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Abstract

The pressure of natural gas stream must be reduced in city gas station. The natural gas has to be preheated before pressure
reduction takes place usually through throttling valves. In conventional city gas stations, the natural gas is preheated by
indirect water bath heaters, which burn a large amount of the natural gas as fuel. In this study, the rejected heat from a super-
critical carbon dioxide recompression cycle using solar energy is recovered for preheating the natural gas. The novel design
of this system generates uniform electricity as well as preheats the natural gas in city gate station. The proposed system is
simulated for Birjand city gas station as a case study, and a thorough techno-economic analysis is performed in Engineering
Equation Solver for evaluating the system performance. The results of this study demonstrate that parabolic trough collec-
tors with 25 rows are the most efficient solar system while the annual average of thermal and exergy efficiency of the system
is 0.56 and 0.41, respectively. The exergetic analysis of the system shows that the highest average exergy destruction takes
place in the throttling valve and the second highest in the solar collectors. Also, the total amount of fuel saving is estimated
at 4.87 million cubic meters annually and the net power output is equal to 2.86 MW. From the economic point of view, the
value of the payback period is estimated 4 years and, based on the net present value method, after 8 years, the initial invest-
ment could be returned.

Keywords s-CO, recompression cycle - Solar energy - LS-3 collectors - Natural gas city gate station - Brayton cycle -
Techno-economic analysis - Parabolic trough collector

List of symbols F' Collector efficiency factor
A Area, m? F" Collector flow factor
B, Daily direct solar radiation, J m™~2 day_l G, Beam solar radiation, W m™>
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G, Specific heat capacity, J kg=! K~! G, Solar constant, W m~>
CI Cost index h Specific enthalpy, kJ kg~!
CGS City gas station hi . Heat transfer coefficient inside the coil, W m™
D Diameter, m K!
Dy Daily diffuse solar radiation, J m~2 day~! ho Heat transfer coefficient outside the coil, W m™>
DNI Direct normal irradiance K!
E Exergy rate i Heat transfer coefficient inside the tube, W m~2
f Focal length, m K™!
Fr Heat removal factor H Daily total solar radiation, J m~2 day ™!
H, Daily extraterrestrial solar radiation, J m™>
day™!
P< Mahmood Farzaneh-Gord . .
. i Discount rate, %
m.farzanehgord @um.ac.ir .. 1 -1
k Thermal conductivity, W m™ K
! Faculty of Engineering, Mechanical Engineering K Clearness index
Department, Ferdowsi University of Mashhad, Mashhad, K(9) Incident angle modifier
Iran L Length, m
2 Faculty of Mechanical Engineering, Shahrood University L, Distance between two parallel collectors, m
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LHV Lower heating value, J kg™! NG Natural gas
m Mass flow rate, kg s~ NG, Natural gas before heater
NG Natural gas NG, Natural gas after heater
n Number of date NG; Natural gas after throttling valve
P Pressure, kPa L Loss
PTC Parabolic trough collector pum Pump
R; Fouling thermal resistance, m* K W~! rec Recuperator
R, Net cash inflow—outflow, $ ref Reference
S Heat absorbed, W m™2 S Solar
SR Solar receiver th Thermal
SCRBC Supercritical carbon dioxide recompression TV Throttling valve
Brayton cycle tur Turbine
(oN Useful energy, W w Water
t Number of time period
T Temperature, °C
U Overall heat transfer coefficient, W m=2 K~! Introduction
W Width, m
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Receiver absorptivity
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Natural gas (NG) as the largest fossil fuel source is trans-
ferred with a high pressure (about 5-7 MPa) to overcome
pressure loss related to the long way that gas should pass
from a refinery to consumption points such as power plants
and city entrances [1]. Due to the lower required pressure
for using the NG in domestic and industrial applications,
the NG pressure should be decreased at consumption points.
City gate stations (CGSs) are installed at the consumption
zone entrances to reduce pressure. At CGSs, the pressure is
usually reduced to 1.5-2 MPa [2]. Currently, throttle valves
carry out this mission where the constant-enthalpy expan-
sion happens, and a significant amount of energy is lost [3].
It has a negative impact on the environment by increas-
ing concentration of carbon dioxide in the atmosphere. As
a result, some solution has been studied to absorb carbon
dioxide and store it [4]. Also, a valuable pressure exergy
destroyed at exit of the pressure reduction process [5]. As
the NG Joule-Thomson coefficient is positive, reducing its
pressure causes to a temperature drop. The NG temperature
should not be lower than a minimum value. This minimum
value for temperature is called hydrate forming tempera-
ture, which depends on the NG pressure and compositions
[3]. The hydrate formation zone is a region where the water
droplets, which are suspended in the NG, start freezing and
cause the corrosion and clogging of pipes [6]. To prevent
this scenario, the NG stream needs to be warmed up to a par-
ticular level before the pressure reduction process. Indirect
water bath heaters are used in the CGS to preheat the NG
in advance. This type of heaters has a main problem, which
they need a huge amount of gas to provide the required heat
for heating the gas stream before the process of pressure
reduction [7]. That is the reason that the performance of a
CGS is not satisfactory. There is complete literature about
the research projects around gas pressure reduction points,
mainly discussed on the two topics of the minimization of
the energy and consumption of the water bath heater and
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energy recovery. In this field of study, firstly, Farzaneh-
Gord et al. [8] proposed solar energy (as a renewable energy
resource) for supplying a part of the required heating energy
in CGSs. Farzaneh-Gord et al. [9] made remarkable effort
to use solar systems in Sari (a city in northern Iran). They
designed a solar system which utilized solar collectors
and hot water storage tanks to store a part of the required
heat during the day for using during the night. The system
included a storage tank with a capacity of 45 m® and an array
of 450 solar collectors. It was shown that fuel consumption
could be reduced about 14%, whereas the first design [8]
could save 11%. In another study, Farzaneh-Gord et al. [10]
used an automatically controlled heater in CGSs instead of
the conventional linear heater and compared this system’s
thermal behavior to other proposed systems and discovered
the latter is superior. The same research team [11] employed
geothermal energy instead of burning fuels in heaters for
preheating the NG. They applied some economical methods
such as net present value (NPV) and internal rate of return
(IRR) in their analysis.

