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Abstract
This paper presents the thermodynamic and techno-economic performance calculation of heat pipe evacuated tube collector (HP-

ETC) solar water heating system by energy, exergy analysis and different economic parameters for Indian composite climate of

Jammu. TheHP-ETC solar water heating system of 1.69 m2 was designed and fabricated for a family with an average size of six

persons. The experiments were done for six different mass flow rates of working fluid (water) such as 20, 30, 40, 50 and 60 L per

hour (LPH). The highest average energy and exergy efficiencies were obtained to be 72% and 5.2%, respectively, for 20 LPH,

while the lowest values of respective parameterswere 55%and 1.25%at 60LPHflow rate. Themaximumandminimumaverage

outlet temperatures from collector were found to be 76.4 and 45 �Cat 20 and 60LPH, respectively. It has been observed that heat

pipe ETC water heating system is better than direct flow evacuated tube collector-based water heating system. Also, the exergy

efficiencywas found to bemuch lower than energy efficiency for all the selectedmass flow rates. The techno-economic analysis

of heat pipe evacuated tube solar water heating system was done by three methods, namely annual cost, life-cycle savings and

payback period. The cost of hot water production at desired temperature was found to be INR 0.12 per liter, whereas that of the

electric geyser and gas geyser was INR 0.40 and 0.26, respectively. The payback period of heat pipe ETC solar water heater was

estimated to be 4 years, which is much less than the life of HP-ETC solar water heating system.

Keywords Evacuated tube collector � Solar energy � Techno-economic analysis � Heat pipe � Energy analysis �
Exergy analysis

Introduction

In recent years, rapid depletion of conventional energy

sources and environmental hazards led to the growth of

renewable energy sources such as wind, solar and

geothermal. The utilization of systems based on renewable

energy decreases greenhouse gas emissions and maintains

ecological balance. Solar energy is considered to be a

carbon-free, environmentally friendly, sustainable energy

resource. Since 2006 as per Solar Energy Industrial Asso-

ciation, remarkable growth in the solar sector is observed;

and in the last decade 60% annual growth rate in solar

sector was also noticed [1]. Solar thermal collector system

is a commercialized technology, and it is being adopted in

most of the places in the world where economic factors and

energy resources are favorable. Also, during the past few

years, more emphasis has been paid on the saving of energy

in buildings. Moreover, European countries have taken a

number of actions [2] under various energy policies to

reduce the energy consumption in buildings [3]. In a sim-

ilar way, industry and research institute made a
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considerable effort to fabricate the environmentally friendly

and efficient technologies, particularly in the renewable

framework. One of the solar-based technologies, solar ther-

mal collector, is the attractive solution owing to the pecu-

liarity of being incorporated within the envelope of building.

The Indian Ministry of New Renewable Energy

(MNRE) predicted that hot water demand for residential

buildings is 84% of total energy consumption, whereas the

demand in commercial and industrial sectors is 10 and 6%,

respectively [4]. In order to reduce the consumption of

energy and greenhouse gas emission in the residential

buildings, there are different varieties of strategies avail-

able by energy retrofits [5, 6].

The solar water heating is one of the cost-effective and

proven technologies which have the potential to reduce

electrical energy consumption in the commercial and res-

idential buildings [7]. As discussed above, harvesting of

solar energy through solar collectors is the prominent

option to meet the increasing demand for energy. Solar

collectors are mainly classified into three categories:

evacuated tube solar collector, flat-plate solar collector and

concentrating collector. But in the residential sector, hot

water demand is in the low-to-medium temperature range

for different household applications (cleaning, bathing,

washing, etc.). According to the current scenario of market,

78% of recently installed collectors are of evacuated tube

type, owing to its high performance and low cost [8].Ac-

cording to a report submitted by International Energy

Agency, worldwide more than 50% out of total installed

collectors are evacuated tube collector [9].In last 20 years,

evacuated tube collectors dominate the market over flat-

plate solar collectors owing to the growth of low-cost

sputtering technology for the fabrication of evacuated

tubes. The characteristics such as low-cost installation and

higher performance enabled ETC to be used for different

applications. In these collectors, radiative and convective

are very minimal. Higher exergy and energy efficiencies

are the most important factors of design for double-glass

evacuated tubes [10]. Kumar et al. [11] modeled the heat

pipe evacuated tube collector to increase the generation of

heat energy. They also fabricated and performed heat

transfer analysis of solar collector. Sokhansefat et al. [12]

performed economical and thermal analyses of ETC and

found that the performance of ETC system is 41% higher

than that of the FPC system. The annual heat gain in cold

climate through ETC is also 30% higher than FPC in cold

climate. Authors recommended using of ETC in cold cli-

mate. Abokersh et al. [13] performed a simultaneous

investigation of evacuated tube collector-based finned, un-

finned and forced recirculation solar water heating system.

