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Abstract: Traditional crude oil heating methods that use fossil fuels or electricity have the disad-
vantages of high consumption of nonrenewable resources, low energy utilization, and high carbon
emissions. Therefore, it is urgent to develop green and sustainable crude oil heating technologies.
In this paper, a solar synergistic sewage heat pump (SSHS) dual heat source crude oil temperature
maintenance system is proposed. The system utilizes clean and sustainable solar energy to heat crude
oil while combining sensible heat storage technology and the waste heat utilization technology of a
sewage source heat pump to solve the unstable fluctuation of the solar heating problem. A simulation
and analysis model is established to analyze the influencing factors of the SSHS, and the optimal
operation scheme is provided. The results show that the efficiency of the solar collector decreases
and the proportion of crude oil heating increases with an increase in the solar energy guarantee rate,
while the unit flow rate of the pump has a large impact on the performance of the sewage source heat
pump. In order to avoid energy waste, it is more appropriate to adopt a 30% guarantee rate and an
A3 pump unit flow rate, under which the solar collector efficiency is 50.18%, the proportion of solar
heating of crude oil is 47.16%, the average temperature of crude oil is 42.59 °C, and the COP of the
sewage source heat pump is 4.65. Further increases in the COP of the wastewater source heat pump
can be realized by increasing the temperature of the wastewater supply. The results of this study
provide a valuable reference for the optimization of crude oil storage heating systems.

Keywords: solar energy; sewage source heat pump; crude oil; TRNSYS; system operating characteristics

1. Introduction

With the rapid development of the economy and technology, the demand for crude
oil as an essential building block for development has been increasing annually [1]. This
sustained growth in demand for crude oil has prompted, for safety and security, the control
of oil reserves to become a concern for global economic development. Large floating roof
tanks have become important examples of oil storage equipment due to their structural
and economic advantages [2]. At the same time, the global crude oil production regions
are widespread and span a large area, with some oil fields being located in severely cold
regions [3].

In cold regions, the temperature of the crude oil stored in large floating roof oil
tanks gradually decreases through the tank roof, tank wall, and tank bottom soil to the
outside world and via heat dissipation [4,5]. When the temperature of crude oil falls to
freezing point, the crude oil undergoes the gelation phenomenon and gelatinized crude
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oil is attached to the edge of the tank body of the large floating roof tanks, thus forming a
certain thickness of a solid condensate layer [6,7]. This results in increased flow resistance
and even the accumulation of condensate, which blocks the import and export of the oil,
thus affecting the delivery and receipt of the oil and other turnover operations.

Crude oil heating [8,9] is a necessary measure through which to prevent accidents
during the storage and transportation of crude oil in large floating roof tanks. However,
traditional boiler heating and electric heating have problems such as high energy con-
sumption and carbon emissions, and air source heat pumps [10] and ground source heat
pump [11] heating have limitations in the use of the environment; as such, the develop-
ment of a new type of heat source supply is imminent. Solar energy [12,13] is a green
and low-carbon energy source, and the utilization of solar energy as a heat source for
maintaining the temperature of crude oil in large floating roof tanks can reduce primary
energy consumption, greenhouse gas emissions, and environmental pollution. Notably, in
China’s oil-rich Heilongjiang and Neimenggu (which, respectively, belong to cold regions),
there are abundant solar energy resources for the development of floating roof oil tanks,
solar phase-change heat storage, and thermoregulation technology. Previous research on
solar collectors has focused on their application in industrial production processes, and
relatively little research has been carried out on the potential of solar energy in heating
crude oil. However, its methodology can provide theoretical guidance for this study.

In the field of solar energy industrial applications, previous research efforts [14,15]
have begun to explore its potential applications in depth. Mohammadi et al. [16] conducted
a comprehensive technical and economic analysis for a solar industrial process heat (SIPH)
plant in Salt Lake City, Utah. The results showed that the use of parabolic trough collec-
tors can significantly reduce operating costs and greenhouse gas emissions compared to
conventional natural, gas-fired power plants. On the other hand, certain scholars [17,18]
have optimized the design of a solar industrial heating system to significantly reduce the
annual lifecycle cost in order to generate a low-to-medium process heat so as to meet the
heat demand of the industrial process while minimizing the dependence on fossil fuels.

