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Keywords: The purpose of this study is to investigate the potential use of solar energy within an oil refinery
0il refinery to reduce its fossil fuel consumption and greenhouse gas emissions. A validated ASPEN HYSYS
Parabolic trough collector model was used to investigate the products produced from heavy crude oil in the refinery. Using
Thermal energy storage TRNSYS software, the proposed Parabolic Trough Collector (PTC)-based solar heating system
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paired with the boiler is modelled. Sensible thermal energy storage (TES) system is integrated into
the refinery’s process heating to handle the intermittent nature of solar energy. It was discovered
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that 463 m? of the PTC area coupled with a 15000-L TES tank can result in a maximum life cycle
cost savings of 21.046 thousand USD for an annual heat supply of 116,944 MWh to generate
steam at a temperature of 200-220 °C. In the proposed hybrid heating system, the yearly solar
fraction is determined to be 26.99% and the payback period is 8.77 years with the average solar
irradiance of 900 W/m?. In addition, the system can yearly reduce greenhouse gas (GHG)
emissions by about 34.045 tonnes of COy equivalents.
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1. Introduction

Oil refining is an energy-intensive process that needs a large amount of direct or indirect heat [1]. Particularly, about 32-35% of the
entire global energy is consumed in the industrial sectors [2]. Burning fossil fuels to generate process steam for industrial uses results in
the release of GHGs, which contribute to global warming [3]. The worldwide search for alternative fuels continues due to the ongoing
depletion of conventional fuels [4,5]. The technology of producing steam using solar energy has been researched all around the world
[6], with the majority of studies focusing on concentrated solar collectors such as PTC [7]. The bulk of industrial processes, such as
pasteurization, extraction, dehydration, sterilization, and distillation, operate at the medium temperature range between 60 °C and
280 °C. For this temperature range, it is essential to investigate the viability of using renewable energy sources, such as solar energy, to
provide low-pressure process steam for industrial sectors [8,9].

Due to the intermittent nature of solar resources, there is a mismatch between energy supply and demand. Concentrating solar
power (CSP) linked with TES can play a major role in the transition to a sustainable energy system because thermal energy can be
stored in a TES for steam generation at night-time or in unfavorable conditions [10]. In a TES, the energy is stored as sensible heat,
latent heat, or a combination of both sensible and latent heat [11]. The thermal energy is stored in sensible heat storage by rising the
temperature of the storage material [12]. The phase change material is used in the latent heat storage system to store thermal energy by
changing its phase [13]. Solar thermal systems integrating with TES make the system efficient and provide operational flexibility [14,
15].

In recent times, numerous studies have been done to examine the viability of solar industrial process heat (SIPH) for various
applications. In various regions of India, Sharma et al. [16] examined the potential of SIPH and its environmental advantages in the
dairy business. They calculated that SIPH could supply 6.4 PJ/year of useable energy in the Indian dairy industry; SIPH might also
provide 4.50 PJ of useful energy if the process heating need is limited to the pasteurization stage of milk processing. They discovered
that using SIPH in the dairy business could reduce 32-144 thousand tonnes of CO». Baniassadi et al. [17] proposed a new concept that
can assist in the design and operation of solar heat-integrated systems with heat storage. They discovered that 17% of the system’s
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energy is derived from the sun using 1000 collectors. With 6000 collectors, however, the system’s solar contribution was enhanced by
up to 47%. The results also reveal that without heat storage, the maximum solar fraction for 6000 collectors is 20%. 6000 collectors
achieved a solar fraction of 27% when heat storage was incorporated with the system. The case study assesses the impact of storage
size, heat loss rate, minimum solar temperature difference, collector area, and efficiency on the solar fraction.

Allouhi et al. [18] conducted a case study at a Moroccan milk processing plant situated in Casablanca, and the life cycle cost
approach was used to determine the appropriate size of the primary design elements for decision-making. For an annual heat
requirement of 528.23 MWHh, it was discovered that 400 m? of Evacuated tube solar collectors slanted at a 30° angle linked with a 2000
L TES tank can result in a maximum life cycle cost savings of 179 thousand USD. The entire yearly solar fraction is found to be 41% in
this ideal design, 12.27 years is the payback period. The technology can cut greenhouse gas emissions by 77.23 tonnes of COy
equivalents per year. Mokhtari Shahdost et al. [19] evaluated the technological and economic viability of preheating process fluid with
solar energy before it enters refinery furnaces. Compared to the range of temperature of the process fluid heated by furnaces, which is
approximately 300 °C, solar energy at moderate temperature is a feasible energy source. Solar energy can provide a maximum of
23.77% of the furnace’s annual energy consumption in optimal conditions. This reduces the amount of fuel consumed by the furnace by
up to 1,996,000 cubic metres per year and prevents the release of 3557.7 tonnes of carbon dioxide. Altayib and Dincer [20] examine a
unique thermal configuration for an industrial heating process. A thermal storage system (TES) is included to handle the sun’s
intermittent nature. The system’s energy and exergy efficiencies were determined to be 60.94 and 19.34%, respectively. In addition, a
10% solar contribution to crude oil heating reduces 11,950 tonnes of CO, annually. These investigations demonstrate that the utili-
zation of solar thermal energy using a parabolic trough collector is one of the most efficient methods.

