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ABSTRACT
This study presents an innovative crude oil heating technology by introducing environmentally friendly solar 
energy into the petroleum industry. By integrating novel combination methods into traditional crude oil heat-
ing systems, a versatile and efficient crude oil heating system has been formed. The system was implemented 
in a refinery and its thermodynamic and economic performance was analyzed. The thermodynamic analysis, 
employing the exergy analysis method, reveals that among the considered parameters, compressor pressure ratio 
and Rankine cycle fluid flow rate exert the most significant influence on system efficiency. Overall, the sys-
tem achieves energy efficiency, exergy efficiency, and waste heat recovery efficiency of 75.99%, 74.13%, and 
31.21%, respectively. Within the system, solar collectors, TES tank, and compressor exhibit the highest exergy 
destruction rates, while pumps demonstrate the lowest exergy destruction rate. The economic analysis, using the 
annualized cost method, revealed that electricity prices have a significant impact on the economic performance 
of the system. The variation in system economic parameters is related to the annualized operating cost of the sys-
tem. The system generates a net annual benefit of 0.591 million US$, with a 4.124-year investment return period. 
Moreover, Sensitivity analysis explores various factors affecting the crude oil heating system’s performance.
Keywords: Heating crude oil; Solar energy; Energy analysis; Exergy analysis; Economic analysis.

1. INTRODUCTION
At present, global attention is focused on energy and environmental issues, the use of fossil fuels as primary 
energy sources has led to significant environmental hazards. The interconnected problems of climate warming, 
atmospheric pollution, and energy shortages have emerged [1]. Worldwide, countries are actively pursuing the 
path of sustainable development, seeking a harmonious balance between humanity and nature. According to 
projections from the International Energy Agency [2], the consumption of primary energy is expected to pro-
gressively rise until 2050, with an average annual increase of 3% from 2018 to 2050, which is the result of the 
role of renewable energy. Solar energy, among various renewable energy sources, is widely utilized in diverse 
fields due to its universality, accessibility, and abundant reserves. Applications include crude oil heating [3], 
photovoltaic power generation [4], solar-powered buildings [5], and seawater desalination [6]. Integrating solar 
energy with the storage and transportation of crude oil is a crucial approach to reducing energy consumption 
and environmental pollution. A better understanding of solar heating technology for crude oil is strongly needed.

Heavy crude oil extraction, transportation, and processing necessitate significant direct or indirect heat 
consumption, resulting in the emission of a substantial amount of carbon dioxide. WANG et al. [7] evaluated 
the potential utilization of solar energy in the global oil operations industry. Among them, the demand for solar 
photovoltaic and solar thermal in the refining industry ranges from 17 to 95 GW and 21 to 95 GW, respectively, 
which indicates that solar energy is playing an increasingly important role in the oil and gas industry. ALIREZA 
et al. [8] combined gas and steam turbine cycles with an ORC-VCR system to achieve a highly efficient layout 
from technical, economic, and environmental perspectives. RAVINDER et al. [9] described the economic and 
thermal performance of a 210 MW coal-fired power station. Equipment cost, fuel cost, operation and mainte-
nance expenses, income, and the net present value of the plant are all analyzed as part of the economic analysis. 
By 2035, solar energy is expected to contribute approximately 2 trillion joules of energy, constituting around 5% 
of the industry’s overall energy demand [10]. Relevant statistics reveal that at least 20% of energy consumption 
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in oilfield production is allocated to heating and processing crude oil, and the fuel oil consumed by China’s 
petroleum refining industry constitutes 15%. In order to reduce carbon dioxide emissions, China has promised 
to achieve a “carbon peak” by 2030 and “carbon neutrality” by 2060. However, achieving these goals will 
undoubtedly require considerable effort [11]. In the past, the utilization of natural gas and electricity for crude 
oil heating not only consumed significant amounts of energy, but also contributed to environmental pollution 
[12, 13]. Currently, electricity, electromagnetic and solar energy are mainly used to heat crude oil, especially the 
proportion of solar energy in the oil field is increasing. The application of solar energy in the oil field dates back 
to the 1970s when Exxon utilized solar collectors in the Edison oil field in California, setting a precedent for 
solar energy use in oil fields. In recent years, numerous scholars and enterprises have recognized the business 
potential of solar thermal applications, investing significantly in research and development [14, 15]. 

Efforts to combat climate change necessitate innovative technological solutions, particularly in the energy 
sector. The adoption of alternative sources such as solar energy can reduce carbon emissions and maintain 
profitability for oil and gas companies. In this study, we have integrated the new combination method into the 
traditional crude oil heating system, a system with a thermal energy storage device and a three-level preheating 
device has been designed. The novelty of this work is that the solar collector technology partially replaces the 
traditional crude oil heating technology, which can reduce the emission of a large amount of carbon dioxide gas. 
However, the designed system has not been investigated or implemented. This work is organized as follows: sec-
tion 2 describes the working principle of the crude oil heating system. Section 3 gives the simulation conditions 
and establishes the mathematical model of the collector subsystem, thermodynamics, and economic analysis. 
Then, the verification of related models is carried out. Section 4 provides a detailed analysis and discussion of 
the results of the thermodynamic and economic performance.