In some other investigations in this field, turbo-expanders
and cogeneration systems have been proposed to enhance the
performance of the CGSs. Energetic and exergetic analysis
on the systems which are suggested in these studies showed
that there is a considerable improvement potential in the first
law and the second-law efficiencies of the CGSs. Farzaneh-
Gord et al. [12] conducted a detailed study on a combined
heat and power system. The results show that the amount
of power generation in seven Khorasan province (in Iran)
CGS by cogeneration is equal to 20.5 MW annually. Borelli
et al. [13] used a pair of turbo-expanders to reduce the NG
pressure in two stages. They simulated the dynamic perfor-
mance of the pressure reduction station (PRS) numerically
and showed that the two-stage process uses lower energy to
preheat the NG compared to the conventional single-stage
pressure reduction process. Xiong et al. [14] showed that
some portion of NG energy can be harvested during the
pressure reduction, if the throttling valve is removed and a
single screw expander is used instead of it in a PRS. They
also found that if the daily power output and daily exergy
efficiency reach about 61 kWh and 37%, the daily round-
trip efficiency of the system will enhance more than 25%.
Olfati et al. [15] modeled the NG reduction process in a CGS
and made an analysis which was based on different seasonal
strategies in order to explore the exergetic and energetic
losses of the heater by considering the heater stack as the
main source of loss. In another study, Olfati et al. [16] mod-
eled operation of the CGS regulator and calculated minimum
temperature of NG for preheating according to regulator
outlet temperature. Their results showed that the modified
station has energy consumption and exergy destruction at
least 33% and 15%, respectively. Ashouri et al. [17] studied
how the tube arrangement can affect the water bath heaters

thermal performance, and it was deducted that the vertical
and horizontal pitches have significant effects, and the ther-
mal performance of the heater can be enhanced by optimum
design. Salari and Goudarzi [18] investigated the effect of
coiled wire tube insert as a turbulator in order to increase
heat transfer in Mokhtar city gate station heater. They simu-
lated the turbulator in two states of circular and elliptical
tubes through ANSYS CFX so as to examine the perfor-
mance of geometrical parameter of it. The results indicated
that the best performance belongs to the tube with elliptical
cross section with diameters ration of 0.95 and the spring
tube insert with diameter ratio of 10. In another study, Salari
and Goudarzi [19] used computational fluid dynamics (CFD)
approach and employed different kinds of coiled wires in
order to intensify the heat transfer in a water bath heater.
Their results showed that and improvement of 62%, 79% and
57% in the thermal efficiency is occurred for the heaters with
square, triangular and circular cross sections, respectively.
Rahmati and Reiszadeh [6] experimentally investigated the
effects of using multi-walled carbon nanotubes on improving
the heat transfer rate in CGS. They concluded that up to 48%
increment in the thermal efficiency of the heater is occurred
by applying their proposed system. In a recently published
work, Khosravi et al. [20] proposed a new design of CGS’s
heat pipes (twisted flow disturber) for increasing the heat
transfer coefficient and subsequently increasing the thermal
efficiency of the heater. The results show that using the flow
disturber may improve the average Nusselt number of the
gas flow through the coil by about 20%, reducing fuel con-
sumption of the heater and increasing its thermal efficiency.

The growing energy demand, the increased consumption
of the fossil fuel and the population growth have become one
of the most important issues over the past years. Renewable
energy sources such as solar energy can be good alterna-
tives to conventional fuel sources [21]. The integration of
parabolic solar collectors with supercritical carbon diox-
ide recompression Brayton cycle has a good potential for
power generation of the future, and it has attracted a lot of
attention nowadays. Qiu et al. [22] established an integrated
numerical model to solve the complex energy transfer in a
parabolic trough collector using supercritical carbon dioxide
as heat transfer fluid by combining Monte Carlo ray tracing
and finite volume method. The results show that the solar
fluxes on the receiver walls were non-uniform, the optical
efficiency at normal incidence was 84.19% and the tempera-
ture difference of the absorber was obtained in the range
of 18-60 K under typical conditions. Bellos and Tzivan-
idis [23] investigated the utilization of supercritical carbon
dioxide in parabolic trough collector for various operating
conditions. They performed a parametric analysis of the col-
lector by examining the inlet temperature, pressure and mass
flow rate with a model in EES. The results indicate that the
maximum exergetic efficiency of the collector is equal to
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45.3% for inlet temperature 750 K. In another study, Wang
et al. [24] developed a new simulation model of a recom-
pression supercritical carbon dioxide Brayton cycle, using
parabolic trough solar collectors. They examined the effects
of the compressor outlet pressure, turbine inlet temperature
and cooling temperature on the performance of the proposed
cycle and concluded that increasing the turbine inlet pres-
sure reduces the efficiency, where increasing the turbine inlet
temperature increases the efficiency, and there is a critical
cooling temperature point in which the cycle efficiency
reaches a maximum value of 0.4, but drops after this point.

In this study, for the first time, the utilization of supercrit-
ical carbon dioxide recompression Brayton cycle (SCRBC)
integrated with solar energy as a high-temperature heat
source in the natural gas pressure drop station is proposed
and analyzed. The analysis is performed with engineer-
ing equation solver (EES). For a first time in this field, the
rejected heat from the Brayton cycle is proposed to preheat
the natural gas steam, while the electricity is generated in
the CGS at the same time. Utilizing solar energy as a renew-
able energy source reduces the environmental pollution by
decreasing the amount of fuel consumption. Also, burning
natural gas in the Brayton cycle (using an auxiliary boiler
to keep turbine inlet temperature constant) rather than cur-
rent CGS heaters with low thermal efficiency improves
performance of the natural gas pressure drop station. The
Birjand CGS in Iran is selected as a case study to evaluate
the efficiency and performance of the proposed system. A
comprehensive energy, exergy and economic analysis of sug-
gested configuration is investigated. The two most essential
criteria of payback period and net present value are utilized
for economic evaluation.

Natural gas pressure reduction station (CGS)

The current CGS

The high pressure of the NG has to be decreased to a lower
pressure level when an NG pipeline approaches a city. This
aim could be achieved using an NG CGS. In order to reduce
the gas pressure, throttling valves are used. A detailed sche-
matic diagram of the current CGS is illustrated in Fig. 1. The
temperature and pressure of the inlet NG into the CGS are
related to the surrounding temperature. A severe temperature
drop has occurred during the pressure reduction process, and
hence, the NG should be preheated before the gas passes
throughout the throttle valves. The NG preheating is done to
ensure that it stays above the dew point and hydrate forma-
tion zone so as not to solid or liquid phase condenses at the
output temperature. The standard range of the preheated gas
temperature is in the range of 30-55 °C, but the value of it
depends on the inlet pressure and temperature. The indirect
water bath heaters, which are known as line heaters, are used
as heat exchangers in NG pressure reduction station and are
shown in Fig. 1. The heaters are contained of four basic
components, including the fire tube, the heater shell, the
water expansion section and the gas coil. The heater shell
is surrounding the gas coil, the water bath and the fire tube.
The duty of a fire tube, which burns NG, is to provide heat to
water, which plays an intermarriage fluid role. After that, the
water has to transfer heat to NG, which is flowing throughout
a coil that is immersed in the water. When the water bath
is heated, the expanded water flows into the expansion tank
that is located above of the heater [10].