After the careful literature survey, it is concluded that most of the studies have focused on preheating of process fluid in different
industries with conventional heating systems. However, to the best of the author’s knowledge, no work has been reported for steam
generation using the proposed solar hybrid system by maintaining the temperature of the refinery products in the storage tank. The
purpose of this study is to evaluate the proposed hybrid heating system for heavier refinery products in the storage tank, coupled with
TES. Moreover, the study presents energy analysis, cost analysis, and GHG emission analysis of the proposed solar hybrid system in oil
refinery.

2. Methodology
2.1. Process design and description of the refinery

The heating of process fluid in refineries is done with oil-fired fuel heaters. Sustainable and environmentally beneficial heating
methods, such as solar energy are needed to augment traditional heating systems. In the current work, the preliminary data is collected
from the Heavy Crude Unit (HCU) in Attock Refinery Limited (ARL) Rawalpindi, Pakistan. The HCU plant has an installed capacity of
8500 barrels per day (BPD) or (56.36 m3/h) and uses a mixture of light and heavy crude oil to operate. The HCU in ARL is a fully
integrated two-stage crude distillation unit. Through a network of heat exchangers known as a crude preheat train (CPT), 60-70% of
the desired thermal energy is supplied by hot streams from the distillation tower [21]. The boosted heavy crude flows into the first
pre-heat train and is heated by-products or intermediate products or pump-around refluxes from the Heavy Crude Atmospheric
distillation tower (HC-V-1) and Heavy Crude Vacuum distillation tower (HC-V-5). The crude is heated to 90-120 °C and then flows to
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the desalting section as shown in Fig. 1(a). By first pre-heat train the crude oil flow through the tube side of the Heavy crude heat
exchanger (HC-E) after passing through each heat exchanger, crude oil gains heat from heated products or pump around refluxes. The
temperature and pressure of the products before and after passing through the heat exchanger are shown in Table S1.

In crude oil refining, desalting is a crucial step before distillation. Depending on the source of crude oil, different amounts and types
of salts may be present [22]. A typical purchase specification specifies a maximum salt content of around 4.5 kg per thousand barrels,
which may require oil desalting at refineries [23]. The desalted heavy crude is heated by the products or intermediate products or
pump-around refluxes from HC-V-1 and HC-V-5 in the heat exchangers at the second pre-heat train. By this preheating crude oil is
heated to 180-210 °C and then flows to Heavy Crude Atmospheric Charge Heater (HC-H-1) as shown in Fig. 1(a). The temperature and
pressure of the products before and after passing through the heat exchanger at the second pre-heat train are shown in Table S1. Crude
is further heated to 320-340 °C after passing through the HC-H-1. At HCU, the atmospheric distillation column is installed with 42
Trays and crude oil feed enters the 37th Tray (Flash Zone) in the HC-V-1. In the atmospheric distillation column, the products are
separated on the base of the boiling point. Low boiling point products go to the top trays and high ones go to the bottom trays.
Volumetric flow rates of the products produced through the atmospheric distillation column are shown in Fig. 1(b).

The products at the bottom of the Fractionator are drawn off and boosted by Fractionator Bottom Pump (HC-P-21 A/B) and
transferred to the Vacuum Section as shown in Fig. 2(a). A part of the bottom is split at the discharge line of the Fractionator Bottom
Pump. The split stream is cooled in Feed/RFO Heat Exchanger (HC-E—9A/B), RFO Heat Exchanger (HC-E—32), and RFO Fin-Fan
Cooler (HC-E—22) and sent to the storage tank.