The results reveal that effective discharged energy from

un-finned system and finned system is 35.8 and 47.7%

higher than that of the forced recirculation solar water

heating system. The annual efficiency of forced recircula-

tion solar water heating system, finned and un-finned sys-

tem was 40.5%, 85.7% and 71.8%, respectively, and daily

efficiency of respective systems was 20%, 33%, 26%,

respectively. Ghaderian et al. [14] enhanced the thermal

efficiency of evacuated tube solar collector by 14% when

compared to water and CuO nanofluid (at 0.03% volume

fraction) used as working fluids. Gan et al. [15] experi-

mentally investigated the effect on the thermal perfor-

mance of evacuated solar collector by varying the volume

concentration of TiO2 in working fluid (distilled water).

They observed an enhancement in thermal conductivity in

working fluid by increasing the concentration of nanopar-

ticles. The optimum volume concentration is 0.5 vol%, at

this concentration, and the thermal efficiency of the system

increased by 44.85%. Li and Zhai [16] experimentally and

numerically studied the performance of evacuated tube

solar collector with composite PCM (expanded graphite by

3 mass% as additives in 97 mass% erythritol) as thermal

energy storage. They found that thermal conductivity of

erythritol was enhanced by 241.4% and average storage

efficiency increased by 40.17% by mixing of 3 mass% of

expanded graphite as an additive in erythritol. Daghigh and

Shafieian [17] fabricated and tested evacuated tube col-

lector-based solar drying system. They found that thermal

performance of system is highly influenced by variation of

mass flow rate. They observed the highest outlet temper-

ature (45.5 �C) from dryer at a volume flow rate of

0.0328 m3/s. Pandy et al. [18] carried out a theoretical

study of single-stage aqua-ammonia absorption refrigera-

tion system driven by different solar collectors. They found

that solar coefficient of performance, optimum cost and

second-law efficiency of absorption system driven by

evacuated tube solar collector is averagely lower by 11, 30

and 0.5% than system driven by parabolic trough collector

at different ambient temperatures. Annual efficiency of a

new version ETC system with tracking mechanism was

studied by Teles et al. [19]. They found that minimum and

maximum daily efficiencies of proposed system were 42%

and 73%, respectively. In this experimental work, the

annual efficiency of a new version ETC with tracking

mechanism was found to be 61.5%. They observed that

during a year, this collector can absorb thermal energy of

about 961.3 kWh m-2. Abd-Elhady et al. [20] increased

heat pipe condenser temperature and heating efficiency of

ETC by the insertion of thermal oil in evacuated tubes and

replaced heat pipe finned surface with foamed copper. It is

reported that thermal oil not only improved the heat

transfer rate but also acted a thermal storage media.

Experimental investigation for the impact of graphene

oxide nanoparticles in steam production by Ghafurian et al.

[21]. The experimental outcomes revealed that the highest

efficiency of the system was found to be 78.9%, while in
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the case of water the corresponding value was observed to

be 54%. The results of the study showed that evaporation

flux rate increases when light intensity increases.

Manoj et al. [22] worked on paraffin wax as a PCM and

nanocomposite of paraffin wax with Sio2 nanoparticles.

The experiment was performed to improve the efficiency of

evacuated tube solar water heating system. They observed

an improvement in the heat storage capacity of ETC-based

solar water heater system by integrating with PCM and

with nanocomposite PCM.

The novelty of the research work lies in the design,

better performance and evaluation of the HP-ETC system

for the particular climatic conditions with techno-economic

evaluation. As can be seen from the above brief literature

review, very few experimental studies are available on HP-

ETC-based solar water heating system and its techno-

economic analysis for composite climate of India. No one

performed experimental study for this technology under

composite climate of India. Also, the designed heat pipe-

based solar water heating system has been studied and

optimized for different mass flow rates, viz., 20, 30, 40, 50

and 60 L per hour (LPH) in respect of energy and exergy

analyses. This is very useful to achieve the low-to-medium

temperature range applications through different flow rates,

and same system can be used for residential and com-

mercial applications such as water heating, swimming pool

heating and solar cooking. Three different methods of

economic analysis, namely annual cost, life-cycle savings

and payback period, have been used for the comprehensive

evaluation of the designed system for the better techno-

economic analysis.