Expénsion Exhaust
tank
Tae o P
NG,’" NG, 'r’\‘Ga,/r::N(33
o Natural gas = —— >
Throttling
valve
Burner
Tne, Prg,

Fig. 1 Schematic diagram of indirect water bath heater employed in CGS for preheating natural gas
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Fig.2 Daily average of solar radiation zones for Iran (W h m~2) [26]

The case study

Iran is situated in Western Central Asia and is placed
between 25 and 38° N latitudes and 44 and 62° E longi-
tudes. The central and southern zones of Iran are considered
as one of the warmest zones of the world. As observed in
Fig. 2, Iran has a high potential for utilizing solar energy as
heating systems. The local climate of Iran and geographical
location are important reasons for using this energy. The
Birjand station with a maximum capacity of 60,000 Sm® h™!
is considered as the case study. Birjand is the capital of the
Iranian Province of South Khorasan, which has the latitude
and longitude angles of 32° N and 59° E. It is situated near
an area which is named Dashte-Lut desert. It is one of the
best places in the world in terms of the total received solar
irradiation per year, and hence, it has a high potential to
install solar heating systems compared to the other cities of
Iran [25]. Birjand’s CGS contains two separate heaters in
order to provide the needed heat to warm up the NG flows
with the volume flow rate of 30,000 Sm> h~!. Table 1 reports
more details about Birjand CGS heaters, and Table 2 shows
the component mole fraction and mass fraction of the natural
gas stream. The case study is selected mainly due to financial
support from the regional NG company.

The proposed system

The integration of supercritical carbon dioxide recompres-
sion Brayton cycle (SCRBC) with parabolic solar collectors
has a good potential for power generation of the future, and
it has attracted a lot of attention nowadays. So far, recovering
the rejected heat from the solar SCRBC has not been utilized
for CGSs in the previous studies. When a CGS needs heat
with low temperature, exited heat from the recompression

Table 1 Equipment specification of Birjand CGS heater

Characteristics Value
Maximum natural gas flow rate/Sm> h~! 60,000
Natural gas inlet pressure/MPa 59
Natural gas outlet pressure/MPa 1.8
Water capacity/m? 36
Surface area of fire tube/m? 88.1
Diameter of coils/m 0.1
Wall thickness of coils/mm 8.56
Number of coils 2
Shell diameter/m 2.85
Shell length/m 10
Maximum bath temperature/°C 88
Maximum heating duty/kW 1750

Brayton cycle can be used for preheating the NG to save a
significant amount of fuel. Carbon dioxide is used as the
working fluid in the SCRBC, which is a closed-loop Bray-
ton cycle, and it is operated between low pressure near the
critical point of CO, (7.4 MPa and 31 °C) and high pres-
sure about 20 MPa [27]. The SCRBC is a kind of a power
conversion system that can combine the advantages of a gas
turbine system and a steam Rankine cycle [28]. It has been
suggested as a power cycle for parabolic trough solar receiv-
ers owing to the following advantages [29-31]:

e Carbon dioxide is non-toxic and non-flammable.

e Carbon dioxide is easily found in nature, with low cost
and without severe environmental effects in low quanti-
ties.

e Carbon dioxide is a single phase during the heating and
cooling process.

e The cycle has low compression work and a high thermal
efficiency.

e Wasting heat rejection occurs in higher temperatures.

e Capital cost of the Brayton cycle is less than other ther-
modynamic cycles.

A schematic of the proposed system and T-s diagram are
shown in Figs. 3 and 4. The system is composed of a CGS, a
solar field and a supercritical carbon dioxide recompression
Brayton cycle.

The SCRBC improves thermal efficiency by reducing
the heat rejection from the cycle through the using a sec-
ond compressor (recompression compressor) before the heat
exchanger. Carbon dioxide is split into two parts. The large
part of the carbon dioxide (is shown with x in Fig. 3) fed
into the main compressor (state 1) at critical conditions due
to high density and heat capacity near its critical point [32]
and compresses to high pressure (20 MPa). Subsequently,
the flow preheated through low-temperature recuperator
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Table 2 Birjand natural gas

compositions

13]003-31g

Components CH, CH¢ CHy i-CiH, nCH,, i-CH;,, nCsH, CO, N,
Mole fraction/%  98.221  0.415 0.053 0.011 0.026 0.012 0.002 0.677  0.583
Mass fraction/% 95914 0.760 0.142  0.039 0.092 0.053 0.009 1.814  1.177
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Fig.3 Schematic diagram of the proposed system
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Fig.4 T-s diagram of the proposed system
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(state 3) to blend with the outlet of the recompression com-
pressor (state 10). The entire carbon dioxide (state 4) is
preheated furthermore in the high-temperature recuperator
(state 5) and send to the solar filed. The solar energy can
be employed for many usages. This energy is one of the
best alternatives for fossil fuels [10]. There are three main
types of collectors that are able to absorb heat. In the cur-
rent study, parabolic trough collector (PTC) type of LS-3
is considered for installation which has been commercially
proved. The advantages of PTCs are their lower thermal
losses, higher efficiency at higher temperature, the smaller
collecting surface in comparison with other collectors for
a certain power requirement and the most mature concen-
trated solar power technology. Some disadvantage of the
PTCs is its higher solar tracking and maintenance costs,
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interrupting their operation at very high wind speeds. PTCs
can only utilize direct solar radiation, which is called direct
normal irradiance (DNI) or beam radiation. In other words,
DNI is the solar radiation fraction that is not deviated by
clouds, dust or fumes in the atmosphere and also that
reaches the surface of Earth as a parallel beam [33]. The
duty of PTCs is to focus direct solar radiation onto a central
line on the collector axis. A receiver tube is installed in this
focal line, which has a fluid flowing inside that. It absorbs
the focused solar energy from the tube wall. The collector
is considered east—west single-axis tracking in order that
the solar beam falls parallel to its axis. PTCs are taken into
account as the demanding temperature for this study (up to
650 °C). In this temperature range, solar dish collectors can
be employed. Lack of flexibility, high cost, required a large
area of land and number of equipment are some reasons not
to utilize this type of collector for the present study [34].
By keeping the inlet temperature of the turbine constant in
proposed system (state 6), an auxiliary boiler is required
to raise the temperature of carbon dioxide during the day
as well as night when solar energy is unavailable. After
that, high-temperature CO, flows into the turbine, and while
producing power, its pressure expands to the inlet pressure
of the both compressors (state 7). The fluid exiting the tur-
bine is cooled in the high and low-temperature recuperator
(states 8-9), in which the available heat is transferred to the
high pressure side. After leaving the low-temperature recu-
perator flow is split. The large fraction of the flow enters the
heat exchanger to preheat NG and is cooled in the precooler
to the inlet temperature of main compressor (state 11), and
the other recompresses to the high pressure (state 10).