The bottom of the Heavy Crude Fractionator is heated with a Heavy Crude Vacuum Charge Heater (HC-H-2) to 360-400 °C. The
partially vaporized bottoms from HC-V-1 enter the flash zone of HC-V-5, as shown in Fig. 2(b), which has 14 theoretical plates with
packing beds. The volumetric flow rate of the products produced through the vacuum tower are as follows:

Slope oil (0.939 m®/h)
LVGO (0.890 m>/h)
HVGO (1.436 m®/h)
JBO (0.299 m®/h)
Bitumen (1.423 m3/h)

The products of atmospheric and vacuum distillation towers are stored in individuals’ storage tanks. The storage temperature of the
products produced through the atmospheric and vacuum distillation tower is shown in Table 1. The two products Residual Fuel Oil
(RFO) and Bitumen stored in the storage tank which passes the coil to maintain its temperature. In Table S2 Tk-307 and Tk-05 shows
the product storing capacity of the tank of RFO and presently stock available and the ullage of products to fill the tank, while Tk-301
and Tk-328 show the product storing capacity of the tank of Bitumen and presently stock available and the ullage of products to fill the
tank of bitumen.

2.2. Solar integrated hybrid process design

The software TRNSYS has been used for both thermodynamic modelling and economic analysis. Fig. 3 depicts the modelling of the
solar energy transfer and conventional heat transfer as well as the TRNSYS variables. The main components of the operating system
include PTC, variable speed pump, pipe, heat exchanger, TES, diverter, mixer, Boiler, and Energy demand system or Crude oil Product
Storage Tank.

2.2.1. Solar loop and weather data

The solar loop involves PTG, variable speed pump, pipes, and heat exchanger as shown in Fig. S1. PTG having a 463 m? area.
Antifreeze solution Therminol VP-1 oil serves as the heat-carrying medium in the collectors. The properties of Therminol VP-1 are
shown in Table 2. The output temperature of the heat transfer fluid (HTF) (i.e., the temperature of the fluid at the exit of collectors) is
dependent on solar field size and ambient conditions. The system comprises pipes to transport the heated solution to the TES loop
where its heat is transferred to sunflower oil through a heat exchanger (HX-1) and heated sunflower oil is used to charge TES. The
inside diameter of the pipe is 50 mm at which HTF flows through the solar loop. Valenzuela et al. [24], determined that the flow rate of
the HTF per one row of solar collectors ranges between 0.35 and 0.80 kg/s. This range is designed for a non-looping single collector
row. This study considers a total mass flow rate of 15 kg/s entering and exiting the solar field.

In a solar field, the weather is one of the influencing elements. For entering weather data, type 15-3 epw file is used. The net
irradiation for the refinery’s geographical position on the horizontal surface over a year (8760 h) has been obtained using the TRNSYS
software. Direct Normal Irradiance (DNI) is considered to be the input parameter in the modelling of PTC. The range of DNI is relatively
broad and does not fluctuate substantially throughout the year. Its discrepancy is primarily attributable to overcast days during the

Table 1

Products storage temperature.
Products Storage temp Products Storage temp
NAPHTHA 38°C RFO 66 °C
KEROSINE 35°C Slope oil 35°C
HSD 60 °C JBO 66 °C

LDO 55°C Bitumen 121 °C
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Table 2

Properties of Therminol VP-1 oil [25].
Property Value Unit
Specific heat 2.45793 kJ/kg K
Density 764.293 kg/m®
Operating temperature 285.15-673.15 K
Thermal capacity 1872.517 kJ/K m®

humid months of the year. As shown in Fig. S2(a), the total irradiance on a horizontal surface varies significantly throughout the year
based on the direction of solar irradiation. According to the weather data for location of Rawalpindi, the average sunlight duration is
calculated to be 12 h each day, and the average solar irradiance is 900 W/m?2.

The ambient temperature and wind speed in the area are two additional aspects that have an impact on the efficiency of the solar
field. Fig. S2(b) illustrates the variations in ambient temperature and wind speed that occurred at various times throughout the year.
The range of the ambient temperature is 5-45 °C. According to Fig. S2(b), the highest wind velocity is 13 m/s (46.8 km/h) and this has
no effect on the operation of the collector.