Experimental

The experimental investigation of the present study was

carried out in outdoor condition of Shri Mata Vaishno Devi

University, Katra, India (longitude = 32.9417�N, lati-

tude = 74.9541�E), faced toward the south direction and tilted
by an angle of 45�. One of the evacuated tubes of solar

collector comprised of two concentric borosilicate glass tubes

with vacuum in the order of 5 9 10-2 Pa in the annulus

space between outer transparent glass tubes and selectively

coated inner absorber tube. The outer glass tube is transparent

for least reflection, and absorber tube is coated with black

coating (Al–N/Al) for better absorption of sun radiation.

The evacuated tubes equipped with heat pipe along with

aluminum fins increase the heat transfer rate and a spring

clips set that clamps the heat pipe with the absorber tube.

The solar collector consists of such types of 20 sets of tubes

which are further connected to the manifold.

When sunlight in the form of solar radiation hits the

surface of the absorber tube, absorbed heat is transfer to

fins of heat pipe. The moment when heat is transfer from

fins to heating zone (evaporator section) of heat pipe, the

low-boiling heat transfer fluid starts to vaporize and move

to the cooling zone (condenser section). Finally, transfer of

heat takes place from the condenser section to water

flowing in the manifold. The specification of components

and instrumentation used in solar water heating system is

given in Tables 1 and 2. The experimental investigation

was carried out with six different mass flow rates of water.

The water was supplied by a 20-W water pump from

cold-water tank, and flow rate was controlled by control

valve. The mass flow rate of water was measured by needle

valve rotameter. The water coming out from the collector

was collected in the insulated tank for further use. The inlet

temperature, outlet temperature, ambient temperature and

tank temperatures were recorded after every 1-min time

interval. The complete layout of experimental setup is

shown in Fig. 1.

The instrument used for recording and measurement of

temperature was Masibus 85xx ? data logger with tem-

perature sensors. The global solar radiation data for every

1-min time interval were gathered from Solar Radiation

Resource Assessment (SRRA) station, Katra.

Thermodynamic analysis of evacuated tube
collector

In this section, thermodynamic analysis of ETC system is

presented. The experimental results have been investigated

by a set of equations under the following assumptions:

• All equations were developed under the steady-state test

method for thermodynamic study of ETC system.

• The specific heat of working fluid was assumed to be

constant.

• It was considered that effect of kinetic and potential

energy is negligible.

• The difference in pressure across the manifold was

considered to be zero.

• The heat transfer direction to the system was assumed

to be positive.

Energy analysis

Energy analysis is an essential part to obtain the actual

performance of any thermal system. There are two methods

to calculate the efficiency of thermal collectors: transient

test method and steady-state test method. The boundary

conditions for input parameters such as inlet temperature,

ambient temperature and solar radiation incident at par-

ticular site remain constant during the latter method; and

for the former method, the boundary conditions of
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parameters are free to change. The thermal performance

test of solar collector system was performed under steady-

state conditions. The energy incident on solar collector can

be expressed as [23, 24]:

_Qr ¼ IsAabNhp; ð1Þ

where _Qr (J s
-1), the rate at which energy is incident on

solar collector; Aab (m
2), absorber area of single evacuated

tube; Is (W m-2), solar radiation intensity at specific site;

Nhp number of heat pipes.

The useful energy gained by solar collector may be

expressed as [25]:

Table 1 Design parameters of

HP-ETC solar water heater
Type Parameter Value/material

Solar collector Aperture area 1.504 m2

No. of evacuated tubes 20

Evacuated tube Vacuum tube material Borosilicate glass

Evacuated tubes types All glass evacuated tubes

Evacuated tubes thickness 2.2 mm

Coating of absorber Three target ALN/SS/Cu

Absorber tube length 1700 mm

Outer diameter of absorber tube 47 mm

Outer diameter of outer tube 58 mm

Heat pipe Material of heat pipe Copper

Thickness of copper pipe 0.7 mm

Diameter of condensing section 14 mm

Length of condenser section 63.5 mm

Length of evaporator section 1600 mm

Diameter of evaporator section 9.52 mm

Working fluid in heat pipe Water

Table 2 Specification of

instrumentation
Parameter Instrument Accuracy Full scale

Temperature RTD temperature sensors ± 0.5 �C - 50 to 600 �C
Mass flow rate Rotameter ± 0.5% 4–100 LPH