2. DESCRIPTION OF THE SOLAR HEATING CRUDE OIL SYSTEM
The solar heating system for crude oil utilizes traditional oil heaters for preheating, coupled with renewable solar 
energy, to implement a low-carbon heating method. In this study, some operational data for the system is extracted 
from the literature [16], and the proposed system, illustrated in Figure 1, is configured with dish solar collectors 
[17, 18]. One portion of the solar energy in the system is allocated to heating the crude oil, while the other portion 
is dedicated to electricity generation. Thermal Energy Storage (TES) tank can acquire energy from solar collectors 
and use it when the sun goes down or in rainy weather, ensuring uninterrupted operation of the system.

In this study, the air is selected as the heat transfer fluid (HTF), the maximum temperature can reach more 
than 1000 °C, and the pressure range is generally about 10 bar, which has the advantages of convenient material 

Figure 1: Process flow diagram of the proposed solar heating crude oil system.
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acquisition and high thermal efficiency. The outlet temperature of the HTF is contingent on the size and number of 
collectors, and this study assumes a solar radiation of 900 W/m2 [19]. Due to the small impact of pressure drop on 
system parameters, it can be disregarded. The flow rate of the HTF is taken as 40 kg/s. The thermal energy storage 
tank is composed of honeycomb ceramic material, with its structural parameters presented in Table 1. Honeycomb 
ceramic materials are capable of withstanding high temperature and possess low thermal inertia. Its ordered porous 
structure determines low flow resistance, a large specific surface area and is widely used as an energy storage 
material for high temperature air. In the honeycomb ceramic thermal energy storage tank, the hot air flows through 
the tank during the charging period to store the heat and the temperature of the tank increases. When the heat is 
released, the cold air flows through the same channel to absorb the previously stored heat, and the temperature of 
the tank subsequently decreased. The heat of the tank comes from the hot air of the solar field. When there is no 
sunlight, the TES tank is utilized to heat the crude oil while generating electricity through the Rankine cycle. The 
system can be heated directly by solar energy during the day and indirectly by the TES tank at night.

The ceramic material, selected silicon carbide, can operate at a temperature between 1000 °C and 
2000 °C, which is consistent with the working temperature of the dish solar collector, so the use of this material 
is the correct choice. The average sunshine duration in this work is 10 hours per day, which is also the charging 
period of the TES tank. After sunset, the tank is used for heating. It has a discharging period of 8 hours, and one 
hour of heat storage time is considered before the discharging period.

The crude oil heating system includes a traditional oil heater and a proposed solar heating system. The 
physical and chemical properties of different types of crude oil can significantly affect their heating effective-
ness. In the crude oil production process, it is essential to select suitable heating methods and conditions based 
on the specific type and properties of the crude oil to achieve optimal heating results. Using the solar system, 
the crude oil is heated from 25 °C at point 1 to 320 °C at point 10, which is also the main energy input consid-
ered in this work, and then continued to heat the crude oil to 380 °C using conventional heaters. The crude oil 
heating system includes three shell and tube heat exchangers to transfer the heat of the air to the crude oil. The 
solar energy effectively reduces the load on the conventional fired heater by heating the crude oil to 320 °C. In 
addition, crude oil contains salts that are harmful to downstream equipment and must be removed. Therefore, 
considering the desalination stage, the desalter is located between the first and second heat exchangers. The salty 
crude oil enters at point 3 and exits at point 6 with temperature of 120 °C and 110 °C, respectively. After the 
desalted crude oil leaves the second heat exchanger, it enters the flash tank at point 7 to remove the volatile light 
hydrocarbon components from the crude oil. The crude oil is separated in the flash tank into pre-flashed crude 
gas and pre-flashed crude liquid. The pre-flashed crude liquid at point 8 enters a third heat exchanger for further 
heating, followed by the conventional fired heater.

3. SYSTEM MODELING AND SIMULATION

3.1. Simulation conditions
Aspen Plus, as a large-scale general process simulation software, has a complete physical property system, so 
this software is used for simulation in this study. The relevant physical properties of the crude oil are inputted 

Table 1: Structural parameters of TES tank.

PARAMETER VALUE

Material Mullite-Cordierite

Hole pattern Hexagonal hole

Aperture 2.9 mm

Wall thickness 0.8 mm

Porosity 0.61

Density 958 kg/m3

Specific heat capacity 1000 J/(kgK)

Diameter 1.5 m

Height 4 m
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into the software based on its molecular composition. Within this software, the physical property methods suit-
able for crude oil distillation encompass K-value models such as BK10, Grayson, Chao-Sea, and equations of 
state adjusted for oil such as RK-Soave and Peng-Rob. Since the BK10 physical property method is suitable for 
reduced pressure and low pressure (up to several atmospheres), while the RK-Soave and Peng-Rob equations 
of state are more suitable for high-pressure conditions, the built-in BK10 physical property method is selected 
for simulation. Aspen Plus software provides a variety of convergence algorithms. Different modules require 
different convergence methods. The commonly used method is the WEGSTEIN method. This method is a direct 
iterative loop and can calculate multiple streams at the same time. It is generally regarded as the fastest and 
most reliable convergence algorithm, so this method is chosen as the convergence algorithm of this study. The 
simulation conditions of the proposed system are shown in Table 2. 