2.2.2. Parabolic trough collector integration

Depending on the type of thermal collector, solar thermal collectors are utilized to collect solar energy and transport it as heat to a
thermal network. CSP can use significantly hotter working fluids than non-concentrating solar systems. HTF oils such as Therminol VP-
1 can be used in concentrated solar systems to function at temperatures as high as 400 °C [26]. In this simulation, the PTC (Type 1245)
from the standard TES thermal solar collector library has been selected. Without sun tracking, the PTC (Type 1245) is able to achieve
moderate concentration. The absorber and HTF are enclosed in an evacuated glass tube behind an exterior reflecting concentrator. The
end-user can regulate the HTF flow rate through the collector to maintain the outlet temperature [27]. PTC collectors were used having
the total aperture area of 463 m?. The efficiency of the collector is computed using the Hottel-Whillier steady-state condition equation,
which is then simplified to the following Egs. (1) and (2) [28];

AT AT)?
ﬂ:ao—al(IT)—az( IT) 1)
_Quseful
ALy (&)

Eq. (1) is the general collector efficiency equation, where ag, a;, and a; are the thermal efficiency parameters available for collectors
evaluated in accordance with American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) standards and
rated by Solar Rating & Certification Corporation (SRCC) [28], in addition to solar collectors evaluated in accordance with the most

Table 3

The thermal collector’s technical specifications.
Parameter Value Unit
ap 0.75 [-]
@ 0.27 [-1
az 0 [-]
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recent European Standards (CEN,2001). The useful energy gain for solar collectors can be obtained using Eq. (2), where A is the
collector’s area [m?] and It refers to the incidence of solar irradiation [W/m?] on collectors. The technical specification of solar
thermal collector is shown in Table 3.

The Typell0 is a model of a variable speed pump that can sustain a certain outlet mass flow rate between zero and a rated value.
The setting of the control signal causes a linear variation in the mass flow rate of the pump. The forcing function is modelled with
component Type 14, for transient simulation, it is useful to employ a time-dependent forcing function. A series of discrete data points
that indicate the value of the function at various intervals throughout one cycle are used to define the pattern of the forcing function.
This pattern is then used to determine how the function will behave throughout the cycle.

Using Eq. (3) (Adapted from TRNSYS Library), to calculate the energy transferred from the pump motor to the fluid stream.

Qﬂttid = thaft (1 - ’/Ipumping) + (P - Pshqﬂ)fmutorle:s (3)

where Npumping is the efficiency of the pump, Pspaf: is shaft power and fiotorless is the fraction of pump motor.
Energy transferred from the pump motor to ambient air is calculated by Eq. (4) (Adapted from TRNSYS Library).

Omvien: = (P = P (1 = Frnotortess) 4
The temperature of the fluid exiting the pump can be expressed by Eq. (5) (Adapted from TRNSYS Library).
Opui
Tﬂuid,oul = Tﬂuid.in + .ﬂ ¢ 5)

Mpyiq

where Truig, in is the temperature of the fluid inlet to pump, Qguiq is the energy transferred to the fluid and mgqy;q is the mass flow rate.
Pipe is modelled with component Type 31. The exit of the pipe is a collection of elements that are pushed out by the incoming flow.
The rate of overall energy loss to the environment is the sum of each element loss and can be expressed by Eq. (6) [29].

Oun. ;= (UA); (T, = Ton) ©

where Qepy, j is the heat loss rate to segments of fluid in a pipe, U is the coefficient of heat loss, A is the actual area in which the loss has
been discovered, Tj temperature of the segment of fluid in the pipe, and T,y represents pipe environment temperature.
Using Eq. (7) (Adapted from TRNSYS Library), the change in the internal energy of the fluid in a pipe is determined.

AE =mC, (T; — T;) @)

Heat exchanger (Type 761) is modelled to have the capability of maintaining the temperature difference between the cold side inlet
and outlet, it is controlled by using Eq. (8) [30].

Teotd.out = Teotdin + e (8)
Ceotdside
QHX is the rate of heat transfer across the heat exchanger, which can be determined with Eq. (9) [31].
QHX = 8Cmin (Thal,[n - Trold.in) (9)

Where epsilon (¢) represents the efficiency of the heat exchanger and Cp,i, represents the minimum of the fluid thermal capacitances on
both the hot and cold sides that are used between the solar and TES loops.

2.2.3. Thermal energy storage loop

The TES loop contains the TES tank with a volume of 15 m® and a variable speed pump as shown in Fig. S3. As both the solar loop
and the product heating loop are connected to the TES loop, it serves as the central hub of the entire system. The HTF contained in the
TES loop is sunflower oil. The properties of sunflower HTF are shown in Table S3 [32]. Allouhi et al. [33] presented similar concepts for
energy storage, however, the proposed design differs in that it has two TES exits. The first exit of sunflower oil is at the bottom after the
exchange of thermal energy to TES. The second exit of steam at the top after gaining thermal energy from TES. During the daytime
when the sun is available, the TES loop is used to charge the TES tank.