Pumping of working fluid Pump – 0–500 LPH

Pyranometer
T1

T3

T5 T4

T2

Flow
metrer

Control
valve
Pump

Evacuated tube

Maniflod/Header

Cold water
tank

Hot water
insulated

tank
Data logger

Data monitoring
system

Fig. 1 Schematic diagram of

the experimental setup
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_Qu ¼ cgocgibabIsAabNhp; ð2Þ

where cgo; cgi, transmittance of outer and inner tube; bab,
absorptivity of absorber tube. The useful energy collected

by working fluid from solar collector is given by [26]:

_Quf ¼ _mwCPwDTw; ð3Þ

where _Quf (J s-1), the rate of useful energy gained by

water; CPw (J kg-1 K-1), specific heat of water at constant

pressure; _mw (kg s-1), mass flow rate of water; DTw (K),

temperature difference of water across the collector.

The instantaneous thermal efficiency of solar collector is

expressed as the ratio of useful energy gained by fluid from

solar collector to total energy incident on solar collector

which can be written as [27, 28]:

gth ¼
_Quf

_Qr

; ð4Þ

where gth,thermal efficiency of system.

Exergy analysis

Energy analysis of solar collector gives an idea about an amount

of conservation of energy. However, energy analysis provides

no information that how much performance of system is

degraded.Hence, exergyanalysis is a tool throughwhichdesign,

optimization and evaluation of the performance of energy sys-

tems can be done. It is based on second law of thermodynamics.

The equation for exergy balance undergoing steady-state pro-

cess for control volume can be expressed as [29]:
X

_Exin �
X

_Exd ¼
X

_Exout ð5Þ

or

_Exd ¼ �
X

_W �
X

_Exmassout

� �
þ
X

_Exmassin

� �

�
X

_Q 1� Tamb

T

� �� �

out

�
X

_Q 1� Tamb

T

� �� �

out

� �

Exergy received by solar collector can be written as

[25]:

_Exc ¼ Qr 1þ 1

3

Tamb

Tsr

� �4

� 4

3

Tamb

Tsr

� �" #
; ð6Þ

where _Exc (W), exergy received by solar collector; TSr (K);

source temperature, i.e., temperature of sun; Tamb (K),

ambient or surrounding temperature of system. Exergy

received by working fluid (Water) can be evaluated as [29]:

_Exuf ¼ Tamb _mf

wfo � wfið Þ
Tamb

� sfo � sfið Þ
� �

; ð7Þ

where _Exuf (W), useful exergy absorbed by working fluid

(water); wfi (J kg-1), sfi (J kg-1 K-1), enthalpy and

entropy of water at inlet of collector; wfo (J kg-1), sfo
(J kg-1 K-1), enthalpy and entropy of water at outlet of

collector. The difference in enthalpy and entropy of

working fluid flowing through manifold can be given as

[30]:

wfo � wfi ¼ CPwDTw ð8Þ

and

sfo � sfi ¼ CPw ln
Two

Twi
; ð9Þ

where Two (K), outlet temperature of water; Twi (K), inlet

temperature of water. Thus, exergy or second-law effi-

ciency can be given as the ratio of useful exergy to exergy

incident on collector [31, 32].

gex ¼
_Exuf
_Exc

¼
Tamb _mf

wfo�wfið Þ
Tamb

� sfo � sfið Þ
h i

Qr
TSr�Tamb

TSr

� 	 ð10Þ

Techno-economical analysis

As per the survey conducted in residential buildings of

Indian composite climate of Jammu, the demand for hot

water for different household applications such as cleaning,

washing, bathing, cooking is fulfilled by either gas geyser

(GG) or electric geyser (EG). It is found that less than 3%

of residential buildings in India use solar water heater for

household applications. Authors performed techno-eco-

nomic analysis of the conventional system (GG and EG)

and HP-ETC solar water heater. Based on the Indian

market survey, Table 3 enlists the comparison of features

of GG, EG and HP-ETC solar water heater.

In this section, economic analysis of HP-ETC solar

water heater, GG and EG is performed. Besides this,

optimal life of operation of each of the systems and when

each of the systems is more economical than other system

is also reported. The specifications of these three systems

are given in Table 4.

The economic analysis of a system is evaluated by three

methods. The first one is annual cost method (ACM) [29],

in which water heating cost per liter by GG, EG and HP-

ETC solar water heater is compared. As the cost of elec-

tricity and LPG varies over the entire life of systems (GG

and EG), this method does not completely capture the

comparison of economics by heating through considered

methods. Thus, for calculating the economic benefits of

HP-ETC solar water heater, it is necessary to evaluate the

saving of HP-ETC solar water heater per day in the base

year, namely second method [30]. The people will not be

interested to procure the system if payback period is long

Thermodynamic and techno-economic analysis of heat pipe ETC water heating system… 1399
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even though significant long-term savings are possible

[31]. Hence, payback period method which is the

third method is also very important to discuss in this

section [32].