(1)  Air is considered as an ideal gas.
(2) � Air is a binary mixture composed of N2 and O2, and the influence of water vapor, CO, and other substances 

in the air on the thermal process of the system is not considered.
(3)  The pressure loss of air flowing in the pipeline is not considered.
(4)  Cycle power consumption and pressure loss on the heat exchange working medium side are not considered.
(5)  Thermal losses only occur in the solar collector.
(6)  In the static simulation, the influence of time on the operating conditions is not considered.

3.2. Thermodynamic model

3.2.1 Modeling of the solar collector subsystem
Assuming the DNI is constant, and the system is in a steady state. The power of the solar radiation reaching the 
surface of the dish collector is calculated using the following equation [20]:

	 Q I As s a= 	 (1)

where Qs is the power of solar energy reaching the surface of the dish collector (W). Is is the solar radiation 
intensity reaching the surface of the collector (W/m2). Aa is the surface area of the collector (m2).

When the system is in steady condition, the useful energy delivered by the solar collector system is equal 
to the energy absorbed by the HTF, which is determined by the radiant solar energy falling on the receiver minus 
the direct or indirect heat loss from the receiver to the surrounding environment, that is:

	 Q Q Qu r l� �  	 (2)

where Qu is the useful power reaching the receiver (W). Qr is the power reflected by the collector to the receiver 
(W). Ql is the power lost in the receiver (W).

Table 2: Simulation conditions of the proposed system.

PARAMETER VALUE

Ambient temperature 25 °C

Ambient pressure 101.3 kPa

The minimum heat exchange temperature difference of the heat exchanger 15 °C

The isentropic efficiency of the pump and compressor 85%

The flow rate of crude oil 14 kg/s

The flow rate of air 40 kg/s

The initial temperature of air 20 °C

The initial temperature of crude oil 25 °C

The final temperature of crude oil 320 °C
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The optical efficiency (ηopt) of the solar receiver is defined as the ratio of the power reaching the receiver 
(Qr) to the power from the sun (Qs). The thermal efficiency (ηr) of the solar receiver is defined as the ratio of 
useful power (Qu) reaching the receiver to the power reaching the receiver (Qr). The thermal efficiency of the 
collector (ηc) is defined as the ratio of the useful power (Qu) reaching the receiver to the power (Qs) from the 
sun, that is [20]:
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Combined with Equations (2)–(5), the thermal efficiency of the collector can be written as:
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The optical efficiency (ηopt) of the solar receiver depends on the optical properties of the selected materi-
als and the geometry of the receiver, etc. An approximate analysis of optical efficiency can be performed using 
the following equation:

	
�c fA� �� ��� ������ � �1 tan cos

	
(7)

where ρ, τα, γ, Af , θ are the reflectance of the mirror, transmittance-absorptance product, the absorptance of the 
receiver, the intercept factor, and the incident angle, respectively. The solar collector is equipped with a solar 
tracking system, the dish collector keeps tracking the sun along two axes when solar radiation is available, so 
the incident angle θ is 0 ( tan θ = 0, cos θ = 1), Equation (7) can be written as:

	 �c � ���� 	 (8)

The power loss in the receiver mainly consists of three parts: (a) the heat conduction loss of the receiver, 
Qlk. (b) the convective heat transfer loss through the receiver aperture, Qlc. (c) the radiant heat loss through the 
receiver aperture, Qlr. The total heat loss of the receiver can be expressed as:

	 Q Q Q Ql lk lc lr� � � 	 (9)

In this work, the impact of wind is ignored. A transparent window is installed at the opening of the 
receiver to block the dust in the air, which can prevent forced convection to a certain extent, so the real convec-
tion is the main heat loss [21]. The power of convective heat transfer loss (Qlc) is:

	
Q h A T Tlc c w w a� �� � 	 (10)

where Tw, Ta, and Aw are the temperature of the receiver (K), the ambient temperature (K), and the internal area 
of the receiver cavity (m2), respectively. hc is the convective heat transfer coefficient between the receiver and 
the environment (W/(m2∙K)).

Since the receiver inlet aperture area is smaller compared to the inner cavity area, this results in smaller 
radiation losses. The inlet aperture area is related to the geometric concentration ratio, which is defined as the 
ratio of the aperture area of the dish collector to the inlet aperture area of the receiver. The power of the receiver 
through radiation heat transfer loss (Qlr) can be estimated using the following equation [21]:
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Q A T Tlr c ff w a� �� �� � 4 4

	
(11)

	 A A Cc a= / 	 (12)

	
� �eff c c wA A� � �� ��� ��1 1 1 1/ / /

	
(13)

where Ac is the aperture surface area (m2) of the receiver. C is the geometric concentration ratio. εeff is the effec-
tive infrared emittance of the cavity. εc is the surface emittance of the cavity. σ is the Stefan-Boltzmann constant.

