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Abstract

In this paper, the thermodynamic performance of a boroxide-added glass evacuated tube heat pipe (ETHP) is studied,
including energy, exergy, environmental, economic analysis, and sustainability index. It has been found that 50,87%
of the energy loss of water and 50,86% of the exergy loss of water are caused by radiation. There are 4 collectors each
collector 57 pipes as a total of 108 pieces pipes, a hot water tank, a heat exchanger, and a pump in the system. The
water is used as a working fluid due to economic and common use in the system. In the result of this experimental
study, we calculated energy and exergy efficiencies of the EHTP system as % 22,21 and % 13,68, respectively. In
addition, the environmental, exergoenviromental, enviroeconomic, and exergoenviroeconomic values of the EHTP
system are found 458,5 kgCO»/day, 456,5 kgCO,/day, 0,003708 $/day and 0.003692 $/day, respectively. Also, the

sustainability index of the system is found as 1,159.
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1. Introduction

Due to the releases of CO, and other gases during
volcanic activities, solar radiation, and the burning of
fossil fuels, the temperature of the earth increases
significantly. Volcanic activities and solar radiation are
natural phenomena that cannot be avoided. On the
contrary, the emissions that occur due to the use of fossil
fuels are anthropological. In other words, it can be
prevented, unlike the other two reasons. The greatest
power we have to prevent global warming is to prevent
anthropological emissions. The causes and results of
global warming are illustrated in Fig. 1. The energy
source that stands out as an alternative to fossil fuels is
solar energy because it is both economical and
environmentally friendly [1].
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Figure 1. Causes and results of the global warming [1]

There are three methods such as direct electrical
production, thermal energy generation, and passive usage
for solar energy use. The most important component in
thermal power generation is the solar collector that
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transfers the radiation from the sun to heat transfer [2, 3].
There are different kinds of solar collectors. Also, in
general, collectors separate the two variety as
concentrate, and flat-plate collectors [4]. This study
examines the ETHP solar collector, a type of solar
collector with a flat plate. The ETHP is a flat plate type
of solar collector that is known to have a higher thermal
efficiency than the flat plate solar collector due to the
vacuum that exists between the absorber glass pipe and
the outside glass. Due to this vacuum zone reduces the
heat losses from the collector by convection and
conduction. As a result, it enables the working fluid to be
obtained at higher outlet temperatures. Since heat losses
in vacuum pipes are negligible, it has a significant
advantage, such as higher efficiency compared to flat
plate collectors. [5, 6].

In the literature, there are several studies dealing the
thermodynamic performance analysis of ETHP systems.
Some of these studies focus on the solar drying, thermal
storage, hot water production for domestic usage, fresh
water, and multigenerational systems. Lamnatou et al. [7]
have evaluated the thermodynamic analysis of a solar
drying system using a vacuum tube collector. The
parameters affecting the efficiency in the collector based
on the drying of agricultural products are examined. It
has been calculated that the collector efficiency varies
between 50-60% at different air flow rates and radiation
intensities. Modi and Pandya [8] investigated the
adsorption cooling system integrated into the vacuum
tube collector. AC35 / methanol is used in the adsorption
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cooling system. Obtaining ice from the cooling system
has been adopted as the main criterion. It was found that
the radiation intensity should be 800 W/m? for ice
production. It was calculated that 12.82 tons of CO»
emission were prevented from meeting the energy
required in the cooling system from the evacuated tube
collector. Saxena and Gaur [9] have presented a 3E
(energy, exergy and economical) analysis of a vacuum
tube solar collector. Heat exchanger and water heating
system are integrated into the collector. In the study, two
vacuum tube pipes were used experimentally. CuO
nanofluid and water were used as working fluid. When
using CuO nanofluid, maximum energy and exergy
efficiency were calculated as 45.12% and 9.51%,
respectively. Kumar et. al. [10] studied the thermal
performance of a vacuum tube solar collector. In their
study, they focused on heating the air with the collector.
Performance measurements are made at different air flow
rates, such that the lowest efficiency of the system is
measured at 42.8 C temperature and 100 kg / h flow rate.
The system's maximum it's effective thermal efficiency
is calculated as 48.47% at 400kg / h flow rate. Olfian et.
al. [11] presented the thermal performance of the phase
change material integrated evacuated tube solar collector,
So that the assessment of the charge and discharge
process of the phase change material. They used U-
shaped evacuated tube in the solar collector. The thermal
efficiency of the collector is calculated to vary between
22.96% and 27.91% under different conditions. Ozsoy
and Corumlu [12] analyzed the thermal performance of
an evacuated tube solar collector using Silver-Water
nanofluid. In the study conducted under laboratory
conditions, sunlight was simulated. In the thermosyphon
heat pipe, pure water and nanofluid were compared, such
that an increase in efficiency of 20-40% was measured in
the nanofluid system. Corumlu et. al. [13] evaluated the
thermodynamic analysis of the evacuated tube solar
collector for hydrogen production system. The evacuated
tube solar collector is used for the required water
temperature in the PEM electrolyzer. The electrical
energy required for PEM is supplied directly from the
photovoltaic system that generates electricity. The
presented study consists of four subsystems, so the
efficiency of all subsystems was evaluated separately.
The exergy efficiency of the solar collector has been
calculated as 27.35%. Kizilkan et. al. [14] evaluated the
thermodynamic analysis of power and heat generation
from an evacuated tube solar collector. Transcritical CO>
fluid Rankine cycle was integrated power generation. A
total of 19 solar collectors were used in the system. The
efficiency of the whole system was calculated as 28.3%
in the summer season, which was the highest.