Dowtherm A medium is used in the TES system. It is the eutectic mixture of two very stable compounds biphenyl (C;2H10); diphenyl
oxide (C12H;00). The Dowtherm A (which is a eutectic combination) tank is charged with sunflower oil that absorbs heat from the solar
loop HTF. Utilizing a centralized storage tank, extra thermal energy is stored and utilized during cloudy days and at night. Through HX-
1 the solar thermal energy captured by PTC transfers to sunflower oil HTF of the TES loop. Collector and TES pumps are connected to
circulate and sustain the fluid flow through the Parabolic trough collector and sides of the TES tank. During the day, the system is
directly powered by solar energy, while at night; the steam is produced by the heat energy stored in the Dowtherm A at the TES tank.
The properties of Dowtherm A are given in Table S4 [34].

2.2.4. Product heating loop
The product heating loop involves pump, pipe, diverter, mixer, boiler, and product storage tank as shown in Fig. S4. HTF used in
this loop is steam. Pump pumped the steam to the TES tank where this loop is used to discharge the TES. The steam exit at the top of TES
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and flows toward the diverter. By the controller, outlet1, and outlet 2 of the diverter are controlled. When the temperature of the steam
is equal to or greater than 180 °C, outlet 1 of the diverter is open and at the same time, outlet 2 is closed. Through outlet 1, the steam
directly flows toward the product storage tank. But when the temperature of the steam is less than 180 °C, then outlet 1 is closed and
outlet 2 is open, and steam flow toward the boiler where fossil fuel burns to raise the temperature of a fluid to 210-230 °C.
Firing device or hot water boiler with Type 659 controlled by Eq. (10) [35].
n"le(Tuur - Tin) - UA(Tave - Tamh)

O = (10a)
rlhlr

Here 5y is the heater efficiency.
The system utilized a pipe to carry steam toward the product storage tank to maintain the temperature of bitumen and RFO at the
storage tank.

2.3. Validation procedure

In this section, Fig. 4 represents the comparison of simulation results of heavy crude oil products storage temperature obtained from
TRNSYS software with the actual data acquired from the refinery industry to validate the proposed system. From the figure, it can be
observed that the simulation model’s results coincide well with the actual measured data. Actual data was taken from a refinery where
Bitumen was stored at 120-110 °C and RFO was stored at 70-60 °C. The simulated outcome falls within this range.

3. Results and discussion

The daily and annual heating demand for RFO and bitumen products are presented in the current study. The presented analysis of
solar hybrid is based on maintaining the required temperature of refinery products before dispatch from the product storage tank. Due
to the intermittent behaviour of solar energy, the solar field is integrated with TES. Understanding the thermodynamic operation of a
solar hybrid heating system to generate steam, TRNSYS software is used to simulate a solar field with a 463 m? PTC area for two days, a
sunny day (1st January), and a partially cloudy day (7th February).

3.1. Thermal performance analysis on sunny days

The solar field input and output temperatures as well as the DNI and total radiation on a horizontal surface throughout 24 h on a
sunny day are represented in Fig. 5(a). As shown in the figure, DNI is more uniform than the total radiation on a sunny day. The
temperature of the HTF as it leaves the solar field is essentially unaltered during sunny periods since PTC only reflects the DNI onto the
absorbing pipe. Additionally, the outlet temperature is directly proportional to DNI.

HTF from the solar loop will transfer heat to HTF of the TES loop through a HX 1. Type761 models a heat exchanger have the
capability of maintaining the temperature difference between the cold side inlet and outlet. Solar loop fluid flow through the hot side of

135

p—
[\
=}

1
9

o

[—4

n
1

o
=
1

Product storage tank temperature (°C)

30 T ¥ I . T L I = T " I £ T d T =
0 96 192 288 384 480 576 672 768
Time (hr)

—il— Refinery data Bitumen storage tank temperature —@— simulation result Bitumen storage tank temperature
[—¥— Refinery data RFO storage tank temperature —&— simulation reult RFO storage tank temperature

Fig. 4. Product storage temperature_ comparing refinery data and simulation result.



N.A. Khan et al. Case Studies in Thermal Engineering 49 (2023) 103276

350 4000

(a)
300 H - 3500

- 3000

S,i - 2500

- 2000

2
=
1

- 1500

Temperatur
Radiation (KJ hr''m)

o
=
1

- 1000

h
=
1

- 500

04 -0
T T T T T T T T T T T ¥ T
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hr)

1—*— HTF input temp  —>¢—~HTF output temp  —ll— DNI —@— Total radintiun]

200

I -
(=3 1]
=] =
1 1

TES tank temp (°C)

50

0 T T T T T T T T T T T

T T
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hr)
—m— Node top —— Node 2 —@— Node 5
Node 10 Node 15 —+— Node bottom

Fig. 5. (a) Temperature of the solar collector input and output, total radiation on horizontal surface and DNI, on a sunny day (b) TES tank node temperature, on a
sunny day.

the HX-1 and TES loop fluid flow through the cold side of the HX-1. The flow rate of the cold-side fluid exiting the heat exchanger enters
TES. The fluid will enter the storage tank at the node closest in temperature to the cold side outlet temperature. An equal flow rate of
the fluid leaves the bottom of the thermal storage tank for return to the HX 1.