In actual operation, the outer surface of the receiver is usually covered with a thick opaque insulating 
layer to reduce thermal conduction loss. Studies have shown that thermal conduction loss is usually insignifi-
cant compared to convection and radiation loss. Therefore, in this work, it is assumed that the outer wall of the 
receiver is adiabatic, meaning the heat conduction loss of the receiver is Qlk = 0.

3.2.2. Exergy analysis model
The method of exergy analysis is used to analyze the system in detail. Exergy analysis considers the factors such 
as effective energy and thermodynamic irreversibility and can identify the primary exergy loss process in the 
system. The mathematical models of each part are as follows:

The system is in a stable operating condition, and its mass balance equation is [7]:

	
m moutin ��� 	

(14)

where m is the mass flow rate (kg/s). the energy equation of the system is:

	
Q W m h m hout out in� � �� � in 	

(15)

where Q is the heat transfer rate (kW), W is the work generation rate (kW), h is the specific enthalpy (kJ/kg).
The exergy balance equation can be expressed as:

	
Ex Ex Exin out d� �� �

	
(16)

	
m ex Ex m ex Ex Exin in Q out out W d� �� � � � �

	
(17)

where Ex is the exergy rate (kW), ExQ and ExW are the exergy rates related to heat transfer and work, respectively 
(kW). Exd is the exergy destruction rate (kW), ex is the specific exergy (kJ/kg). The exergy related to the heat 
transfer rate can be expressed as:
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where T0 is the ambient temperature (K), Ts is the source temperature (K). Furthermore, the exergy associated 
with the work interaction can be expressed as:

	 Ex WW = 	 (19)

The physical exergy of each state point [22]:

	
ex h h T s si i i� � � �� �0 0 0 	 (20)

where s is the specific entropy (kJ/(kg . K)). For a defined energy system, the main steps in performance evaluation 
include determining the exergy destruction rates. The exergy destruction rate of the system can be expressed as: 
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Ex T Sd gen= 0 	 (21)

where T0 is the reference temperature (K), Sgen is the entropy generation rate of the given process (kJ/(s . K)). 
Since crude oil is an incompressible substance, it can be expressed by the following entropy change equation:

	
s s C T

Tp avg2 1

2� �
,

In

1 	
(22)

where Cp,avg is the specific heat of crude oil, which can be calculated by the following correlation formula:

	
C Tp avg,

� �1940 3
	 (23)

where T is the average temperature of each process (°C).
The energy balance equation of the TES tan k is:

	
m tin in i inh m u Q t m h t m u Q tk out out k f out� ���� � � � � 

tan tan 	
(24)

where t is time (s), m is the mass of the TES tan k (kg), ui and uf are the initial and final internal energy, respec-
tively (kJ/kg).

Entropy is created in a process due to the existence of irreversibility, which can be assessed by applying 
the entropy equilibrium equation:
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The exergy balance equation of the TES tan k can be expressed as:

	
m tin inex m ex Ex m ex t m ex Exk i in

Q
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tan tan 	
(26)

In addition, the storage capacity of TES tank can be calculated by the following formula:

	
Q C V T Tp s k� �� � �� �� �1

0
. .

tan 	 (27)

where Cp is the specific heat capacity of the porous medium (J/(kg∙K)), ρs is the density of the matrix material of 
the porous medium (kg/m3), ε is the porosity, Vtan k is the volume of the TES tan k (m3), T is the temperature of 
the TES tan k at a certain time (K); T0 is the initial temperature of the TES tan k (K).

The performance of the system can be evaluated in terms of energy and exergy efficiency. The energy 
efficiency of thermal energy storage can be defined by the following equation:
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The overall energy efficiency of the proposed system is shown below:

	
�enoverall
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where Qsolar represents the solar energy input to the system (kW), Wnetsystem represents the net output work of the 
integrated system (kW). In this system, the following formula can be used to calculate:

	
W W W Wnetsystem turbine compressor pumps� � �� 	 (30)
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The parameter Qoil represents the heat gain of the crude oil (kW). The following formula can be used to 
calculate [7]:

	 Q m h hoil � �( )
10 2 	 (31)

The exergy efficiency of any given process is defined as the ratio of the exergy output to the exergy  
output. The exergy efficiency of the solar energy and the system can be calculated as follows:

	

�exsolar
dsolar

solar
sun

Ex

Q T
T

� �
�

�

�
�

�

�
�

1

1
0

	

(32)

	

�exoverall

netsystem oil
oil avg

solar
su

W Q T
T

Q T
T

�

� �
�

�
��

�

�
��

�

1

1

0

0

nn

�

�
�

�

�
�

	

(33)

After the air heats the crude oil and generates electricity, it enters the preheater to preheat the cold air, 
and the air coming out of the preheater also has a certain amount of heat. Its value in the total input energy of the 
system is the system waste heat recovery efficiency ηw.
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3.2.3. Validation
In this work, to evaluate the thermal performance of the dish-type collector, an approximate estimation of the 
optical efficiency is made, and the emphasis is placed on the calculation of thermal efficiency in the receiver. 
The temperature range selected for the receiver research is 800 °C to 1300 °C to validate the analytical model 
established in Section 3.2. Other relevant information required can be found in Table 3 [20].