The main purpose of the study is to perform
optimizations in order to achieve the best performance in
terms of efficiency, environmental and economy of the
system. In addition, parametric analyzes will be made to
evaluate important parameters in the system. The detailed
objectives of this proposed study are given below;

e Evaluation of an ETHP solar collector used in
the application with a combination of energy,
exergy, environmental and  economic
perspective

e To analyze exergoenviromental which is an
exergy based environmental assessment
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e To analyze exergoenviroeconomic which is an
exergy based economic evaluation
e To assess the sustainability index and entropy
generation rate of the ETHP system
e To determine the exergy efficiency and the
exergy destruction rate of ETHP system
The novelty of the study is to provide solutions and
evaluations in real commercial applications by
determining the energy, environmental and economic
performance parameters of the ETHP system, which is
used to meet the domestic needs of a 9-floor building.

2. Experimental Setup

As a case study, the evacuated tube heat pipe is chosen to
assess a solar system by using the exergy, environmental,
exergoenviromental, enviroeconomic, and
exergoenviroeconomic analyses. The investigated system is
shown in Figure 1. Systems with light structures and low-
cost technology for process heat applications to medium
temperature could be obtained with ETHP solar collector
[15]. ETHP is considered as an exchanger because it converts
sunlight energy into thermal energy. ETHP systems are
suitable to produce clean water and cogeneration systems by
adding the necessary equipment [16-21]. The ETHP solar
collector consists of 108 evacuated tubes and hot tank as
shown in Figure 1. Due to its many advantages such as
economical, eco-friendly, and the structure of the plumbing
in the building where the application, water has been utilized
as a working fluid. Also, there is one heat exchanger in the
system. This heat exchanger has been used to transfer the
heat energy of the working fluid to the plumbing used in
domestic use. The pipes used in the ETHP system consist of
two intertwined glass pipes. There is a vacuum between the
pipes. The picture of the pipe is given in Figure 2. In
addition, technical details of the pipes are presented in Table
1. The ETHP system other components such as heat
exchanger and circle pump as shown in Figure 3.

Figure 1. ETHP solar collector
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Figure 2. Evacuated tube used in the system

The evacuated tubes used in the study were produced by
intertwining two glass pipes and vacuuming the air in
between. There are various coatings such that, these are
copper, aluminum nitrate and black selective coating on the
inner tube. The tubes used are made of boroxide-added glass

to withstand high-temperature changes.