Modeling

Energy demand in natural gas pressure reduction
station

The heating duty of the heater and the water bath tempera-
ture could be calculated with determining the temperatures
and pressures of the inlet and outlet NG streams. The tem-
perature of gas hydrate (7},,4) could be computed from ther-
modynamics models by knowing the compositions of NG
and standard outlet station gas pressure (250 psi or 1.7 MPa).
Then, the temperature of the outlet gas stream is chosen to
be 5 °C higher than the hydrate temperature [35]. Once the
temperature of the outlet station gas stream is known, the
heater exit gas temperature could be expressed as follows:

TNG2 = Thyd +5+ ATy 1)

where ATy is the temperature drop due to the pressure drop
through the throttling valves. The value of temperature drop
is determined by the pressure of the gas at the station inlet
and the NG compositions. By knowing the heater exit gas
temperature (and pressure), the heating duty of heater could
be calculated as:

Obteater = MxG (hNG2 - hNGl) 2

It should be noted that the inlet pressure of CGS (heater) is
measured and considered to be known. The gas temperature
is considered as equal as the soil temperature because the gas
passes a long distance through a buried pipeline at a depth
of 1.5 m before it reaches the station [36]. The soil tempera-
ture depends on the ambient temperature and locations area.
Najafimoud et al. [37] suggested an experimental formula
that connects ambient temperature to the soil temperature
at various depths. The soil temperature (°C) for depth more
than 1 m height for Iran could be estimated as follows [37]:

Tng, = Tson = 0.0084 T +0.3182 T, + 11403 (3)

The NG is utilized as a fuel in order to supply the heating
duty of the water bath heater. By knowing thermal efficiency
() of the heater, the mass flow rate of fuel r1; could be
obtained as:

_ QHeater

"= L LHY @

where LHYV is the lower heating value of the NG as fuel.
It is worth mentioning that the amount of the rejected heat
from the heater to the surrounding is applied by defining a
heater thermal efficiency. The current heaters operate with
low thermal efficiencies between 0.35 and 0.5 [36]. In this
study, heater thermal efficiency is considered to be 0.4.
The gas coil in the heater is covered by water, and it could
be simulated as internal flow in the constant temperature
external fluid (here water) [36]. For this case, Incropera [38]
express the equation below:

TW - TNG2 — exp <_7[Do,ch UC>

MNGCPNG

®

where D, is external diameter, L, is the length of the coil
and U, is overall coil heat transfer coefficient. Solving the
above equation for Ty, the above relation can be rewritten
as follows:

_”D(),CLC UC
Txg, — Txg, €Xp (— )

MNG CPNG
TW - _”DochUc (6)
1 —exp (—)

MNGCPNG
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The following equation is obtained to estimate the overall
coil heat transfer coefficient:

&Ln&

1 D, 2 D 1

— = —+R; ~+ R+ — @)
TR Y A

c 11 C

where £; and £, are the internal and external heat transfer
coefficients of the coil, R;is coil fouling thermal resistances
of the coil, D, and D, are internal and external coil diameters
and k_ is thermal conductivity of the coil. According to the
properties of used water bath heaters, the overall coil heat
transfer coefficient is equal to 568 W m=2 K.

Solar radiation and parabolic trough collector

This section discusses energy analysis of the PTC. Carbon
dioxide as heat transfer fluid circulates in the solar field,
absorbs solar radiation and flows into SCRBS. The pressure
drops in solar collectors are neglected. The heat losses from
the PTCs solar field are divided into two parts, including losses
from collectors and pipes. The useful energy is defined as dif-
ferences between absorbed energy by a solar collector and heat
losses which is transferred to the working fluid, and it can be
calculated by the equation below [39]:

Qu = FRAa N %UL(Tl - Ta) - QL,pipe (8)
a

where A, is the aperture area, A, is the receiver area, Fy, is the
heat removal factor, S is the heat absorbed by the receiver,
U, is the solar collector overall heat loss coefficient, 7; is the
receiver inlet temperature, 7, is the ambient temperature and
Oy pipe 1s the thermal losses from pipes. The heat absorbed
by the receiver is given by [40]:

S= GbK(e) nopl nrow—shadingnend—lossFe cos 6 (9)

where Gy, is the beam solar radiation, @ is the angle of inci-
dent (deg), K(0) is the incident angle modifier, Nopt is the
optical efficiency, 7,4y, shading 1S the row shading factor, 7,4 os
is the end losses factor and F, is the mirror cleanliness.

The beam solar radiation can be evaluated by the following
expression [41]:

On

G, = Gsc<1 +0.033 cos 33665

)Tb cos b, (10)

where G, = 1367 W m~? is the solar constant, 7 is the num-
ber of date, 7, is the atmospheric transmittance for beam
radiation and 6, is the zenith angle.

Zenith angle is defined as the angle between the incom-
ing beam radiation and the normal on the horizontal surface.
Zenith angle is expressed as [41]:

@ Springer

cosf, = cos¢pcos d cosm + sin g siné (11)

where ¢ is the latitude location of the solar field, ¢ is the
declination angle which varies as —23.45° < 6 < 23.45° and
is given as follows [41]:

12)

5 = 23.45 sin <360284 + ”)

365

The hour angle w is a consequence of the rotation on the
earth, which spins on its axis at a rate of 15° per hour. The
following equation can be considered to calculate the hour
angle [41]:

@ = (Hour — 12) x 15° 13)

The incidence angle for a plane rotated about a horizontal
north—south axis with continuous adjustment can be deter-
mined from [41]:

cos 6 = \/cos2 0, + cos? s sin®> @ (14)

Any collector has a specific incident angle modifier
that depends on the incidence angle. For an LS-3 collec-
tor, this parameter is calculated by [42]:

K@) =1-2231x10"%6-1.1x107* 6?