Fig. 5(b) shows the temperature of the specified node of the TES tank. TES height (5.35 m) is divided into 20 nodes, starting from
node 01 at the top to node 20 at the bottom of tank. All the nodes are equally distributed along the TES height with 0.28 m gap between
nodes. As shown in the diagram, the temperature at the top node of the TES tank at the beginning of the day is 175 °C, at noon time
temperature increases up to 220 °C due to presence of the solar energy, while at night the temperature drops to 180 °C due to non-
availability of solar energy. The temperature at the bottom node of the thermal energy storage tank is lower than at the top node
because in the charging cycle of the TES tank, HTF from the heat source side inlet to TES tank at the top and exits at the bottom of the
tank.

Fig. 6(a) shows the temperature of the steam inlet to TES, the outlet from TES and the boiler, and the outlet flow rate from the
diverter. As shown in the diagram the steam inlet to the TES tank at the temperature of 140-150 °C. The steam gains thermal energy
from TES (discharging the cycle of the TES tank) and exit at a temperature higher than the inlet of steam. After gaining thermal energy
the steam flows toward the diverter. Through controller, the diverter outlet is controlled. When the temperature of the steam is equal to
or higher than 180 °C, outlet 1 of the diverter is open and outlet 2 is closed. From outlet 1 of the diverter the steam flow toward inlet 1
of the mixer and proceeds to the product storage tank to maintain the temperature of products before despatch from the storage tank
(Tk) in the refinery. After maintaining the temperature of products i.e., bitumen at Tk-301, Tk-328, and RFO at Tk-307, Tk-05 the
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boiler, energy delivered by TES and boiler to steam, on a sunny day.

steam loss energy, and again enter to TES tank for gaining thermal energy to repeat the cycle. But when the temperature of steam at the
exit of TES or the inlet of the diverter is less than 180 °C, then the controller closed outlet 1 of the diverter and opens outlet 2 of the
diverter. Outlet 2 of the diverter flows toward the boiler where conventional fuels burn to increase the temperature of steam. By
gaining thermal energy from the boiler the steam flow to outlet 2 of the mixer and proceed to the product storage tank to maintain the
temperature of the products. As shown in a diagram during the daytime the steam exit temperature from TES is greater than 180 °C
whereas at night-time the steam temperature is less than 180 °C and steam flow toward the boiler while conventional fuels burn to
increase the temperature of steam.

On a sunny day during the daytime solar energy is available, the TES tank stores abundant energy and delivered more energy to
steam after passing from the TES tank, and energy delivered from the boiler is zero. The higher the temperature of the output steam
from TES, the more significant the reduction in the boiler’s overall fuel usage will be. While at night-time TES the tank is discharged by
supplying energy to steam, but if energy delivered by TES to steam is not sufficient, then the required energy is delivered by the boiler
as shown in Fig. 6(b).

During night-time, steam enter Tk-301 at the temperature of 235-225 °C, then flow towards Tk-328 to maintain the bitumen 2nd
tank temperature at the temperature of 225-208 °C. After that steam flow toward RFO product storage tank Tk-307 at the temperature
of 208-195 °C and Tk-5 inlet temperature of the steam is 180-170 °C and then enters to TES tank at temperature of 149-141 °C as shown
in Fig. 7(a). From the figure, the temperature of steam after passing each storage tank falls by maintaining the temperature of products.
At night-time, the steam temperature is higher as compared to the daytime on a sunny day. Because at night-time steam outlet
temperature from the TES tank is less, therefore the boiler runs to increase the temperature of steam, while in daytime steam gain
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energy only from the TES tank, usually, the boiler does not run during the daytime on a sunny day. Products bitumen produced from
the vacuum distillation tower and RFO from the atmospheric distillation tower in the refinery. Bitumen storage temperature is
110-120 °C in the winter and 100-110 °C in the summer. The storage temperature of RFO is 60-70 °C in the winter and 55-60 °C in the
summer. When the temperature of these products in the storage tank falls below a certain point, condensate forms in the tank, causing
an issue for dispatch. Fig. 7(b) shows the monthly storage temperature of bitumen at Tk-301, Tk-328, and RFO at Tk-307, Tk-05. The
annual product storage tank temperature is shown in Fig. S5.