Table 1. Design Parameters of the ETHP system

Dimension Value
Glass tube outer diameter 47 mm
Glass tube inner diameter 38 mm
Glass thickness Imm
Length of the evacuated tube 1800 mm
Number of evacuated tube 108 pieces
Number of collector 4 pieces
Collector tilt angle 420

Solar irradiation 550 W/m?
Collector aperture area 23,22 m?
Emissivity receiver 0,95
Emissivity glass cover 0,88

CO, emission value 6,47xe kgCO/Wh

Carbone price

0,0145 $/kgCO»

Figure 3. The other components of the ETHP system

3. Thermodynamic Analysis

This section was investigated the thermodynamic
behavior of the system. However to determine the
thermodynamic performance the respective calculations are
performed for the inlet and outlet enthalpy, exergy, mass
flow rate, solar radiation, energy loss, and exergy loss. For
the calculation of these equations, the Engineering Equation
Solver (EES) program is used for parametric studies and
graphical drawings. To catalyze the complexity involved in
the thermodynamic analysis some assumptions are made as
follows;

e  The system operates under a steady-stead condition

e In the system, the changes in the kinetic and
potential energies can be disregarded
The system is considered a control volume
Pressure drop at the end of the tube is negligible
Temperature loss at the hot storage is negligible
Pressure drop at the connecting pipes and fittings is
negligible
e Solar insolation absorbed by the inner glass is

uniformly distributed throughout the length and

protect uniform temperature

The operation temperature and pressure values are
presented in Table 2.

Table 2. Operation parameters of ETHP system

Parameter Value
Collector input temperature 23°C
Collector input pressure 2,3 bar
Collector output temperature 88°C
Collector output pressure 2,3 bar
Heat exchanger output temperature 21,5°C
Pump input pressure 2,3 bar

Int. J. of Thermodynamics (1JoT)

Based on the assumptions the energy change of the water
equation for the ETHP system are written as follows [22];

Enwater = me (Tour — Tin) (D
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Where 1, ¢y, Toy; and Ty, are mass flow of water,
specific heat of water, temperature of output water and
temperature of input water, respectively.

Ensolar = IprefprecsrecAnArec (@)

Where I, pref, Precs €recs Arec, An are solar radiation,
reflectance of the receiver, absorber of the receiver,
emissivity of the receiver, receiver area, and receiver
numbers, respectively. The exergy change of the water in
ETHP system is calculated by following [23];

Exwater = Exout - Exin 3)

Where Ex,,,; and Ex;, are exergy of the output water and
exergy of the input water, respectively [24].

Fre =, [T~ Tu) T (n(29)]

air

Ex; = mc, [(Tin — Toir) — Tair (ln ( in ))] (5)

Tair

Where m, ¢,, Toye, Tair, and Ty, are mass flow, specific
heat, temperature of the output water, ambient temperature,
temperature of the input water. Input solar radiation exergy
rate is found by following [24];

Exsolar = Ensolar <1 +§(M)4’ —S(M)> ©

Tsun Tsun

Where Ty, is solar temperature. Exergy efficiency of
ETHP system is calculated by following [25];

_ EXwater
M=z (7
solar

Sustainability analysis is applied using the sustainability
index method for various thermodynamic applies. This
process explains how exergy efficiency affects the
sustainability of the resources [26]. The sustainability index
can be found in the following equation [27];

S = —

1-n11

®)

The energy loss in the system is due to convection and
radiation. Total energy loss is found by [22];

Enloss = Enloss,conv + Enloss,rad (9)

Where E'nloss,wm, and E'nloss,md are energy loss with
convection and radiation, respectively [28].
Enloss,conv = hAgs(Tsurf - Tair) (10)

Where h, Ag4q and Ty, are heat transfer coefficient, heat
transfer surface area of glass cover and the glass cover
surface temperature, respectively [14].

__ kNu

h fhihhad

L

(In

Where k mdD raeth ermal co nductivity an d
characteristic length, respectively [14].
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Nu = 0,4 + 0,54Re®52 for 0,1 < Re < 1000 (12)

Nu = 0,3Re®® for 1000 < Re < 50000 (13)

Where Re is Reynolds number. Energy loss with the
radiation is found by [29];

(14)

J _ 4 4
Enloss,rad - gaAgs(Tsurf - Tsky)

Where ¢, o and Ty, are emissivity, Stefan-Boltzmann
constant and sky temperature, respectively.