(15)
+3.186x107° 0> + 4.855 x 1078 ¢*

Optical efficiency is defined as the ratio of the energy
absorbed by the receiver to the energy incident on the col-
lector’s aperture. The optical efficiency can be calculated
as follows [41]:

nopt = pmarTy (16)

where p,, is the reflectance of the mirror, a, is the
absorptance of the receiver, 7 is the transmittance of the
glass cover and y is the intercept factor, and their values are
given in Table 3 that provides various design parameters of
LS-3 collectors.

Row shadowing factor of the PTCs can be expressed
as [43]:

_ Lgcos@,
rlrow-shading - Wa cos 0 (17)

where L, is the distance between two parallel collectors and
W, is the collector aperture width.

End losses factor which occurs at the end portion of
collectors is given by [44]:

1 1 3 ! 0
=1]- _— — )t
Hend-loss + 48f2 < L > an (18)

where f'is the focal length of the collector.
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Table 3 LS-3 collector specification [42]

Parameters Value
Aperture area/m> 545
Aperture width/m 5.76
Length/m 99
Focal length/m 1.71
Mirror reflectivity 0.94
Intercept factor 0.93
Glass transmissivity 0.95
Receiver absorptivity 0.96
Emissivity of glass envelope 0.86
Distance between parallel rows/m 17
Absorber tube inner diameter/m 70
Absorber tube outer diameter/m 54
Glass cover outer diameter/mm 115
Glass cover inner diameter/mm 109
Optical efficiency 0.8
Mirror cleanliness 0.97

Figure 5 shows the schematic of PTCs. The thermal loss
coefficient for an LS-3 collector is estimated by an equation
given as below [42]:

Uy = 2.895475 - 0.0164 (T, — T,)

abs a

The overall heat transfer coefficient from the surrounding
to inside of the tube is given by [41]:

-1
D.  D,In(D,/D,
T L (Po/D;)
U, " hyD, 2k

(20)

1

where D, and D, are the inside and outside tube diameters,
hy is the heat transfer coefficient inside the tube and k is the
thermal conductivity of the tube.

The collector efficiency factor (F') is given as [41]:

Fr==2 21
0 @1

The collector flow factor (F”) can be calculated by [41]:

AU F
l—exp| ———
¢ mC,

where m is the mass flow rate of heat transfer fluid and Cp is
the heat capacity of fluid.
The collector heat removal factor (Fg(equal to [41]:

m C

(22)

Fr=F xF" (23)

The thermal losses from the pipe (Qy i) in the solar
field are estimated as [46]:

19

+0.000065 (7T Ta)2 (W/m’K) (19 01 pipe = (0.01693 AT — 0.000168 AT? +6.78 x 1077 AT?) x A,
(24)

where T, is the absorber temperature.

Glass tube
Solar radiation
Receiver tube
Parabolic reflector
Cross-sectional view of PTC
----- »--- g e “‘ 'L oo oo - EEE—- - -
Inlet ‘0 Qutlet

Parabolic trough collector (PTC)

Fig.5 Schematic representation of PTC (adopted from [45])
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where AT is the difference between the average field tem-
perature and the ambient temperature.

Part of the solar radiation passing through the Earth’s
atmosphere is lost to absorption, reflection and transmitting
radiation diffusion. Clouds, mist, dust or even temperature
differences among atmospheric layers may be effective.
Among these factors, clouds are the most critical factor for
radiation losses owing to seasonal changes in cloudiness.
In order to obtain the changes, clearness index is defined as
the ratio of solar radiation on the horizontal surface to the
extraterrestrial radiation at the top layer of the atmosphere.
It could be expressed by the following equation [47]:

= H
Ky = I (25)
where K7 is the monthly average clearness index, H is the
monthly average of daily total radiation received by the hori-
zontal plane on the Earth, and H,, is the radiation received by
the same plane outside the Earth’s atmosphere.

The monthly mean of daily extraterrestrial radiation could
be estimated for the mean day of the month by using the

equation below [41]:

24 x 3600
7

H,=

G, (1 +0.033 cos 2207 )

365
Tw,

X (COS¢COS5Sian + 120 sinqbsiné)

(26)

where w is the sunset hour angle, in degrees, from the
equation:

W, = cos™! (—tan ¢ tan §) 27

If G, isin Wm™, H,isinJ m™>

A simple physical-based approach proposed by De
Miguel et al. [48] was considered for predicting daily dif-
fuse and direct constituents from daily total solar radiation.
According to range of Birjand’s clearness index [47], cor-
relation is expressed by the following equation:

% =0.868 + 1.335K; — 5.782K} + 3.721K>  (0.13 < K1 <0.8)

(28)
By,=H-D, 29)
where D, is the monthly average of daily diffuse solar radi-

ation and By is the monthly average of daily direct solar
radiation.

Supercritical carbon dioxide recompression Brayton
cycle

According to previous study [27], the highest energetic
efficiency between other Brayton cycles is belonged to the

@ Springer

recompression Brayton cycle. Consequently, the recompres-
sion Brayton cycle was chosen for the current study. The pro-
posed SCRBC consists of a main compressor, a recompression
compressor, a low-temperature recuperator, a high-temperature
recuperator, a turbine, a heat exchanger that gives heat to the
water and a precooler rejects the heat to the atmosphere in
order that thermodynamic conditions of main compressor are
achieved. The split ratio of proposed cycle that flows through
precooler is set to x. Thermodynamic relations (including
mass, energy and exergy balance) are derived for all the sys-
tem’s components, and model of the proposed system is pro-
grammed in engineering equation solver (EES). The assump-
tions considered for this simulation are [49]:

e Steady operating conditions exist in all the system’s com-
ponents of Brayton cycle.

e Kinetic and potential energy and exergy changes are
neglected.

e Pressure losses in the pipes, recuperators and heat
exchanger are neglected.

e The turbine and the compressors in the SCRBS have isen-
tropic efficiencies.

e For the recuperators, suitable effectiveness is considered.

e Methane with ambient condition is considered as injected
fuel, and chemical reaction in auxiliary boiler is assumed
to be complete.

The fluid state at main compressor inlet should be super-
critical in order to minimize the compressor work [30]. The
design parameters for SCRBC are listed in Table 4.