3.2. Thermal performance analysis on cloudy days

On certain days of the year, when the sky is overcast during specific hours of the day, radiation from the sun diminishes, resulting in
a drop in the outflow temperature of HTF from the PTC as shown in Fig. 8(a). As a result, the change in the outlet temperature of HTF
from the solar field will not charge the TES tank. Fig. 8(b) demonstrates that the nodes temperature of the TES tank on a cloudy day is
not changed as compared to Fig. 5(b) nodes temperature of the TES tank on a sunny day.

On a cloudy day, the HTF used for the charging of TES tank has insufficient energy to charge the TES tank, therefore the steam inlet
and outlet temperature at the TES tank is usually the same, and the outlet temperature of the steam is less than 180 °C, therefore
diverter outlet 2 open to allow the fluid flow towards boiler where the steam gain thermal energy as shown in Fig. 9(a). The boiler
reduction of fuel is less during the daytime on a cloudy day as compared to a sunny day. Fig. 9(b) demonstrates that energy delivered
by boiler is high and TES is zero on cloudy day.

Thermal efficiency is one of the most significant factors to consider when evaluating the performance of a solar field with a PTC.
The thermal efficiency of the collector is the ratio of thermal energy absorbed by the HTF to the flux of direct radiation that reached the
collector, and it depends on several variables including the geometry of the solar collector, the temperature of the circulating HTF, and
the surrounding temperature. Fig. S6 shows the thermal efficiency of the solar field throughout the year. Additionally, as the solar
elevation angle in the sky falls (end losses), the radiation reflected by the reflector at the end of the collection will not be reflected on
the absorbing pipe, reducing the collector’s efficiency. The losses resulting from the end effect in this investigation are not substantial
due to the low length of the rows of collectors. A rise in solar field HTF temperature or a decrease in air temperature frequently
decreases the collector’s thermal efficiency. This decrease in efficiency is caused by a greater thermal loss between the absorbing pipe
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Fig. 8. (a) Temperatures at the solar collector output, total horizontal radiation, and DNI, on a cloudy day (b) TES tank node temperature, on a cloudy day.

and the surrounding air.

3.3. Fuel type analysis

The fuel system at the refinery is designed to ensure an adequate supply of fuel for refinery operations. This is accomplished with
the use of solid fuel, liquid fuel, and gas fuel. Natural gas and liquefied petroleum gas (LPG) are the principal sources of input fuel gases
to the boiler. Natural gas has a calorific value of 35.98 MJ/m® and LPG has 25.402 MJ/L [36]. The set value for the pressure of the gas
in refinery use is 30 psi and for domestic use is 5-6 psi.

The furnace fuel oil system provides the necessary fuel oil to the plant and boiler house. Heavy oil (fuel oil), light diesel oil (LDO),
and Gasoline are the main sources of input fuel oil for the boiler. The calorific value of heavy oil, LDO, and Gasoline is 41.003 MJ/L,
36.819 MJ/L, and 34.78 MJ/L respectively. The thermal efficiency of natural gas and LDO fired boiler is 85%, LPG and gasoline fired
boilers is 80% and heavy oil fired boiler is 76% [36]. Fig. S7 shows the ideal and actual calorific values of different types of fuels used in
the refinery boiler.

3.4. CO2 emissions reductions and energy analysis

One of the significant gains of using solar collectors to fulfill the thermal requirements of the product storage tank in the refinery is
the substantial reduction in emissions of GHG. In Fig. 10(a) the pink column reflects annual CO, emissions from the combustion of
conventional fuel to generate steam, while the green column demonstrates that CO, emissions are decreased when steam is generated
by a solar hybrid system. Natural gas and heavy oil are the most common fuels used to provide industrial process heat.

Most industries, including paper, fabric, PVC, chemical, and oil, run at temperatures of steam ranging from 120 °C to 220 °C,
fulfilling the heat requirement [37,38]. In the present study, a steam temperature ranging from 180 °C to 220 °C is required for
maintaining the temperature of heavy crude oil refinery products in storage tanks before despatch. For such a temperature range of
steam, approximately 1.5592E+409 kJ of energy is consumed annually from conventional fuel. With hybrid system integration, the
annual energy consumption of the boiler was decreased to 1.15E+09 kJ while the remaining energy 4.21E+08 kJ was supplied by the
solar system. The energy consumption of the auxiliary boiler and the amount of energy delivered by TES to steam is shown in Fig. 10
(b). From the figure, the energy delivered to process steam by boiler is reduced due to hybrid system integration. Because due to sunny
day the steam gains thermal energy from TES while on a cloudy day or when TES fully discharged then the boiler runs for generation of
steam.