As far as the solar heating of crude oil is concerned, researchers such as Wang [19]
assessed the potential for applying solar energy in the global oil business via covering
a wide range of segments such as extraction, transportation, and refining. It was found
that the potential demand for solar photovoltaic (PV) and solar thermal power in this
sector ranges from 17 to 95 gigawatts (GW) and 21 to 95 GW, respectively. These estimates
clearly reveal the huge future demand for solar energy in the oil and gas industry. The
demand for solar energy from the oil and gas industry is expected to continue to rise over
the next two decades. It is predicted that solar energy will contribute about 2 quintillion
joules (PJ]) to the industry by 2035, which is about 5% of the overall industry’s energy
demand [20]. Altayib et al. [21] used a solar heating system to replace 10% of the heat
required for preheating crude oil before processing. The overall energy efficiency and
power generation efficiency of the system reached 60.94% and 19.34%, respectively. It was
also found that the solar unit and heat exchanger were the major components contributing
to the energy consumption in the system. Naseer Ahmad Khan et al. [22] simulated
the solar synergistic TES heating system for the heating of crude oil through transient
simulation, and the results of the study showed that it could provide a cost saving of USD
21.046 million over the maximum lifecycle and 116,944 MWh of heat per year; additionally,
GHG emissions could be reduced by approximately 34.045 tons of CO, equivalent per year.

In the field of crude oil storage, the application of solar energy is different from
other industrial sectors. This is due to the fact that the demand for thermal energy was
continuous during the period of static storages of crude oil. Therefore, solar heating
systems have the potential to meet thermal energy demand during crude oil storage under
conditions of continuous and sufficient solar radiation. However, the intensity of solar
radiation is characterized by periodic fluctuations due to natural factors such as the climate,
geography, weather, and diurnal variations [21]. This leads to the possibility of overheating
or underheating of the heating temperature of the solar heating system.
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In order to solve this problem, the main methods include the use of solar photovoltaic
technology combined with thermal storage [23], or the utilization of other heating tech-
nologies [24,25]. By these means, the temperature of crude oil can be stabilized over a
longer period of time, thus compensating for the heating temperature instability that may
be caused by fluctuations in the intensity of solar radiation. This innovative approach is
expected to provide a more reliable solution for the application of solar energy in crude oil
storage. The solar thermal storage technologies of sensible heat storage [20], latent heat
storage (phase change storage) [27,28], and thermochemical energy storage [29] are three
important methods for solar thermal utilization and peak shifting [30,31]. Among them,
sensible heat storage is the most widely used and has a strong application basis [26,32], but
the unit energy storage density of sensible heat storage is slightly insufficient compared
with that of phase-change energy storage [33,34]. As such, combination with other heat
sources is necessary [35,36] for auxiliary heat supply. At the same time, considering the
large amount of low and medium temperature wastewater to be treated within the oil field
operation area, the sewage source heat pump is of great significance as an auxiliary heat
source for temperature-controlled solar systems of crude oil static storage. This auxiliary
heat source can be used to realize multistage recycling of waste heat. This technology not
only reduces transportation and handling costs, but also effectively reduces heat loss. There
are also a few scholars [37] who introduced the possibility of using a solar- sewage heat
pump system for heating, but they did not provide a detailed analysis of its application
and influencing factors.

However, it is worth noting that the aforementioned studies mainly focused on the
extraction, transportation, and refining processes of crude oil. During static storage of crude
oil, conventional natural gas heating or electric heating is still widely used to assist solar
energy in maintaining crude oil temperature. Currently, there is relatively little research
on using a solar sewage source heat pump system to maintain static crude oil storage
temperature; as such, a further exploration and in-depth investigation of its influencing
factors are needed. Such research will help reveal the potential for the wider applications
of solar energy in the petroleum industry, thereby leading to the advancement of energy
efficiency and environmental sustainability.