Annual cost method

Annual cost method is adopted because systems under

consideration for comparison have different lifetimes. In

general, by taking time value of money concept into con-

sideration, the system’s yearly cost (CY) may be written as

[33]:

CY ¼ CYF � FSF � VS þ CI � FCR þ CYM; ð11Þ

where CYF, yearly cost of fuel [INR]; VS, system salvage

value at the end of its operation life; CI, system initial cost

[INR]; CYM, yearly cost for maintenance [INR year-1].

The terms FSF and FCR are the sinking fund factor and

capital recovery factor, respectively. These two terms can

be expressed as [33]:

FSF ¼ j

jþ 1ð Þk�1
h i ð12Þ

FCR ¼ jþ 1ð Þk�j
jþ 1ð Þk�1

h i ; ð13Þ

where j, interest rate [INR]; k, operational life of system.

The yearly cost of fuel for HP-ETC solar water heater is

the cost of electrical energy consumed for water heating

Table 3 Comparison of conventional- and solar energy-based water heating system

S. nos. Feature EG GG HP-ETC solar water

heater

1 Initial capital cost Little expensive: cost INR

10,000–12,000

Economical: cost INR 4000–6000 Expensive: Cost INR

25,000–30,000

2 Safety Safe Completely unsafe: strictly not recommended on

the basis of safety

Very safe

3 Space requirement Wall mounting space is

enough

Require additional place to keep the LPG cylinder

and proper ventilation

Space required at

rooftop

4 Life span range 7–10 years 4–6 years 8–10 years

5 Installation Easy Difficult as you need to connect the LPG and

should arrange outlet for fumes

Easy

6 Technology Electricity Gas burning Solar energy

7 Pollution Pollution due to the

production by coal

May release carbon monoxide which needs to be

vented out carefully

No pollution

8 Warranty At least 2 years 1–2 years 1–2 years

9 Time required to

heat the water

Little more Faster Little more

Table 4 Specification of HP-

ETC solar water heater, EG and

GG

System Parameters Value

HP-ETC solar water heater Initial capital investment after subsidy INR 21,000*

Life 10 years

Yearly maintenance cost 10% of CY

EG Initial cost INR 10,000*

Efficiency of electric coil 80%

Life span 10 years

Yearly maintenance cost 5% of CY

GG Initial cost INR 4800*

Life span 6 years

Efficiency of gas geyser 60%

Yearly maintenance cost 10% of CY

*US$1 * INR 70
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when solar radiation is not available where the yearly fuel

cost for GG and EG is the cost of electricity and LPG gas

used throughout the year to meet hot water requirement to

an average family at desired temperature. Before calcula-

tion for annual fuel cost, the daily hot water requirement

for an average family has to be evaluated. The energy

required to meet daily hot water requirement for an average

family can be expressed by the following equation:

EDHR ¼ Cw � Two � Twið Þ � ADHP � AFS; ð14Þ

where ADHP, average hot water requirement per day per

person [L person-1 day-1];AFS,average size of family.

Therefore, yearly fuel cost of HP-ETC solar water

heater and EG can be evaluated according to following

equation:

CYF ¼ n � EDHR � Cel

gel
; ð15Þ

where n, number of days electricity used to meet the hot

water requirement [days]; Cel,cost of electricity;gel, effi-
ciency of electrical coil.

The yearly fuel cost for GG can be evaluated according

to the following equation

CYF ¼ CLPG � EDHR � 365
CVLPG � gGG

; ð16Þ

where CLPG, cost of LPG; CVLPG, calorific value of LPG

[kWh kg-1]; gGG, efficiency of GG.

The system salvage value changes with operating time

(k) of the system. Thus, by considering that depreciation of

the system with time is linear in nature, the salvage value

can be written as:

VS kð Þ ¼ k � CI

1

k
� 1

kmax

� �
; ð17Þ

where kmax, time after which system is completely dis-

carded [Year]

In order to make the analysis simpler, as per market

survey it is found that yearly maintenance cost for HP-ETC

solar water heater and EG is 10% of yearly capital cost,

whereas in the case of GG it is 5% of the yearly capital

cost. As in the introduction stage, both systems are under

guarantee for 3 years and very little maintenance cost is

incurred.

