W	 —	 West

Greek letters

α	 —	 Absorptivity (fraction)
η	 —	 Efficiency, %
(ατ)eff	 —	� Product of effective absorptivity and 

transmittivity
σ	 —	 Stefan–Boltzmann constant, W/m2-K4

τ	 —	 Transmissivity
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