The comparison results are shown in Table 4. It can be observed from the table that the results of this 
work are less different from the results in the reference. The error range is only between 0.03% and 0.12%. 

3.3. Economic model
The economic analysis of the system is carried out using annualized cost. In this method, all the costs of the system 
are calculated over its estimated life. The costs include annualized capital cost (Cacap), annualized replacement 

Table 3: The main parameters of the solar concentrating system [20].

PARAMETER SYMBOL VALUE
Dish concentrator aperture area Aa 11×11 m2

Normal direct insolation (DNI) per unit of collector area Is 900 W/m2

Reflectivity of dish surface ρ 0.94
Transmittance–absorptance product τα 0.99

Intercept factor of receiver γ 0.99
Cavity internal area of the receiver Aw 0.0654 m2

Radiative emissivity of cavity εc 0.9
Geometrical concentration ratio C 3000

Stefan–Boltzmann constant σ 5.672 × 10–8 W/(m2 K4)
Ambient temperature Ta 25 °C
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Table 4: Validation of the thermal efficiency of the solar receiver in various average operating wall temperature in the cavity.

AVERAGE WALL TEMPERATURE 
IN THE CAVITY (°C)

THERMAL EFFICIENCY (%)
THIS WORK REF. [20] ERROR

800 96.65 96.62 0.03
850 96.12 96.08 0.04
900 95.52 95.47 0.05
950 94.84 94.79 0.05
1000 94.08 94.03 0.05
1050 93.25 93.18 0.07
1100 92.31 92.24 0.07
1150 91.29 91.20 0.09
1200 90.14 90.04 0.10
1250 88.88 88.77 0.11
1300 87.50 87.38 0.12

Table 5: Purchased cost of components.

COMPONENT PURCHASED EQUIPMENT COST FUNCTIONS REFERENCE

Heat exchanger C NHXHX � �8500 409
0 85.

[22]

Pump
C Wpump

pump

� �
�

�

�
��

�

�
��705 48 1

0 2

1

0 71
.

..


�
[23]

Collector C NCSPCSP = 50 [21]

Compressor
C m p

p
p
pC

dc

suc

dc

suc
compressor �

� �

�
�

�

�
�

�

�
�

�

�
�

39 5. 

�
ln [24]

Turbine C W Wturbine � �3644 3 61 3
0 7 0 95

. .
. .

  [22]

Boiler C p m pboiler boilerboiler � �� � � �0 249 47 19 3 29 624 6. . . . [25]

Condenser C Ncondnser condenser� �516 621 268 45. . [22]

TES tank C Wstorage storage� �17400 79
0 85. [26]

Desalter C Ndesalter desalter� �8500 409
0 85. [22]

Flash drum C w wdrum � � � �1 218 9 1 0 2889 0 04576 300
2

. exp[ . . ln . (ln ) ]f D L
m

0.7396 0..7066

m
f  W = 10000, D = 8, L = 15� 0 0172. , [23]

Generator C Wgenerator = 60
0 95


. [27]

Preheater C NPREPRE � �8500 409
0 85. [22]

cost (Carep), annualized maintenance cost (Camain) and annualized operating costs (Caope). It is assumed that the 
annual inflation rate and the annual real interest rate are equal to 17% and 20%, respectively, with a project life 
cycle of 20 years. Tables 5 and 6 show the cost functions of the components and the process of economic anal-
ysis of the system, respectively.

4. RESULTS AND DISCUSSION
According to the mathematical model established above, some useful results are obtained through calcula-
tion. The overall energy efficiency, exergy efficiency, and waste heat recovery efficiency of the system are 
75.99%, 74.13%, and 31.21%, respectively. The net annual benefit, annualized operating cost, and return period 
of the system are 0.591 million US$, 13.691 million US$, and 4.124 years, respectively. A parametric study is 
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performed to analyze the effect of changing system parameters on its performance. For example, these system 
parameters include mass flow rate, turbine inlet temperature and pressure, compressor pressure ratio, and elec-
tricity price. The reference ambient temperature and pressure considered in this work are 25 °C and 101.3 kPa, 
respectively. Table 7 lists the data of each state point of the heating system.

Figure 2(a) shows the effect of different compressor pressure ratios on the energy efficiency and exergy 
efficiency of the system. As the pressure ratio increases, the energy efficiency from 44% to around 95%, and 
the exergy efficiency increased from 37% to around 96%. The reason for this trend is that when the pressure 
ratio increases, the air temperature at the compressor outlet also increases gradually, so when the maximum 
temperature of the solar collector is constant, the solar heat absorbed by it will decrease. Figure 2(b) shows the 
effect of the compressor pressure ratio on the net output work of the system. It can be observed that when the 
pressure ratio is increased from 2 to 7, the net output work of the system increases from 4563 kW to 13289 kW.