In this study, a new crude oil temperature maintenance system—the maintenance
system of crude oil temperature using dual heat sources with solar synergistic sewage heat
pumps (SSHS)—is proposed; in addition, a system simulation model is established based
on the TRNSYS platform, and its accuracy is verified through experiments. The annual
operating characteristics of the SSHS for large floating top tanks were analyzed with the
COP of the sewage source heat pump, the heating demand of the crude oil storage tank,
the proportion of crude oil heated using solar energy, the solar collector efficiency, and the
crude oil temperature as evaluation indexes. The main objective of the research results
is to provide a reference basis for the application of solar thermal utilization technology
combined with sewage source heat pump technology in the field of crude oil heating and
storage, as well as to provide new ideas for industrial heating, which is of great significance
in promoting the green and sustainable development of industrial heating technology.

2. Model Description and Numerical Simulation

To clarify the operation mechanism of the SSHS on crude oil heating, a simulation
and modeling platform for the SSHS was established, and its physical and mathematical
models are described here.

2.1. Physical Model

Based on a 10 x 10* m3 floating roof oil tank in Daging, China, a solar phase-change
temperature maintenance system was established as an example. Figure 1 shows the
physical model of the SSHS.
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Figure 1. Physical model of the SSHS.

The SSHS designed in this study was divided into two main cycle sections: the solar
temperature maintenance heating cycle and the sewage-assisted heating cycle. The purpose
of the solar temperature maintenance heating cycle is to meet the heating demand of the
floating roof tank to maintain the temperature of the static storage crude oil. The main
components required for the cycle are solar collectors, sensible heat storage tanks, floating
roof tanks, and solar heating circulation pumps. The specific process of the cycle is as
follows: the solar radiation absorbed by the solar collector heats the heat transfer medium;
the heated heat transfer medium flows into the sensible heat storage tank, where the control
system judges whether or not to carry out the heat storage process; the floating top tank
enters to heat the crude oil; and this then finally returns to the solar collector for the next
cycle. The sewage-assisted heating cycle includes sewage pumps, sewage source heat
pumps, and sewage treatment devices. When the heat generated using solar energy cannot
meet the heating demand of the crude oil, the sewage source heat pump is turned on to
utilize the waste heat of the medium- and low-temperature sewage to heat the crude oil
in the floating top tank. This strategy maximizes the ability to ensure that the crude oil
temperature is always above its freezing point temperature.

2.2. Mathematical Model
2.2.1. Design Parameter Calculation Model

To analyze the system operation characteristics of an SSHS, the following assumptions
are proposed [38]: (1) Air is an ideal gas with a constant specific heat. (2) The change in
kinetic and potential energy between different components is negligible. (3) Both the heat
storage fluid and the heat transfer fluid are incompressible and isotropic. Therefore, based
on the above modeling assumptions, the mathematical equation [39,40] of an SSHS for the
static storage heating demand of crude oil can be expressed as follows:

(KwullAwull + KtopAtop + KbottomAbottom)AT
1000

Qoil = 1
where Qyii, Kuyait, Ktop, Kvottoms Awalls Atops Avottom, and AT are the crude oil static storage’s
thermal load (kW), thermal transfer coefficient of the wall, the top and bottom of the
floating roof tank (W/(m-°C)), the area of the wall, the top and bottom of the floating
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roof tank (m?), and the difference between the temperature of the environment and the
maintenance temperature of the crude oil for static storage (°C), respectively.
The thermal transfer coefficient is calculated as follows:

1

Kop =17 5o @
Xoil A htop

Kt = Y ©)
wall = 2,15 . 1
m + Ai + hwall

K P— @
bottom — 1 5 D
mar T2 T AL

where a1, Ai, 6;, Bair, Bop, D, and A are the heat transfer coefficient from the crude oil to
the storage tanks (W/ (m?-°Q)), the thermal conductivity of I (W/ (m?-°Q)), the thickness
of i (m), the convective heat transfer coefficients (W /(m?2-°C)) for tank walls and tops,
the characteristic dimensions of the tank (m), and the thermal conductivity of the soil
(W/(m?2-°Q)), respectively.

The convective heat transfer coefficients for the tank walls and tops is calculated

as follows: A
hiop = =51 (0.664Re!/2Pr!/?) 5)
A
hwall =C ba[o)wen Re" (6)

where Age1, Re, Pr, C, and Apyo0n are the thermal conductivity of steel (W/ (m?2-°Q)), the
thickness of i (m), the Reynolds number, the Prandtl number, and the thermal conductivity
of the insulation layer (W/ (m?-°Q)), respectively.