Exergy loss is as energy loss and total exergy loss is
found by [24];
(15)

Exjpss = Exloss,conv + Exloss,rad

Where E'xloss,wnv and E'xloss,md are exergy loss with
convection and radiation, respectively [25].

. . T :
Exloss,conv = Enloss,conv (1 - T A ) (16)
surf
E =F 1-— TLair 17
xloss,racl - nloss,rad T ( )
surf

The exergy destruction rate of the collector can be found
in the following equation [32];
Exdest = Exin + Exsolar - Exout - Exloss (18)

The exergy destruction rate of the heat exchanger can be
found in the following equation [32];

Exin,sys + Exin,‘refrig'e‘rant = Exout,sys +
Exout,refrigerant + Exdest,HE (19)
The use of fossil fuels to produce energy to domestic will
result in harmful gas emissions. Using a solar collector
system can cut back that problem. Considering the
environmental problems caused from energy consumption,
such as greenhouse gases, the importance of environmental
analysis appeared more than before. The environmental
analysis of the system can be found in the following equation
[33];
Xco2 = YCOZEnsolartworking (20)
Where yco, and tyopking are carbon dioxide emission
value and working hours of the system. The Enviroeconomic
analysis is based on the amount of CO2 decrease from the
thermodynamic process and carbon credit earned
importance. Establishing renewable energy-based energy
production systems prevents / reduces harmful emissions
[33]. The enviroeconomic analysis of the system can be
found in the following equation [22];
Eccoz = Xco2Cco2 21
Where cco, is carbon dioxide price. An
exergoenvironmental analysis is focused on three steps. The
first step is an exergy analysis of the ETHP system. In the
second step, environmental effects are assessed by a life
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cycle analysis method. In the three steps, the environmental
effects are applied to the exergy stream of the ETHP system.
Exergy-based  environment impact value called,
environmental impact rate associated with exergy. Means of
this; an input environmental impact has an alternative action
with the output thermodynamic relations [34]. The
exergoenvironmental analysis of the system can be found in
the following equation [22];
Xexcoz = YCOZExsolartworking (22)

Exergoeconomic (thermoeconomic) is an approach of
engineering that unite the second law of the thermodynamic
economic principles; thence, this provides information that
is not available through conventional thermodynamic
analysis, and economic research for the engineerings [35].
Moreover, an exergoeconomic analysis reveals the origin,
magnitude and location of cost of thermodynamic
inefficiencies in energy conversion systems. The
exergoenviroeconomic analysis of the system can be found
in the following equation [22];
Ecexcoz = XexcozCco2 (23)
3.1. Uncertainty analysis

Uncertainty analysis is needed to prove the accuracy of
the experiments [36]. [rradiance measurement was done with
solar flow received by unit area, expressed in W/m.
Solarimeter is having a sensitivity of +5%. The temperature
measurement was done by K type thermocouples calibrated
by the accuracy of £1,1°C. The pressure change was
measured with an accuracy of £2 mbar. The uncertainty

analysis of the system can be found in the following equation
[371;

2 (2 52) + (Zws) + (Zws) o (o) 8

R

Where, dR is determined as absolute uncertainty,

AR . . . . .

morever —= is determined as relative uncertainty. &x; is
possible errors in dx;.

4. Results and Discussion

In this section, the analysis results of the investigated
ETHP system are presented. Furthermore, parametric
analyses are performed for the investigation of the effective
ambient temperature and solar radiation on the evacuated
solar collector performance. The energy efficiency analysis
isn't enough to decide how efficiently the system works in
engineering applications or designs, only exergy efficiency
is offered instead of energy efficiency.
The calculated average uncertainty of the presented system
is shown in table 3.