Table 6: Economic parameters in annualized cost of system.

DEFINITION PARAMETER REFERENCE
Annualized cost of system  ACS = Cacap (Components) + Carep (Components) +  

Camain (Components) + Caope (Labor cost + Insurance cost + Fule cost) [28]

Annualized capital cost
C C i y C i i

i

C

acap cap cap

y

y
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� � � �
�

� �

�

CRF( )

 of total 

,
( )
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1

1 1

1 1 ccapital cost; i z n
n

�
�
�1

[29]

Annualized replacement cost C C i

C C i y C i
rep cap

y

arep rep rep

� � �

� � � �

( )

( , )
(

in Base year) (

FSF

1

1�� �i y) 1

[29]

Annualized maintenance cost Camain = 0.05 of total capital cost [28]
Annualized operating cost Caope = Labor cost + Insurance cost + Fule cost + Utility

Number of labor = 80, Labor cost = 500 US$/month
Fuel cost (Electrical energy price) = 0.15 US$/kW . h

Fuel cost (Water price) = 0.18 US$/m3

Insurance cost = 0.02 of capital cost

[29]

Net present value
NPV

ACS

CRF( )
=

i y, [25]

NEW ACS = ACS-I
I = Solar power generation 

cost (US$/year)

Produced electricity price: 0.15 US$/kW . h
[23]

Levelized cost of product 
total product in one year 

(crude oil)

LCP
NEW ACS

Annual output roduct of the system
= [29]

Prime cost VOP = Volume of product 

PC
VOP

=
Caope [23]

Summary of product cost COP = Cost of product
SPC = VOP . COP [30]

Annual benefit AB = SPC – Caope [23]
Net annual benefit NAB = AB∙(1 – Tax percent),Tax = 0.1(AB) [23]
Period of return

PR
NAB

=
Ccap [23]

Rate of return
RR

NAB
=
Ccap

[23]

Additive value AV = COP – PC [23]
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Table 7: Data of each state point of the heating system.

STATE 
NO.

STATE COMPOSITION ṁ (kg/s) T (°C) P (kPa) h (kJ/kg) s (kJ/(kg . K)) ex (kJ/kg)

1 crude oil 14 25 100 –1990.86 –6.83 46.11
2 crude oil 14 25.67 150 –1990.77 –6.83 46.41
3 crude oil 14 120 150 –1761.84 –6.19 85.09
4 water 22 35 150 –15824.00 –8.92 –13162.49
5 water 22 38.91 150 –15807.70 –8.87 –13161.84
6 crude oil 14 110 150 –1787.46 –6.25 78.47
7 crude oil 14 210 150 –1516.43 –5.64 167.30
8 crude oil 13.12 200 958.27 –1575.83 –5.84 165.98
9 crude oil 0.88 200 958.29 –1676.40 –5.27 –104.87
10 crude oil 13.12 320 958.29 –1221.61 –5.19 326.79
11 air 40 25 100 –0.2219 0.0038 0
12 air 40 264.67 500 242.62 0.14 202.71
13 air 40 480.48 500 357.61 0.33 259.80
14 air 40 1000 500 1061.69 1.09 738.57
15 air 20 950 500 771.28 0.84 523.79
16 air 20 749.24 500 538.85 0.58 366.98
17 air 20 580.49 500 349.13 0.32 255.26
18 air 20 433.5 500 188.88 0.03 180.25
19 air 20 950 500 771.28 0.84 523.79
20 air 20 780.19 500 599.69 0.65 406.32
21 water 65 15 100 –15907.60 –9.2 –13162.58
22 water 65 25 100 –15868.90 –9.07 –13160.33
23 water 1 800 15000 –12391.60 –2.75 –11569.38
24 water 1 180.37 10 –13333.40 –1.12 –12999.16
25 water 1 30 10 –15845.00 –8.99 –13163.22
26 water 1 31.92 15000 –15823.5 –8.97 –13147.89
27 air 40 609.71 500 394.28 0.39 280.04
28 air 40 400 500 279.29 0.20 219.73

Figure 2: The effect of compressor pressure ratio on (a) overall energy efficiency and exergy efficiency, and (b) system net 
output work.
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Figure 3(a) shows the effect of crude oil flow rate on both overall energy efficiency and exergy efficiency. 
As the crude oil flow rate increases from 6 kg/s to 18 kg/s, the overall exergy efficiency decreases from 78.49% to 
72.64%, while the energy efficiency increases from 70.90% to 77.73%. This is because, with an increase in crude oil 
flow rate, both the heat gain of crude oil and the solar energy required by the system also increase. For energy effi-
ciency, the increase in heat gain is greater than the solar energy required by the system, while the exergy efficiency 
is the opposite, which also illustrates the importance of exergy in energy system analysis. As shown in Figure 3(b), 
the heat supplied to the heat exchangers increases significantly with the increase of the crude oil flow rate.