The calculated convective heat transfer coefficients for crude oil storage tanks are
1.50 W/m?-°C (lyop) and 4.57 W/m?-°C (Hyyap)-

To ensure the safety of the operation of the large floating roof tanks, the maintenance
temperature of crude oil in static storage should be higher than the freezing point temper-
ature of 5-10 °C. After experimental testing, the freezing point temperature of crude oil
in the Dagqing area was found to be 30.2 °C. The dimensions and parameters, as shown in
Table 1, were calculated from measurements and combined with references.

Table 1. The dimensions and physical parameters of large floating roof tanks.

Material Value
Diameter of floating roof tank (m) 80
Height of floating roof tank (m) 21
Thermal conductivity of wall of floating roof tank (W/(m-°C)) 0.475
Thermal conductivity of top of floating roof tank (W /(m-°C)) 1.726
Thermal conductivity of bottom of floating roof tank (W/(m-°C)) 0.11

The solar collector was a vacuum tube collector, and the main design parameter was
the heat collection area, which was calculated as follows:

_ 86,400Qy f
Asolar = ]T77(1 — 77L) @)

where Ay, I, f, 1, and 71 are the collecting area of the vacuum tube collector (m?), the
annual average daily solar radiation on the receiving surface of the collector (kJ/m?), the
solar guarantee rate, the average collector efficiency, and the solar system average daily loss
rate, respectively. The solar guarantee rate is the ratio of the effective heat gain from solar
radiation to the required heating demand of a solar collector system during the system
design phase.
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The sensible heat storage tank is a key component of the SSHS that regulates the
cyclical fluctuations of solar energy. The component relies primarily on temperature
changes in the material to store and release heat. The volume of the thermal storage tank
can be calculated using the following formula:

CwaterMuwater Dtwater
pr— 8
Qu 1000 8)
thil
\VA = = 9
water Qwater QH ®)

where Viater, twater, QH, Owater, Muwater, and Cyyter are the volume of the sensible heat storage
tank (m3), the temperature rise of the sensible heat storage tank (°C), the heat storage of the
sensible heat storage tank (kJ), the density of the heat storage material (kg/m?), the mass
of the heat storage material (kg), and the heat capacity of the heat storage material (J/kg),
respectively. In this paper, the calculated volume size was about 300 m?, radius was 4.37 m,
and the height was 5 m for the cylindrical tanks with the same material and insulation
as the crude oil storage tanks. The principle of regulating the temperature fluctuation of
the sensible heat storage tank is mainly through the temperature change in the sensible
heat material (e.g., water) inside the tank to realize the regulating effect on the crude oil
heating temperature. When the intensity of the solar radiation was large, the excess heat of
the collector was stored in the sensible heat storage tank in the form of a temperature rise;
when the intensity of the solar radiation was small, the collector heating temperature could
not meet the demand, and the sensible heat storage tank, in the form of a temperature drop,
saw a release of heat to regulate the fluctuation in temperature.

The formula for calculating the heat loss from the pipe and sensible heat storage tanks
is as follows:

Qstorage,loss = KstorageAstorageAtwater (10)
Qpipe,oss = Kpipe Apipe SLHTF (11)

where Qstomge,lossz Qpipe,loss Kstomge/ Kpipe/ Astomge/ Astomge/ Atyater, and Atyrr, are the heat loss
from the pipe and the sensible heat storage tanks (kW), the thermal transfer coefficient
of the storage tank and pipe (W/ (m?-°C)), the area of the wall, the top and bottom of the
floating roof tank (m?), and the difference between the temperature of the environment and
the temperature of the heat transfer fluid (°C), respectively.

The parameters of the crude oil, heat transfer fluid, and water used in this study are
shown in Table 2.

Table 2. The parameters of the crude oil, heat transfer fluid, and water.