Life-cycle savings

In the life-cycle saving method, firstly base year saving per

day for solar water heater is determined; then, the present

worth of yearly savings during the life span of system is

evaluated.

Saving per day

The saving per day by using of HP-ETC solar water heater

can be computed firstly by difference in cost of production

of hot water per liter by conventional system (EG and GG)

and HP-ETC solar water heater then this saving is multiply

by hot water requirement in a day

Sl ¼ Ccs;l � CSWH;l; ð18Þ

where Sl, savings in hot water production per liter [INR];

Ccs;l, cost of production of hot water per liter by conven-

tional systems (EG or GG) [INR]; CSWH;l, cost of pro-

duction of hot water per liter by HP-ETC solar water heater

[INR], where

Ccs;l ¼
CY;cs

Pcs;y
ð19Þ

CSWH;l ¼
CY;SWH

PSWH;y
ð20Þ

Sday ¼ SlADHPAFS; ð21Þ

where CY;cs and CY;SWH annual cost of production of hot

water [INR], respectively; PCS;y and PSWH;y hot water

production per year by conventional and HP-ETC solar

water heater system, respectively [L]; Sday savings in hot

water production per day [INR].

Present worth of yearly savings

The yearly saving for hot water production at desired

temperature in the kth year can be determined by Eq. (22).

The present worth of yearly savings in the ith year can be

evaluated through Eq. (23) [34].

Si ¼ SdayDn 1þ fð Þi�1; ð22Þ

where Si, yearly benefits for HP-ETC solar water heater in

the ith year [INR]; Dn, number of working days per year of

HP-ETC solar water heater; f , inflation rate

Pi ¼ MpiSi; ð23Þ

where Pi, present worth of yearly benefit in ith year [INR];

Mpi factor of present worth for ith year.

For ith year, the factor of the present worth can be

written as

Mpi ¼
1

1þ jð Þi
ð24Þ

The life-cycle saving is calculated by summing the

annual savings of the present worth over the life of the

considered systems.
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Payback period

Payback period is the length of time required for an

investment to recover its initial capital cost in terms of

savings. To evaluate the economic feasibility of HP-ETC

solar water heater in India, the payback period can be

calculated by following equation [34]

PBN ¼
ln 1� CI

S1
j� fð Þ

h i

ln 1þf
1þj

� 	 ; ð25Þ

where PBN, payback period for N years; S1, benefit during

first year (INR)

Results and discussion

The experimental investigation was carried out in the typical

composite climate zone of India. The investigation was done

in the month of March with different mass flow rates, viz., 20,

30, 40, 50 and 60 LPH. On the basis of collected data,

thermodynamic and techno-economic analyses have been

performed. The calculations have been carried out by a set of

Eqs. (1–25) and graphs are plotted among selected perfor-

mance parameters. In this section, variation of ambient tem-

perature, inlet temperature, outlet temperature, efficiencies

(energy and exergy) and solar radiation with time has been

discussed for considered mass flow rates. Moreover, the

comparison of energy and exergy efficiency for different flow

rates has been presented and discussed. In this section, results

obtained from techno-economic analysis are also discussed.

Figure 2a, b depicts the variation of efficiencies, solar

intensity, ambient temperature and inlet water temperature

with respect to time for 20 LPH.

Figure 2a shows that solar intensity reached its peak

value of 920 W m-2 at 13:00 P.M. For this specific day,

extreme fluctuations were observed in the solar radiation.

As shown in Fig. 2a, since morning (10:00 to 11:30 A. M.)

solar radiation increased with very less fluctuations. After

that, very large fluctuations in solar intensity (from 11:30

A.M. to 16:30 P.M.) were observed. Due to this, variations

in efficiencies (energy and exergy) were also found. It is

found that instantaneous energy and exergy efficiencies

were in the range of 2–10% and 55–90%, respectively. The

variation in ambient temperature and inlet water tempera-

ture of the same day was found in the range of 26–33 �C
and 28–38 �C, respectively.

For the water mass flow rate of 30 LPH, Fig. 3a illus-

trates the variation in efficiencies and Fig. 3b gives the

variation in solar intensity, ambient temperature and inlet

water temperature versus time. The experiment was started

at 10:00 A.M. when solar intensity reached 1100 W m-2.