Another key system parameter that influences the system performance is the turbine inlet pressure, whose 
effect on the overall efficiency is depicted in Figure 4(a), and the inlet pressure varies from 5000 kPa to 17000 kPa.  
The efficiency of the system tends to increase as the inlet pressure increases. It is observed that the increase in 
inlet pressure eventually plateaus, and the system achieves its highest energy and exergy efficiency at a pressure 
of 15500 kPa. Furthermore, Figure 4(b) shows the effect of different turbine inlet pressures on the efficiency of the 
Rankine cycle. While the efficiency of the Rankine cycle increases with higher turbine inlet pressures, the magni-
tude of the increase is relatively modest. This can be attributed to the higher pumping work needed to reach these 
pressures. Moreover, the impact of changes in turbine inlet temperature on overall energy efficiency and exergy 
efficiency is depicted in Figure 5(a) and Figure 5(b), with the inlet temperature ranging from 525 °C to 725 °C. 
It can be observed that as the turbine inlet temperature increases, the exergy efficiency of the system increases, 
while the energy efficiency decreases. This is because the power consumption of the turbine increases with the 

Figure 3: The effect of crude oil flow rate on (a) overall energy efficiency and exergy efficiency, and (b) heat gain of heat 
exchangers.

Figure 4: The effect of turbine inlet pressure on (a) overall energy efficiency and exergy efficiency, and (b) Rankine cycle 
energy efficiency and exergy efficiency.
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rise in inlet temperature, and the system needs to input more energy, but the power consumption of the compressor 
increases faster than the energy input to the system. As the turbine inlet temperature increases, so does the useful 
power output from the turbine, and therefore, an increase in the efficiency of the Rankine cycle is also observed.

Figure 6 shows the effect of the mass flow rate of the working fluid in the Rankine cycle on the overall 
efficiency as well as the efficiency of the Rankine cycle. It can be seen from the figure that with the increase of 
flow rate, the system efficiency and the efficiency of the Rankine cycle are constantly decreasing, which reduces 
the performance of the system. Therefore, the fluid flow rate of the Rankine cycle should be selected reason-
ably, not the higher the better. Through trial calculation, it is found that when the flow rate is 1 kg/s, the system 
performance is better, and this flow rate is selected as the optimal flow rate of the Rankine cycle in this work.

Furthermore, Figure 7(a) and Figure 7(b) illustrate the impact of charging and discharging duration on the 
energy and exergy efficiency of the TES tank. We define that the TES tank energy output refers to the energy recov-
ered from the TES tank during discharge, while the TES tank energy input refers to the energy stored in the TES tank 
during charging and storage. This results in a downward trend in both energy efficiency and exergy efficiency during 
charging, with energy efficiency dropping from 64.58% to 48.43% and exergy efficiency dropping from 77.22% to 
53.04%. Conversely, as the discharge duration increases, the energy recovered from the TES tank also increases. 
Therefore, the energy efficiency increased from 21.79% to 65.38%, and the exergy efficiency is raised from 34.98% 
to 79.02%. Furthermore, an increase in TES tank efficiency is observed as the discharge duration increased from 3 to 
11 h, as shown in Figure 7(b). The linear variation in TES energy efficiency is attributed to the relative stability and 

Figure 5: The effect of turbine inlet temperature on (a) overall energy efficiency and exergy efficiency (b) Rankine cycle 
energy efficiency and exergy efficiency.

Figure 6: The effect of Rankine cycle fluid flow on (a) overall energy efficiency and exergy efficiency, and (b) Rankine cycle 
energy efficiency and exergy efficiency.
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singularity in the design and operation of the system. Meanwhile, the non-linear variation in TES performance effi-
ciency stems from the presence of various non-linear factors within the system and the impact of external conditions.

Figure 8 shows the exergy destruction rate of the main components of the system. As depicted in the figure, 
the solar collectors have the highest ratio followed by the TES tank. This is followed by the compressor, then the 
turbine and three heat exchangers. In contrast, the preheater, boiler, desalter, flash tank, condenser, and especially 
the pumps, maintain the lowest exergy destruction rates. This is due to the relatively low mass flow rate of the 
working fluid considered in the Rankine cycle. As shown in Equation (21), the exergy destruction rate is directly 
related to the entropy generation, which, in turn, correlates with the difference in operating temperature within the 
system. Due to the large temperature difference between the temperature of collectors and the temperature of HTF, 
the solar collectors will have high entropy generation, resulting in high exergy destruction rate. Similarly, in the 
Rankine cycle, the destruction rate is also smaller due to the smaller temperature difference between the tempera-
ture of boiler and the temperature of steam, resulting in low entropy. Therefore, efforts are needed to reduce exergy 
destruction rates in a cost-effective manner. The main results of the study are summarized in Table 8.

Figure 7: (a) The effect of charging duration on TES energy efficiency and exergy efficiency. (b) The effect of discharging 
duration on TES energy efficiency and exergy efficiency.