The main compressor, recompressor and turbine work are
modeled based on isentropic efficiency [51] and are defined as:

ro—1

Meomp = 0.91 — "300 (30)

Table 4 Equipment specification of recompression Brayton cycle

Parameters Value
Compressor inlet temperature/°C 31
Compressor inlet pressure/MPa 7.4
Compressor outlet pressure/MPa 20
Compressor isentropic efficiency 0.9
Low-temperature recuperator effectiveness [50] 0.7
High-temperature recuperator effectiveness [50] 0.85
Turbine isentropic efficiency 0.89
Turbine inlet temperature/°C 650
Split ratio 0.625
Carbon dioxide mass flow rate/kg s~ 26.5
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h ts hin
Wcomp =X Mg, <L> (3D
Acomp
By — hy
WRecomp = -x) mcoz <M> (32)
Heomp
r,—1
= 0.9 = Z5 (33)
Wlur = m002 Nour (hin - hout,s) (34)

where 7} is the pressure ratio for compressors and turbine,
which are equal.

The recuperators model is based on the definition of
effectiveness [52]. The effectiveness of the low-temperature
recuperator is defined as follows:

Greal h3 - h2
P = 35
LR dmax hs—h 3)

Also, the effectiveness of the high-temperature recupera-
tor is defined as:

real hS - h4
€ = — 36
HIR 9max hy = hy (36)

The first law of thermodynamics in the low-temperature
recuperator can be formulated as:

x (hy=hy) = hg = hy 37

The first law of thermodynamics in the high-temperature
recuperator can be formulated as:

The heat added by the auxiliary boiler is calculated by:

Oaup = Ty, (s — sy ) (39)

Thermodynamic relations for the heat exchanger are
given by:

mcoz(h9 _hll) =mw(h14_h13) (40)
The energy rejected at the precooler is given by:
Qo = ¥ tit, (1 = ) @1

Finally, the thermal efficiency of the cycle is calculated
by:
W, W,

tur — "comp T WRecomp

Qu + QAuxB

N = (42)

In order to validate the proposed mathematical mode-
ling, it was necessary to compare the results of the present
study with similar reliable studies in the literature. Based
on the proposed system, two benchmarks (solar fields and
SCRBC) should be defined. For solar fields, all the simula-
tion equations were adopted from [41] and were applied
to Birjand as the case study. For the supercritical carbon
dioxide recompression Brayton cycle, the results were
compared with previous literatures [53, 54]. It should be
noted that all of the modeling conditions and assumptions
are assumed to be same between the present study and ref-
erence studies. The condition setting and results compari-
son are presented in Table 3. By comparing the results, it
can be stated the relative difference for thermal efficiency
is 2.95% and 1.47% when the results of the present study
are compared with Turchi’s study [53] and Cheng’s study
[54], respectively. It shows that the calculated thermal effi-
ciency for same turbine inlet temperature is in excellent
agreement with the previous studies in the field (Table 5).

Table 5 Condition setting and

results comparison of thermal Parameters Value
efficiency Minimum temperature/°C 32
Minimum pressure/MPa 7.38
Pressure ratio 34
Compressor isentropic efficiency 0.89
Low- and high-temperature recuperator effectiveness 0.95
Turbine inlet temperature/°C 550
Turbine isentropic efficiency 0.93
Thermal efficiency Turchi’s study/% [53] Cheng’s study/% [54] The
present
study/%
404 39.82 39.24
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Exergy analysis of the system

Exergy is the maximum useful work that could be obtained
from the system at a given state in a specified environment.
The second law of thermodynamics handles the quality
of energy. However, the first law handles the quantity of
energy [55]. In order to irreversibility, which is wasted
work potential during a process, the exergy is always
destroyed. The exergy balance equation for a steady flow
process can be expressed as follows:

Eq—Ey+ Y iy Y it wou—Ey =0 43)

in which EQ is the rate of the exergy transfer by heat,
Ey, is the rate of the exergy transfer by work, y is the flow
exergy and E, is the rate of the exergy destruction.

The total solar exergy input to the system can be
expressed as [50]:

. 4Ty 1(T, N
Eins = A6y 1_§T+§<T (44)

N N
where T is the sun’s outer surface temperature that is con-
sidered 5777 K and T, is the ambient temperature.

In order to calculate the inlet exergy of fuel, only its
chemical exergy is considered and can be written as the
following equation:

By = tige (45)

where ¢ is the specific chemical exergy of methane as
injected fuel in auxiliary boiler.

The exergy efficiency (the second-law efficiency) is
defined as the ratio of the exergy recovered to the exergy

Wnet
x— T =T——— 4
fe En +E,; (46)

in in,s

According to above equations, the exergy equation for each
of the system components is summarized in Table 6.

Economic analysis

For the economic analysis of the proposed system, two
approaches have been carried out. Firstly, the payback period
and then the net present value (NPV) are calculated and inves-
tigated. These methods are used to assess the investment of the
project and decide to accept or reject it. The payback period
could be calculated as below [10]:

Initial investment
Net annual cash inflows

Payback period = 47

The equipment costs are needed for calculating the initial
investment of the plant. The correlations of purchased equip-
ment cost for the system components are given in Table 7.
Also, the total investment cost of LS-3 collectors (including
the heat collection elements, installation, piping, mirrors, etc.)
is assumed 355 $ per square meter of aperture area. The pro-
posed system has two valuable profit factors. The first one is
saving fuel, and another one is power generation. According
to universal NG price, the fuel cost is considered 0.31 $ m™>
and the expected yearly sales of electricity are assumed 0.14
$kWh".

As the PBR method doesn’t consist of the inflation rate
and some important economic factors, the NPV is used as a
better approach for economic assessment. The NPV can be
calculated as:

N
expended [55], which is expressed by the followin R
pen [55] p y g NPV= Z L 48)

equation: =~ (1+i0)
Table 6 Exergy equation for Component Equations
each of the system components

Compressor Wcomp + iy — iy, — Ed,comp =0

Recompressor WRccomp + fgyy — Mgy — Ed,Rccomp =0

Turbine Wi + g — 1ty = Egyp = 0

Low-temperature recuperator
High-temperature recuperator
Precooler

Solar receiver

Auxiliary boiler

Heat exchanger

CGS heater

Throttling valve

Ty, + gy — rigys — thgyy — Eg g = 0

gy + Mgy — thsys — tigyg — Eg g = 0

_EPC + gy =gy - Ed,Pc =0

Em,s + rigg Wsr, — MR WsRr, — Ed,SR =0

Ejp ausp + TR Wsr, — HgWs — Egauxp =0

tgWg + M3z — My — gy — Ed,HE =0

1y 4W14 + NG, WG, — MW 12 — Hing, WNG, — Ed,CGS =0

TG, WNG, ~ MG, ¥NG, — Eqrv =0
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Table7 Corr e.lations of Component Purchased equipment cost Year Clo/Cl ¢
purchased equipment cost [56]
Compressor _ T11W0co, ( Py Pou 1995 1.61
PECeomp = 0.9~ Neomp ( Pu )Ln< Piy )
Turbine _ 471934ico, (P, 1995 1.61
PEC,, = W(F> [1+exp (0.036 T, — 54.4)]
Auxiliary boiler _ 46.081co, 1995 1.61
y PEC,, 5 = m [1+exp (0.018 T, — 26.4)]
P3
Recuperator i i\ 20 1995 1.61
PEC,, = 4122 % <—f;’;(A”;L;;)>
Heat exchanger PECy = 190 + 310 X Agg 2010 1.13
where ¢ is the number of time periods, i is a discount rate that 40
——Natural gas|

could be earned in alternative investment and R, is net cash

inflow—outflows during a single period. It should be noticed 30}
that the discount rate for USD is considered 15%.