Material Crude Oil Heat Transfer Fluid Water
Thermal conductivity (W/(m-°C)) 0.1516 2.26 0.59
Specific thermal capacity (kJ/(kg-°C)) 2 3.358 4.2
Density (kg/m?) 798 1064 1000

2.2.2. Heat Balance Model

The crude oil storage tanks are the ultimate component of the system. Their heat
balance equation is the key to our comprehension of the thermal characteristics of the
system. The heat balance equation for the tank boundary is as follows:

(9 (otxy)\ 9 (9Hxy) oti—tvy) _ - 9Hxy)
/\UZZ <ax( ax ) + ay< ay +K1 axay - pOllCUZl aT (12)

where A1, poi1, Coit, K;, and t; are the thermal conductivity (W/(m-°C)), the density (kg/m?)
and specific thermal capacity (kJ/(kg-°C)) of the crude oil, the heat transfer coefficient
(W/(m?-°C)) of i, and the temperature of the substance with which the crude oil heat is
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transferred (e.g., environmental temperature, the temperature of the heat transfer fluid,
etc.) (°C), respectively.
The boundary conditions are expressed as follows:

il (trop — toit) = Kirop(to — toir) (13)
®oit (twatr — toit) = Kuatr (to — toir) (14)
‘Xoil(tbottom - toil) = Kbottom(tsoil - toil) (15)
woit (Fp — toir) = Kp(tHTF — i) (16)

where t;,, tyrr, and K, are the temperature of (°C) the heat transfer coil, the temperature of
the heat transfer fluids, and the heat transfer coefficient (W /(m?-°C)) of the heat transfer
coil, respectively.

The initial conditions are expressed as follows:

T=0txy) =t (17)
where t is the temperature (°C) of the environment.

2.3. System Simulation Model Construction
2.3.1. Transient Simulation Model

The SSHS is a heating method that utilizes vacuum tube collectors in conjunction with
a sewage source heat pump to heat the HTF (heat transfer fluid) and transfer the heat to the
crude oil storage tank. The system consists of a solar collector, a sewage source heat pump,
a sensible heat storage tank, a heat pipe network, and a crude oil storage tank. The system
simulation built using TRNSYS can further clarify the parameter relationships between the
different internal devices. The SSHS simulation model designed in this study is shown in
Figure 2.

e o v
6} v \ O \
© o/ ypellh-Z ; Typellh g
Solar collectors ypellh-3 Pipe Typellf: | . Crude oil storage tanks
Sensible heat storage tank

4. )

2 . |
[ypellf-: Pipe-2 Circulating pump I e

Typellf
et (<)
sewage source heat pump Circulating pump-2

Sewage sewage pump plate heat exchaug-er

Circulating pump-3

Figure 2. Transient simulation model of SSHS.

The SSHS simulation model was built based on TRNSYS 18.0 software. The main
components of the SSHS simulation model are as follows: the meteorological parameter
module (type 15-2), the vacuum tube collector (type 71), the auxiliary heating equipment
(type 659), the crude oil storage tank (type 156), the storage tank (type 158), the circulation
water pump (type 114), the plate heat exchanger (type 5), the controller (type 165), the
diverter (type 11f), the mixer (type 11h), the sewage source heat pump (type 2256), the
graphic output component (type 65c¢), and the data output component (type 28).



Energies 2023, 16, 8124

8 of 20

Among them, the solar collector (type 71), sewage source heat pump (type 2256),
and circulation water pump (type 114) were found to be the main components of the
system. The model and manufacturer of the RTC solar collector was Bailisheng New
Energy Technology Co., Shaoxing, Zhejiang, China; the YEWS D-HP water source heat
pump was manufactured by YORK Co., PA, USA ; and the water pumps were customized
by Changsheng Technology Co., Daqging, China; these are the main parameters that are
shown in Tables 3-5.

Table 3. RTC solar collector.

Parameters Value
Combined efficiency (%) 45
Extreme Output Temperature (°C) 180

Length (mm) 3890

Width (mm) 2950

Height (mm) 1495
Mounting angle (°) 55

Table 4. YEWS D-HP water source heat pump.

Parameters Value
Rated heat capacity (kW) 612
Input power (kW) 173
Evaporator water flow (L/s) 15.7
Evaporator water pressure drop (kPa) 16
Evaporator water flow (L/s) 29.5
Evaporator water pressure drop (kPa) 37

Table 5. Customized water pumps.