Figure 8: The exergy destruction rate of each component.
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The variation of the annual cost of the system and the product leveling cost with the electricity price is 
shown in Figure 9(a). The rise in electricity prices has led to an increase in both the annualized cost of the system 
and the product leveling cost. This is because the increase in electricity prices first leads to an increase in annual 
operating costs, which indirectly increases the annualized cost of the system. For product leveling costs, when 
the annual heating quality of the product remains unchanged, the increase in annualized operating costs will 
also lead to an increase in this value. Figure 9(b) shows the impact of electricity price on annual net income and 
return period. As electricity price increases, annual net income first decreases and then increases, while return 
period first increases and then decreases. Like the analysis in Figure 9(a), the increase in electricity prices has 

Table 8: Main findings of thermodynamic analysis.

PARAMETER VALUE
The number of collectors used 259

Land requirement 31339 m2

Generated thermal energy in solar collectors 28163 kW
CO2 reduction 11724 t/y

Refining capacity 441504 t/y
Annual solar heat generation 8250 (MW . h)/y
Storage capacity of TES tan k 270.88 MJ

Heat gain at the first heat exchanger 3205.05 kW
Heat gain at the second heat exchanger 3794.31 kW
Heat gain at the third heat exchanger 4648.65 kW

Waste heat recovery efficiency 31.21%
Solar plant energy efficiency 94.56%
Solar plant exergy efficiency 11.21%
TES tan k energy efficiency 58.12%
TES tan k exergy efficiency 65.31%

Rankine cycle energy efficiency 28.01%
Rankine cycle exergy efficiency 41.59%

Overall energy efficiency 75.99%
Overall exergy efficiency 74.13%

Waste heat recovery efficiency 31.21%

Figure 9: The effect of electricity energy price on (a) annualized cost of system and levelized cost of product, and (b) net 
annual benefit and period of return.
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led to an increase in the annual operating costs of the system. Therefore, the annual net income of the system 
presents a trend of decreasing first, while the return period presents a trend of increasing first. However, when 
the electricity price is higher than 0.15 US$/kWh, the annual net income of the system and the return period 
present an opposite trend. This is because when the electricity price is higher than 0.15 US$/kWh, the growth 
rate of the total product cost is faster than the annual operating cost of the system, resulting in an increase in the 
annual net income of the system and a decrease in the return period. According to Figure 9(b), when the elec-
tricity price is around 0.15 US$/kWh, the return period is less than 4 years, which can prove that the designed 
solar heating crude oil system structure is reasonable from an economic perspective. For projects with a life of 
20 years, a return period of less than 4 years can be used [28]. Table 9 shows the economic analysis results of 
the system. Related literature has shown that in practical engineering, the investment payback period for solar 
heating systems is 9.3 years and 7 years, respectively. In theory, the investment payback period in this work has 
an advantage of 4.124 years, which needs to be put into practice [31].

5. CONCLUSIONS
In this work, a solar cogeneration system for crude oil heating and power generation is proposed. To evalu-
ate its feasibility, this work conducts thermodynamic and economic analysis to evaluate the energy efficiency, 
exergy efficiency, and economic performance of the overall system. Furthermore, the effect of different system 
parameters and operating conditions on the performance of the developed system is also investigated. The main 
concluding observations are summarized as follows:
(1) � The collector provides 28163 kW of energy for the system, and the heat gains of the first, second and third 

heat exchangers are 3205.05 kW, 3794.31 kW, and 4648.65 kW, respectively. The overall energy efficiency, 
exergy efficiency and waste heat recovery efficiency reached 75.99%, 74.13% and 31.21%, respectively. 
Furthermore, the proposed heating system has an annual refining capacity of 441504 tons, which can reduce 
carbon dioxide emissions by 11724 tons per year.

(2) � Compressor pressure ratio and Rankine cycle fluid flow rate have a significant influence on system perfor-
mance, and reasonable selection of parameters will greatly help system performance improvement. The 
components with the largest exergy damage rate in the system are the collector, heat accumulator and 
compressor, and the pump has the lowest exergy damage rate in the system. Therefore, in order to further 
improve the system performance, more attention should be paid to the design of the collector, TES tank and 
compressor to reduce their exergy destruction rate.

(3) � The period of investment return, net annual benefit, and the prime cost of product are 4.124 years, 0.591 
million US$ per year, and 31.334 US$ per ton of crude oil, respectively. The results of economic analysis 
highlight the feasibility of the designed system from an economic perspective.

Table 9: Results of economic analysis of the system.

PARAMETER UNIT VALUE
Capital cost Million US$ 2.215

Crude oil heating price Million US$ per year 12.7008
Solar power generation cost Million US$ per year 1.187

Summary of product cost Million US$ per year 13.888
Prime cost of product US$ per ton crude oil 31.334

Net annual benefit Million US$ per year 0.591
Annualized cost of system Million US$ per year 13.691

Net present value Million US$ per year 212.257
Period of return Year 4.124
Rate of return Percent 24.252
Insurance cost US$ per year 44305.559

Water cost Million US$ per year 0.474
Annualized operating cost Million US$ per year 13.265
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