For converting the purchasing cost of equipment from o 20}
the base year to the reference year, cost index is employed °§
as below: 2 10l
PEC,.,, = PEC,; X —— (49) S of

CI

ref

|
-
o

where CI is the cost index. The values of the cost index are
adapted from Marshall and Swift cost index.

-20

Results and discussion

=== Ambient

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Months

Fig. 6 Inlet natural gas and ambient temperatures of Birjand CGS in

Current CGS information 2019
The information related to the temperature of the NG and 7
the ambient temperature is the most critical parameters for
determining the working conditions of the system. The
significance of the ambient temperature can be found in
determining the temperature of the soil and estimating the o
temperature of the gas due to Eq. (3) discussed in the preced- %
ing sections. Figure 6 shows the daily average temperature 3
changes over the whole year per each month for NG and the 4
environment. According to the expectation, the temperature -
in the cold months of the year, such as December or Febru-

ary, reaches its lowest possible amount, and hence, the maxi-
mum thermal energy is required. Accordingly, the param-
eters required to design the proposed system are selected 2
based on these conditions.

Figure 7 shows variations in the average daily inlet pres-
sure in the Birjand NG station in terms of months of the
year. According to the diagram, the highest inlet pressure
is recorded for the cold months of the year, which is impor-
tant for determining the hydrate temperature of the NG
and the optimal NG outlet temperature can be estimated in
accordance with it (which is considered to be 10 °C in this

Months

Fig.7 Inlet natural gas pressure of Birjand CGS in 2019

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
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Fig.8 Natural gas volume flow rate of Birjand CGS over a whole
year

N
(¢}

——— Extraterrestrial

N
o

— —Total

= « Direct

W W
o o

N
&}

—_
4]
\
AN
N
4
/
/

Average daily solar radiation/MJ m=2
> 3
N
'

)]

O L L n L I L L L L L I
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Fig.9 Extraterrestrial, total and direct average daily solar radiation
over a whole year of Birjand

proposed system). It’s worth mentioning that the outlet pres-
sure of NG is fixed at 1.72 MPa.

The daily volume flow rate diagram of the Birjand CGS
throughout the year is plotted in Fig. 8. According to this
chart, the maximum amount of volume flow rate passes
through the station in winter, reaching about 22 m* s™! in
February.

It should be pointed out that all data presented in this sec-
tion are collected by the local natural gas company.

Available solar energy

Figure 9 demonstrates the average daily solar energy out-
side the atmosphere, the total energy passing through the

@ Springer
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Fig. 11 Outlet temperature of LS-3 collectors for all a year

atmosphere and the direct energy received by collectors for
the Birjand CGS. As mentioned, not all solar energy outside
the atmosphere reaches the earth surface and a part of it dis-
appears, in which the clearness index shows the ratio of the
energy received by the earth surface. Given that total solar
energy consists of two parts: direct and diffuse energy, it can
be noted that the difference between total energy and direct
energy is equal to the energy diffuse at the earth’s surface,
in which this difference reaches its highest amount between
February and March.

Figure 10 illustrates the amount of solar energy absorbed
by collectors for the average day of 1 month of each season.
As expected, the highest amount of the absorbed energy is
for July (in summer) with the longest day and the lowest one
is for January (in winter) with the shortest day length.

Figure 11 shows the temperature distribution of the col-
lector output for all the months of the year at five different
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Table 8 Thermodynamic state of proposed system

State 7/°C P/MPa h/KI kg™! s/kI kg K1
1 31 7.4 —184.5 —1.338

2 68.05 20 -161.8 -1.332

3 156.4 20 26.74 —0.8351

4 163 20 37.05 —-0.8113

5 475.6 20 436.5 —0.1149

6 650 20 653.3 0.1453

7 523.7 7.4 507 0.1675

8 175.6 74 107.5 —0.4894

9 79.17 7.4 —-10.29 —0.7863

10 174.3 20 54.23 —0.7724

11 44.22 74 —72.23 -0.9723

12 30.97 0.3 130 0.4498

13 31 1.5 131.2 0.4498

14 60 1.5 252.4 0.8304
NG, 8.4 5.9 - 104 —2.408

NG, 27.58 5.9 -52.7 -2232

NG, 10 1.8 -52.7 —1.655
Table 9 Result of simulation for the proposed system

Parameters Value
Turbine power/kW 3880
Main compressor power/kW 377
Recompression compressor power/kW 641
Heat rejection/kW 1860
Average heat absorption from solar collector/kW 415
Number of collector rows 25
Average thermal efficiency/% 56
Average exergy efficiency/% 41
Net power output/kW 2862
Carbon dioxide mass flow rate/kg s~! 26.5

times. As expected, the outlet temperature reaches to its
maximum amount at noon for all days. The value of the
selected flow rate for each row of collectors is selected so
that the maximum output temperature throughout the year
(which occurs between June and July) does not exceed the
maximum operating temperature of the proposed cycle
(650 °C).

Proposed system

In the present study, the proposed system (Fig. 3) is sim-
ulated to validate the feasibility of preheating natural gas
with a heat rejection of a solar SCRBC. The thermodynamic
states for each stream of the proposed system are summa-
rized in Table 8, and Table 9 presents some outputs of the
simulation procedure.

1800 B CGS heater

oSolar energy
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Fig. 12 Fuel saving of the proposed system over a whole year
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Fig. 13 Thermal and exergy efficiency of system over a whole year

The use of the heat rejection from the cycle for preheating
of natural gas in the CGS causes the NG that utilized for this
duty is saved, and furthermore, environmental pollution is
reduced. As shown in Fig. 12, in the warmer months of the
year (from June to September), there is no need to preheat
natural gas and the consumption of NG as fuel is zero at this
time. Also, employing solar energy during the day reduces
fuel consumption of heat source in order to generate electric-
ity. As shown in Fig. 12, the highest reduction in occurs in
June. Figure 12 shows a comparison between the fuel saving
in CGS heater and reduction in fuel consumption due to the
applying solar energy in the current system over a whole
year. The total amount of fuel saving for proposed system is
estimated at 4.87 million cubic meters annually.