Parameters Collector Heat Condenser Side Evaporator Side
Circulation Pumps Water Pump Water Pump
Water flow (m3/h) 306 106.2 56.52
Water pump lift (m) 30 20 20
Combined efficiency 0.75 0.75 0.75
Input power (kW) 35.54 8.21 411

2.3.2. Validation

Based on the experimental method, the accuracy of the TRNSYS simulation system
was verified by heating the crude oil storage tank with a heat storage tank. Figure 3 shows
the experimental setup and procedure, and Figure 4 shows the structure and thermocouple
(Agilent 34450A, range —80—150 °C, and accuracy 0.002 °C) distribution (ABC(1,2,3),
GH]J(1,2,3)) of the crude oil storage tank and heat storage tank. The main equipment used
in this verification experiment (the experimental equipment in this study was customized
by Changsheng Technology Co., Daqing, China) included a crude oil storage tank, heat
storage tank, liquid storage tank, circulating water pump, and electric heating equipment,
the dimensions of which are shown in Figure 4. The initial temperature of all three tanks
was 10 °C, the power of the electric heating equipment was 6 kW, and the pump flow rate
was 1.3 m3/h. The verification experiment process was as follows: First, open the crude oil
storage tank bypass valve, the electric heating equipment, and the circulating water pump.
Then, heat the heat storage tank to 57 °C and the make-up tank to 70 °C via the electric
heating equipment. Subsequently, close the crude oil storage tank bypass valve and electric
heating equipment, then use the heat storage tank and make-up tank to heat the crude oil
storage tank. Lastly, record its internal temperature change using thermocouples.
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Figure 3. Experimental setup and procedure.
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Figure 4. The structure and thermocouple distribution of the crude oil storage tank and heat
storage tank.

Figure 5 illustrates the trend of the average temperature variation in the crude oil
storage tank and heat storage tank. The results showed that the average error in the
average temperature of the heat storage tank was 5.6%, and the average error in the average
temperature of the floating top tank was 7.39%, which is within the error range [41]. The
reason for the error was mainly caused by the accuracy gap between the experimental
equipment and the simulation software, as well as the impurities produced by the heat
transfer fluid during operation of the equipment. Therefore, the accuracy of the TRNSYS
system simulation platform established in this study was acceptable.
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Figure 5. Average temperature variation in the crude oil storage tank and heat storage tank.
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2.4. Performance Parameter Definitions
2.4.1. Proportion of the Crude Oil Heated Using Solar Energy

The proportion of the crude oil heated using solar energy is an important indicator for
evaluating the thermal performance of a solar collector and is given by the following:

Buotar = Z2 ¢ 100% (18)

Qoil,r

where ¢so1ar, Qsolars, and Q,;p » are the proportion of crude oil heated by solar energy, the
solar heat for crude oil (kJ), and the total heat of the crude oil being heated (kJ), respectively.

2.4.2. Heat Collection Efficiency of the Solar Collectors

The heat collection efficiency of the solar collectors is the ratio of the effective heat
collection using the solar collectors to the total solar radiation projected onto the solar
collectors, and this can be calculated by the following equation:

Qu
= =t 19
Msolar I, A, ( )

where #4o1ar, Qu, and I, are the heat collection efficiency of the solar collectors, the effective
heat collection using the solar collectors (M]), and the total solar radiation on the inclined
planet (MJ/m?), respectively.

2.4.3. COP for Sewage Source Heat Pumps

The COP is the most important indicator for the evaluation of sewage source heat
pumps, and its calculation formula is given as follows:

Qs

sp

COP = (20)

where COP, Qsp, and Wj, are the sewage source heat pump coefficient of performance,
the heat production (kJ), and the input energy (kJ) of the sewage source heat pumps,
respectively.