Tabel 3. Uncertainty analysis results of the parameters

Parameter Nominal Uncertainty rate
value
Irradiance 550w +0,05
Collector inlet 2390 L1.1°C
temperature
Collect: tlet
ollector outle 88°C L1.1°C

temperature

Int. J. of Thermodynamics (IJoT)

Collector inlet

2,3 bar +0,002 bar

pressure
Collect tlet

ollector outle 2,3 bar 0,002 bar
pressure
Heat exchanger
inlet temperature 25°C +1,1°C
(feedwater)
Heat exchanger 68°C +]1,1°C
outlet temperature
H
. eat exchanger I bar +0,002 bar
inlet pressure
Heat exch

eat exchanger 1 bar +0,002 bar
outlet pressure
Pump inlet 21.5°C +7,1°C
temperature
P inl

ump inlet 2.3 bar 0,002 bar
pressure
Total system 0,034

The Rayleigh (Ra) number is calculated as 3,749¢’ in
order to find the Nusselt (Nu) number value, which is the
critical value in the heat loss analysis of the absorber pipe.
The thermodynamic results obtained as a result of the
calculations made are given in Table 4.

Table 4. Thermodynamic results of the ETHP system

Parameter Value Unit
Engolar 3953 w
Enwate‘r 877’8 w

Enz oss 765,4 w
Enloss,rad 389’ 4 w
Xco2 458,5 kgCOy/day
Eccor 0.003708 S/day
E Xsolar 3734 w
Exwater 538’5 w
EXpss 722,7 w
Exloss,rad 367’ 6 W
7753/st:em 22,21 %
lpsystem 13} 68 %
SI 1,159 -
Xexco2 456,5 kgCO,/day
EcCexcor 0,003692 S/day

The results of the energy-based analysis of the ETHP
system, which are the solar energy input, energy of the water
energy loss, energy radiation loss, environmental analysis
and enviroeconomic analysis values are calculated as 3953
W, 877,8 W, 765,4 W, 389,4 W, 458,5 kgCOy/day and
0,003708 $/day, respectively. Furthermore, the results of the
exergy-based analysis of the ETHP system, which are the
solar exergy input, exergy of the water, exergy loss, exergy
radiation loss, exergoenvironmental analysis and
exergoenviroeconomic analysis values are calculated as
33734 W, 538,5 W, 722,7 W, 367,6 W, 456,5 kgCO2/day
and 0.003692 $/day, respectively. In additional, the energy,
exergy efficiency and sustainability index of the ETHP
system are found as 22,21%, 13,68% and 1,159,
respectively. Otherwise, the performance analysis of the
ETHP system, a comparative parametric study is also carried
out in order to determine the effect of solar radiation intensity
of the energy and exergy efficient. The radiation intensity
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variation with ETHP system thermodynamic efficiencies is
shown in Figure 4. During this analysis, the mass flow of the
working fluid is fixed to a constant amount so that to meet
the required heat energy, the required energy and exergy
efficiency of the ETHP is calculated. As expected, the exergy
efficiency of the ETHP reduces the rise of radiation intensity.
Because energy and exergy efficient decrease depending on
the exergy destruction of the collector increase. Table 5
shows the exergy destruction rate of ETHP components such
as collector, heat exchanger, and pump.
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Figure 4. The energy and exergy efficiency change
depending on solar radiation

Table 5. Exergy destruction rate of the components

Component Exergy destruction value
Collector 2841 W
Heat exchanger 16,7 W
Pump 17,42 W

The highest exergy destruction is calculated in the ETHP
solar collector. The exergy destruction of the collector was
2841 W, followed by the circulating pump with 17,42 W.
The lowest exergy destruction between components is a heat
exchanger as 16,7 W. In solar thermal systems, the ambient
temperature has an effect on the system performance, which
is normally negative as the ambient temperature increases.
The effect of ambient temperature on the performance
efficiency is evaluated and offered in Figure 5. In addition,
the sustainability index of the system is decreasing, as is the
exergy change of the water. The reason for the decrease in
the exergy change of water of ETHP is the decrease in both
useful energies and, its decrease sustainability index of the
system as the ambient temperature increases.
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Figure 5. The exergy change of the water and sustainability
index change depending on ambient temperature

266 / Vol. 24(No. 3)