The thermal and exergy efficiency of the suggested cycle
over a whole year is depicted in Fig. 13. By keeping the gas
turbine inlet temperature as a constant value, an auxiliary
boiler is required to bring the carbon dioxide temperature
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to the required temperature. This auxiliary boiler has the
task of providing the required heat load during the day as
well as at night when solar power is not available. Due to
the constant maximum temperature of the cycle, the thermal
efficiency remains constant throughout the year. However,
the exergy efficiency will not be uniform and has the highest
value in the month of December while the lowest value is
occurred in June. The reason of this phenomenon could be
found in the sever exergy destruction due to the most heat
loss in solar collectors in the warmer months of the year
compared to the colder one.

As the values are comparable, the exergy destruction of
all the system components is plotted in Fig. 14. This figure
shows the contribution of each system component in the total
exergy destruction. Analyzing the results indicates that the
highest exergy destruction occurred in throttling valve and
the solar collectors have the second highest exergy destruc-
tion. Due to the drastic drop pressure and hence the severe
temperature difference, the most exergy destruction belongs
to throttling valve among all other system components.
Additionally, for this case that the direct normal irradiation
is high, there is a major difference between the absorber
temperature and the ambient temperature. As a result, the
auxiliary boiler has lower exergy destruction as compared to
the exergy destruction of solar collectors. According to the
exergy destruction analysis, replacing the throttling valve by
a turbo expander and an electricity generator can decrease
the exergy destruction rate during the pressure reduction
process as well as produce power [25]. Moreover, employing
a thermal energy storage in solar fields can reduce exergy
destruction of solar collectors and provide heat demand dur-
ing nighttime.

Fig. 14 Exergy destruction
analysis of the system

Solar collectors (25%)
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Fig. 15 Comparison between exergy efficiency of the CGS in current
system and proposed one

Figure 15 shows the exergy efficiency of the proposed
system and the current heaters for preheating the NG in
Birjand CGS. As it is demonstrated, the exergy efficiency of
the suggested system is more than the current one for those
months of the year which natural gas preheating is required.
According to results, the average annual exergy efficiency
of the proposed system and current one is 41% and 29%,
respectively. The higher efficiency indicates the superiority
of the suggested system over utilize of the current heaters in
the CGS. Also, the exergy destruction of the throttling valve
by using heaters in the CGS is 68%, while this value in the
proposed system is 44%.

Exergy destruction analysis
Throttling valve (44%)

Other components (11%)

Auxiliary boiler (20%)
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Payback period/years
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Carbon dioxide mass flow rate/kg s

Fig. 16 Effect of carbon dioxide mass flow rate on payback period

Economic analysis

The optimal choice of carbon dioxide mass flow rate is car-
ried out based on the economic cost and size of the Brayton
cycle. The carbon dioxide mass flow rate diagram is plot-
ted in Fig. 15 on the basis of the payback period. Accord-
ing to this figure, with the increase in the mass flow rate,
the return period of capital has remained almost constant
and is approaching 4 years. Considering the required sur-
face area for heat transfer and installation of solar collec-
tors and also taking into account Fig. 16, the optimum car-
bon dioxide mass flow rate of 26.5 kg s~! is chosen for the
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Fig. 17 NPV analysis of the proposed system in 20 years

proposed recompression Brayton cycle. According to this
value, 25 collector rows and the payback period of 4 years
are obtained. The payback period for the proposed cycle
integrated with solar energy as high-temperature source of
it is about 4 years, while this parameter for the other systems
that utilize solar collector with and without storage tank to
preheat natural gas directly is roughly 6 and 9 years, respec-
tively [8, 10].

Another important economic factor is the analysis of the
net present value (NPV), which is depicted in Fig. 17. This
factor provides a more accurate and powerful criteria for
the economic evaluation of the proposed system by taking
into account the discount rate for the project. Based on the
NPV analysis, it takes 8 years from the exploitation of the
project to achieve a positive profit of 380 thousand dollars.
According to the figure, at the end of the 20th year, the NPV
reaches near 3.6 million dollars.

Finally, the sensitivity analysis for the project is drawn
in Fig. 18. This figure is investigated in 3 different situa-
tions. In the first case, only changes in the rate of the pro-
duced electricity relative to the base price (0.14 $ kWh™)
are assumed, which is the negative gradient of the graph
showing a decrease in the payback period with the increase
in the base price. In the latter case, the impact of NG prices
is studied, which results in a longer payback period with
an increase in base prices (0.31 $ m™). In the last case,
the change in both factors is considered simultaneously.
As it could be realized, the payback period is reduced with
increasing the base prices and the figure indicates that it
approaches 2 years, which is a positive feature of the project.
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Fig. 18 Sensitive analysis of Payback period for the proposed system
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Conclusions

Natural gas must be warmed up in a city gate station before
pressure reduction takes place. In this study, a supercriti-
cal carbon dioxide recompression Brayton cycle integrated
with solar energy was proposed to be employed in a CGS
to provide the required heat for preheating the natural gas
and generate electricity simultaneously. For the first time
in this field, heat rejection from an SCRBC equipped with
solar energy was recovered to preheat the natural gas. The
proposed configuration was employed in the Birjand CGS as
a case study and a comprehensive techno-economic analysis
carried out to evaluate its performance. The following can
be concluded from this study:

1. The proposed power cycle employs an LS-3 parabolic
trough collectors with 25 rows and an auxiliary boiler
for providing heat input. Adding an auxiliary boiler into
the solar system will make the power output uniform.
The total amount of fuel saving is estimated at 4.87 mil-
lion cubic meters annually, and the net power generation
is equal to 2.86 MW.

2. The results showed that the annual average of thermal
and exergy efficiency is 0.56 and 0.41, respectively.
The results of the exergy analysis demonstrate that the
most exergy destruction occurred in throttling valve and
after that took place in the solar collectors and auxiliary
boiler, respectively.

3. The economic analysis indicates that the payback period
for the proposed system is 4 years. Based on the NPV
method, as a more accurate economic evaluation, it takes
8 years to return all the total investment, and at the end
of this year, the positive profit 380 thousand dollars
could be achieved.
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