2.5. Meteorological Parameters

The meteorological parameter reading module of the system simulation in this paper
used a typel5-2 component to read the meteorological data of a typical meteorological
year in *.tm2 (the specific file format for weather parameter imports in TRNSYSY), which
includes two main parameters: ambient temperature and solar radiation. Figure 6 shows
the typical annual meteorological parameters for Daqing, Heilongjiang Province, China
(data obtained from the Meteonorm database). From the figures, it can be concluded that
the lowest temperature of the year occurs in January with a low of —26.4 °C, whereas
the highest temperature occurs in July with a high of 29.4 °C. Solar radiation shows a
cyclic variation throughout the year, reaching its maximum in July; the total monthly solar
radiation was 300 kWh/m? for seven months of the year, with a total annual radiation of
3408 kWh/m?.
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Figure 6. Meteorological parameters.

3. Results and Discussion

Based on the established simulation model of the SSHS system, the effects of different
solar energy guarantee rates, pumping unit flow rates, and effluent supply temperatures
on the operational characteristics of the SSHS system were analyzed. The simulation area
was set in Daqing, China, and the time period was 1 year with a time step of 1 min.

3.1. Effect of Solar Guarantee Rate

The effect of the solar guarantee rate (f) on the thermodynamic properties of solar
collectors, crude oil storage tanks, and the performance of sewage source heat pump in
the SSHS was evaluated by testing different solar guarantee rates for the SSHS. Different
solar guarantee values—namely, 10%, 20%, 30%, 40%, and 50%—were considered, and the
results obtained are as follows:

Table 6 presents the calculated collector areas for the different solar guarantee rates
based on Equations (1) and (2):

Table 6. The collector area at different solar guarantee rates.

f Qoil Asolar
kW /m?
10% 571.24 1226.32
20% 571.24 2452.64
30% 571.24 3678.95
40% 571.24 4905.27
50% 571.24 6131.59

To analyze the effect of the solar guarantee rate variation on the thermal collection
efficiency of the solar collectors inside the SSHS, five different solar guarantee rates (10%,
20%, 30%, 40%, and 50%) were considered. The obtained solar collector efficiency, propor-
tion of crude oil heated, average annual collector efficiency, and the average proportion of
crude oil heated are shown in Figure 7. As expected, in Figure 7a—e, the solar collector’s
efficiency fluctuated less after the solar collector operation was stabilized. The proportion
of the solar heat supply to crude oil rose gradually with the operation of the system. The
main reason for this phenomenon is that, in the early stage of system operation, the heat
collection capacity of the solar collector is small, and the collector outlet temperature is
low, which cannot meet the demand of the static storage of crude oil. In addition, the
proportion of heat supply to crude oil from the sewage source heat pump accounts for a
larger proportion. With the operation of the system, the cumulative solar heat collection
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gradually increased, and the proportion of solar energy to crude oil heating also increased.
It can also be found that, as the solar energy guarantee rate decreases, the phenomenon
of decreasing the proportion of solar energy to crude oil heat supply occurs in the second
half of the system operating time. Meanwhile, as shown in Figure 7f, the annual average
collector efficiency gradually decreased, and the annual average proportion of the solar heat
supply to crude oil also gradually increased, but the magnitude of the increase gradually
decreased. This is because, with the increase in solar guarantee rate, the solar collector
area increases; as such, the amount of heat collected gradually increases and can meet the
demand of crude oil static storage. At the same time, the increase in collector area leads to
an increase in collector heat loss, which reduces the collector’s efficiency.
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Figure 7. Thermal characteristics of solar collectors with different solar guarantee rates.

In order to quantitatively analyze the effect of solar guarantee rates on the crude oil
storage tanks, the heating demands of the crude oil storage tanks and the average annual
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temperature of the crude oil for all the considered scenarios were plotted, as shown in
Figure 8a,b. As shown in Figure 8a, with the operation of the system, the heating demand
of the crude oil storage tanks shows a trend of decreasing and then increasing, and the
heating demand reached its maximum in December at 555,441.75 kWh, 514,226.38 kWh,
500,524.64 kWh, 499,047.9 kWh, and 506,489.14 kWh, respectively. Moreover, it reached its
minimum in July at 263,940.78 kWh, 499,047.9 kWh, and 506,489.14 kWh, respectively, at
263,940.78 kWh, 230,099.16 kWh, 193,747.9 kWh, 172,799.63 kWh, and 160,613.90156 kWh
(i.e., when the solar energy guarantee was 10%, 20%, 30%, 40%, and 50%), respectively.
The main reason for this is that, when the system is working in the summer, the external
ambient temperature is high and there is less heat exchange between the crude oil and
the environment. However, when working in winter, the external ambient temperature is
below zero; as such, the heat exchange between the crude oil and the environment is larger,
leading to the phenomenon that the heating demand of the crude oil storage tank is large
in winter and small in summer. Combined with Figure 8b, it was found that the average
annual temperature of the crude oil increased with an increase in solar guarantee rates,
leading to an increase in overall heating demand of the crude oil storage tanks.
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E Average annual crude oil temperature 48.89