The experimental setup with mass flow rate of 30 LPH

attained its highest instantaneous energy and exergy of

83% and 6.68%, respectively. On this day, the intensity of

solar radiation was bright; however, the inlet water tem-

perature was observed with fluctuations due to a high

variation in the wind velocity. The inlet water temperature

and ambient temperatures were varied in the range of

26–32 �C and 25–29 �C, respectively.
The variation in efficiencies and input parameters (solar

radiation, inlet temperature and ambient temperature) is

shown in Fig. 4a, b, respectively, for a mass flow rate of 40

LPH. It can be seen that solar radiation attained its peak

value of 1012 W m-2 at 12:48 P.M. The intensity of solar

radiation was found with less fluctuations from 11:00 A.M.

to 13:30 P.M. But after 13:30 P.M., it was decreased at a

very fast rate. Energy and exergy efficiencies have been
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calculated for 40 LPH, and these were found in the range of

38–82% and 0.9–5%, respectively.

The variation of efficiencies for 50 and 60 LPH water

mass flow rate is presented in Figs. 5a, 6a, respectively,

while for corresponding flow rates variation of input

parameters (solar radiation, inlet water temperature and

ambient temperature) is shown in Figs. 5b, 6b, respec-

tively. It is found that for 50 and 60 LPH mass flow rates,

solar radiation was extremely fluctuating in nature between

15:00 P.M. to 17:00 P.M. and 11:30 A.M. to 13:30 P.M.,

respectively. The reason behind this was diverse fluctua-

tions in solar radiation for the said periods.

Figures 5b and 6b show that the ambient temperature

was varied in the range of 19–26 �C and 23–27 �C for 50

and 60 LPH mass flow rates, respectively, whereas for

corresponding flow rates the range of variation in the inlet

temperature was 22–29 �C and 25–29 �C, respectively.
Figure 7 illustrates the variation of outlet temperature

with time for considered flow rates (20, 30, 40, 50 and 60

LPH). It is found that the outlet temperature increased with

time then decreased slowly during evening hours. Due to

the intermittent nature of solar intensity and fluctuations in

inlet water and ambient temperatures, at some points the

variation in outlet temperatures also has been observed.

The results reveal that the outlet temperature is highly

influenced by the mass flow rate of working fluid and

proportional to solar intensity. The averaged highest and

lowest outlet temperatures from collector were found to be

76.4 �C and 39 �C at mass flow rates of 20 and 60 LPH,

respectively.
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The effect of mass flow rate on energy and exergy

efficiencies is illustrated by Fig. 8.

It is observed that energy and exergy efficiencies have

attained its highest values of 72.41% and 6.08%, respec-

tively, for 20 LPH mass flow rate. The second highest

value of energy and exergy efficiencies was found to be

61.19% and 3.78% for 30 LPH mass flow rate. The average

value of energy efficiency for 40, 50 and 60 LPH was

found to be 59.01, 55.9 and 53.4, respectively, and exergy

efficiency for the corresponding mass flow rate was 2.22,

2.13, 2.2 and 1.26%, respectively. Thus, thermal efficien-

cies of HP-ETC solar collector were found to be the best at

20 LPH mass flow rate, i.e., 20 LPH is the optimum mass

flow rate for 20 tubes HP-ETC collector. This was due to

the fact that thermal losses at this flow rate were minimal

compared to other considered flow rates.
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The energy efficiency of the system was higher than

exergy efficiency; this is due to not considering the losses

associated with system during the energy analysis. How-

ever, the exergy analysis of a particular system considered

all irreversibility/losses associated with the system. Thus,

exergy analysis represents quality of energy rather

than quantity.

Techno-economical of solar water heater

The parameters for economic analysis of conventional (GG

and EG) and HP-ETC solar water heater based on situation

in India are shown in Table 5. As mentioned, there are

three methods through which the economic analysis of

systems is performed and these methods are discussed as

follows.

Annualized cost method

By this method, the yearly cost of conventional (GG and

EG) and HP-ETC solar water heater has been calculated.

Based on economical parameters (given in Table 5) of

Indian market, the economic analysis of the systems has

been carried out.