The best assessment of ETHP can be obtained by
examining the performance of the solar collector for different
ambient temperatures, such that ambient temperature is one
of the effective parameters in the second law of
thermodynamics. The analysis has been carried out using the
average ambient temperature values of the months for
different season conditions. The temperature difference
between seasons is approximately 20°C due to Turkey is the
Mediterranean climatic zone. The exergy change of the
water of the ambient temperature of the ETHP system is
illustrated. The results show that the amount of exergy
change of the water in the collector is the lowest when the
ambient temperature is 40°C with nearly 200 W. During the
seasons with the lowest ambient temperature, the system
performance increases, and it has the highest value. This is
on account of the fact that, during the summer period, the
irreversibility rate reaches of the ETHP system a maximum
value. In Figure 6, by changing the collector output
temperature from 80°C to 150°C, the exergy destruction of
collector and heat exchanger is illustrated.
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Figure 6. The exergy destruction of the collector and heat
exchanger change depending on collector output
temperature

As in Figure 6, for the solar system components, in this
range of collector output temperature parameters, the exergy
destruction of the HEX increases while the exergy
destruction of the collector decreases. The cause for this
trend is that at the critical temperature of 125°C, enthalpy
increases by 420% while entropy production increases by
350%. In Figure 7, by changing the solar radiation from 200

W/m?> to 900 W/m? the environmental and
exergoenvironmental is illustrated.
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Figure 7. The change of the environmental and
exergoenvironmental values depending on solar radiation
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Figure 7 shows the impacts of the varying solar radiation
on the environmental and exergoenvironmental of the
system. As can be noted from this figure, the environmental
effect of the investigated solar system increases from
approximately 208,4 kg-CO,/day to 708,6 kg-CO,/day with
the increase in these solar radiation ranges. Similarly,
exergoenvironmental effect increases from 207,5 kg-
COy/day to 705,5 kg-CO,/day with the increase in these
radiation ranges. In Figure 7, by changing the solar radiation
from 250 W/m?> to 850 W/m?, the environmental and
exergoenvironmental is illustrated. In Figure 8, by changing
the solar radiation from 200 W/m?> to 900 W/m?, the
enviroeconomic and exergoenviroeconomic is illustrated.
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Figure 8. The change of the enviroeconomic and
exergoenviroeconomic values depending on solar radiation

Figure 8 shows the impacts of the varying solar radiation
on the enviroeconomic and exergoenviroeconomic of the
system. As can be noted from this figure, the environmental
effect of the investigated solar system increases from
approximately 0,001686 $/day to 0,005731 $/day with the
increase in these solar radiation ranges. Similarly,
exergoenvironmental effect increases from 0,001678 $/day
t0 0,005706 $/day with the increase in these radiation ranges.

5. Conclusion

In the presented paper, a model of the thermodynamic
analysis of the ETHP system is developed for
termoeconomic and  exergoenvironmetal. Parametric
investigate are so applied to assess the effects of operating
parameters on ETHP system performance. The primary
results of the present study can be ordered by follows:

e The energy and exergy efficiency of the ETHP
system are calculated as 22,21% and 13,68%,
respectively.

e During the analysis, it is found that the most
effective parameter on the exergy efficiency is the
solar irradiation intensity when the mass flow rate
is 2,8 kg / s constant.

e Energy-based environmental and thermo-economic
analysis of the ETHP system is calculated as 458,5
kgCO»/day and 0.003708 $/day, respectively.

e Exergy-based environmental (exergoenviromental)
and thermo-economic (exergoenviroeconomic)
analysis of the system is calculated as 456,5
kgCOy/day and 0.003692 $/day, respectively.

e Due to the increase in ambient temperature, it
causes a important decrease in both the exergy
efficiency and sustainability index of the system.

The results of the study can be beneficial for the novel

design of the ETHP and researcher. In addition, flow analysis
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of the system with CFD analysis will be examined in future
studies.
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Nomenclature
An Pipe number

Arec Receiver area, m?
(O Spesific heat, kJ/kgK

D Diameter, m

ETHP Evacuated tube heat pipe
En Energy rate, W

Ex Exergy rate, W

h Heat transfer coefficient, W/mK
I Solar radiation, W/m?

L Length, m

m Mass flow, kg/s

Nu Nusselt number

Pr Prandtl number

Ra Rayleigh number

SI Sustainability Index

T Temperature, K

Greek Letters

Pref Solar reflectance

Prec Solar absorbtance

Erec Solar emittance

n Efficiency
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