12
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3.5. Cost analysis for a solar hybrid heavy product storage system

One of the most important steps in performing an economic analysis of a project is determining the costs, including the costs of
necessary equipment. The costs in this study can be divided into two categories: initial costs and annual costs are shown in Table 4.
Initial expenses can be subdivided into direct and indirect expenses. Direct cost consists of the cost of the collector, pump, pipe, heat
exchanger, thermal storage tank, diverter, and ground preparation.

The obtained information is then used to find the payback period of the system. Eq. (10) is used for calculating the payback period
system.

Capital cost of the system

10b
Average annual cash inflow (10b)

Payback period =

For payback time calculation, overall investment and yearly cash return or inflows are required, the overall investment is deter-
mined by adding the cost of all components and yearly Operation and Maintenance (O&M) expenses. Annual O&M costs are equal to
0.75% of the initial investment [52]. The total cost for the proposed system is shown in Table 5.

The average price of natural gas is 0.78128%/m®, LPG is 0.77$/litre, heavy oil is 1.46$/litre, Light Diesel oil is 1.38$/litre and
gasoline is 1.41$/litre [53]. The amount of fuel and cost savings by the integration of a solar hybrid system into the refinery and the
payback period of the system by using different types of fuel in the furnace are shown in Table 6.
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Table 4

Initial component costs.
Equipment/Job Quantity/size Cost Per Unit ($) Total cost ($)
Direct cost
Parabolic Trough collector 463m?> 270/m? [39,40] 125,010
Ground preparation cost (5.7% of the collector cost) [41] 7125.57
Pumps 3 700-800/each [42-44] 2100_2400
Piping 1400 m 0.80-0.84/m [45,46] 1120_1200
Thermal storage tank 15m? 1060/m® [33] 15,900
Heat exchanger 1 4000/each [47] 4000
Diverter 1 600/each [48,49] 600
Total direct cost 156,235.57
Indirect cost
Engineering, construction, and ownership (10% Of direct cost) [50] 15,623.557
Total investment cost [51] Direct + indirect cost 171,859.127

Table 5

Proposed system cost.
Technology Initial cost ($) Annual O&M ($) Total cost ($)
PTC 171,859.127 1288.943 173,148.07
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Table 6

Payback period of the proposed system by using different fuel.
Fuel Fuel saving Cost saving Payback period
Natural gas 13,765.817 m® 10,754.957% 16.09 years
LPG 20,717.484 L 15,952.462% 10.85 years
Heavy oil 13,510.044 L 19,724.664$ 8.77 years
LDO 13,452.198 L 18,564.033% 9.32 years
Gasoline 15,130.822 L 21,334.459% 8.11 years

4. Conclusion

The present study investigates the feasibility of solar hybrid system to generate steam in the oil refinery to maintain the tem-
perature of heavy crude oil products before despatching from storage tanks. Due to the intermittent behaviour of solar energy, the solar
hybrid system is integrated with a sensible heat storage tank. The suggested hybrid solar heating system for the refinery was simulated
using TRNSYS software, followed by experimental validation. The main conclusions from this study are summarized as follows:

o The energy required from boiler to produce steam is decreased when a solar system coupled with TES is added.

e The effect of ambient temperature on PTC outlet temperature was investigated and it was observed the amount of fuel needed for
steam in boilers decreased by 31.50% on sunny days because of energy gain of 1.52E+06 kJ from TES.

e On cloudy days, when the TES is not fully charged, the steam receives just 4.02E+05 kJ of thermal energy from the TES, which is a
relatively little quantity, resulting in a boiler that supplies 88.74% of the energy required.

e Solar energy may contribute a maximum of 26.99% of the boiler’s annual energy consumption under optimal conditions. This
reduces the boiler’s use of heavy fuel oil by 13510.044 L and prevents the unit boiler from generating 34.045 tonnes of carbon
dioxide annually.

This reduction in fuel consumption and carbon dioxide emissions is exclusive to one boiler (ton/day steam) of the refinery, but it
may be extended to the other boilers to gain significant fuel savings and GHG reduction. Due to global environmental concerns, this
study tends to contribute towards lowering GHG emissions and reducing fossil fuel consumption in the crude oil refinery industry,
which is among the most fuel intensive industries.
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