The economic analysis of solar water has been per-

formed by considering that the system can easily operate

for 300 days in a year in a composite climate zone of

country such as India. Figure 9 depicts the comparison of

the yearly cost and yearly fuel cost for HP-ETC solar water

heater with an auxiliary system, EG and GG. Based on the
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Table 5 Economical parameters

of Indian market
Parameters Values

Interest rate 9%

Inflation rate 3%

Average daily hot water requirement per person 25 L

Average family size 6

Average daily solar radiation 5.25 kWh m-2 day-1

Cost of electricity per kWh INR 5.25

Cost of LPG per kg INR 40

Calorific value of LPG 12.87 kWh kg-1

20,000

19802

6481

2560

Electric geyserHP-ETC solar water
heater

17254

15376

12768

Gas geyser

Yearly cost

Yearly fuel cost
18,000

16,000

14,000

12,000

10,000

8,000

6,000

4,000

2,000

0

Fig. 9 Comparison of yearly cost and yearly fuel cost of different

systems

HP-ETC solar water heater Electric geyser Gas geyser

0.26

0.12

0.40

Fig. 10 Comparison of cost of production of hot water per liter by

different systems
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specifications of different systems and economical param-

eters, the highest values of yearly capital cost and yearly

fuel cost were calculated to be INR 19802 and 17254 for

EG. On the other hand, compared to other conventional

water heaters (EG and GG) the values of yearly capital cost

(INR 6481) and yearly fuel cost (INR 2560) were the

lowest for HP-ETC solar water heater.

Similar to yearly capital and yearly fuel cost, also the cost

of production of hot water per liter by different systems has

been evaluated. It is observed from Fig. 10 that the cost of

hot water per liter by HP-ETC solar water heater, EG and

GG is INR 0.12, 0.40 and 0.26, respectively.

Life-cycle savings

The present worth of annual savings, annual savings and

cumulative present worth of annual savings with respect to

EG and GG for each year of the life of HP-ETC solar water

heater is shown in Table 6. The approximate value of

cumulative present worth of HP-ETC solar water heater

was evaluated to be 86 and 43 thousand rupees with respect

to EG and GG, respectively. The subsidized initial cost of

HP-ETC solar water heater is INR 21000. Therefore, by

investing INR 21000 in a HP-ETC solar water heater, 86

and 43 thousand rupees can be saved in comparison with

EG and GG. The evaluation was done by considering that

life of solar water heater is 10 years. However, savings can

be extended after the life of the HP-ETC solar water heater.

Payback period

The payback period is the time span required for an

investment to recover its initial outlay in terms of savings.

From Eq. (25), the payback period of HP-ETC solar water

heater has been calculated. The initial capital investment

on HP-ETC solar water heater of INR 21000 can be

recovered in 4 years of operation. Therefore, HP-ETC solar

water heater can supply the hot water to a desired tem-

perature free of cost after 4 years.

Conclusions

In this communication, heat pipe evacuated tube solar

water heater is designed and constructed according to a

family with an average size of six persons. The experi-

mental setup was tested under Indian composite climate of

Jammu for five different mass flow rates of water. Based on

thermodynamic and techno-economic analysis, the fol-

lowing conclusions are drawn. It is discovered that evac-

uated technology has got excellent prospects to be used as

green technology and should be addressed meticulously.

The conclusions of present study are given as follows:

1. The maximum average energy and exergy efficiencies

of ETC system were 72% and 5.2%, respectively, for

20 LPH, while minimal values of respective efficien-

cies were 55% and 1.25% for 60 LPH among the

considered mass flow rates.

2. The maximum and minimum average outlet tempera-

tures from collector were found to be 76.4 and 45 �C
for 20 and 60 LPH water mass flow rates, respectively.

3. The cost of hot water production at desired temperature

was found to be INR 0.12 per liter, whereas by electric

geyser and gas geyser was INR 0.40 and 0.26,

respectively.

4. The payback period of heat pipe ETC solar water

heater system was estimated to be 4 years.

Table 6 Economics of HP-ETC solar water heater—present worth of annual saving, annual saving and present worth of cumulative annual

saving with respect to EG and GG for each year during the life of HP-ETC solar water heater

Year Annual saving

with respect to

electric geyser

(INR)

Annual saving

with respect to

gas geyser

(INR)

Present worth of

annual saving with

respect to electric

geyser (INR)

Present worth of

annual saving with

respect to gas geyser

(INR)

Present worth of

commutative saving

with respect to electric

geyser (INR)

Present worth of

commutative saving

with respect to gas

geyser (INR)

1 11,974 5987 10,985 5493 10985 5493

2 12,333 6167 10,380 5190 21,365 10,683

3 12,703 6352 9809 4905 31,174 15,588

4 13,084 6542 9269 4635 40,443 20,223

5 13,477 6738 8759 4379 49,202 24,602

6 13,881 6940 8277 4138 57,479 28,740

7 14,297 7149 7821 3911 65,300 32,651

8 14,726 7363 7391 3695 72,691 36,346

9 15,168 7584 6984 3492 79,675 39,838

10 15,623 7812 6599 3300 86,274 43,138
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