45.69
45

42.49

40.07 H
404 3951 ﬂ
35 -

Average annual crude oil temperature (°C)

]aln Feb Mar Alpr Mlay ]uln ]Llll A:Jg Selp Oct Nov Dec 10 50
Month Solar Guarantee Rate (%)
(a) Heating demand of crude oil storage tank (b) Average crude oil temperature

Figure 8. Thermal characteristics of the crude oil storage tank with different solar guarantee rates.

Figure 9a,b plots the hourly COP and average COP of the sewage source heat pump
with different solar guarantee rates. As shown in Figure 9, the COP of the sewage source
heat gradually decreased as the system operated, and the average COP of the sewage
source heat also decreased gradually with the increase in solar guarantee rate. The main
reason for this phenomenon was that, with the operation of the system, the cumulative
heat collection of the solar collector increased, the temperature of the heat transfer fluid
flowing through the condenser end of the sewage source heat pump in the circulation loop
gradually increased, and the COP of the sewage source heat pump also decreased. When
the solar collector collects heat to meet the crude oil heating demand, the sewage source
heat pump is deactivated, at which time, the COP remains unchanged. When the sewage
source heat pump is reactivated to meet the crude oil heating requirement (solar energy
guarantee rate of 10%, the system operating time > 7000 h), the COP is reduced with the
increase in the system temperature of the heat transfer fluid. By the same token, as the
solar guarantee rate increased, the temperature of the system loop increased and the COP
of the sewage source heat pump decreased. According to Figure 9b, the decrease value in
the average COP of the sewage source heat showed a trend of decreasing, then increasing,
and then decreasing as the solar guarantee rate changed from 10% to 20%, 20% to 30, 30%
to 40%, and 40% to 50%, respectively. In addition, the average COP of the sewage source
heat decreased by 0.64%, 0.43%, 1.53%, and 1.33%, respectively.
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Figure 9. The thermal characteristics of the sewage source heat pump with different solar guaran-
tee rates.

In summary, the solar guarantee rate should not be too high in order to meet the
demand for the heat stored in the crude oil when attempting to maximize solar collector
efficiency; furthermore, a solar guarantee rate of 30% is the most appropriate.

3.2. Flow Rate of Pumping Units

As shown in Table 7, the flow rates of five different pump units (heat collecting water
pump, sewage pump, and condenser-side water pump form a pump combination, and all
three are increased at the same time, with the ratio of their increase being 50:20:25) were
selected to study the operating characteristics of the main components of the SSHS when
operated at different pump flow rates.

Table 7. Different pump flow rates.

Heat Collecting Sewage Pumo/ Condenser Side
Group Water Pump/ 83 /h P Water Pump/
m®/h o m3/h
Al 80 10 25
A2 130 30 50
A3 180 50 100
A4 230 70 125
A5 280 90 150

Figure 10 details the solar collector efficiency, the proportion of crude oil heated,
and the COP of the sewage source heat pump at different pump flow rates with a solar
guarantee rate of 30%. As shown in Figure 10a, the solar collector efficiency and the
proportion of crude oil heated showed a slight decreasing trend with an increase in the
flow rate of pumping units. This is mainly due to the fact that an increase in the flow rate
of the collector pump can take away the heat from the collector faster, while an increase
in the flow rate of the sewage pump and the condenser-side pump can improve the heat
transfer efficiency of the sewage source heat pump. However, when the flow rate of the
collector pump is too high, solar radiation cannot be effectively converted into heat, while
the flow rate of the sewage pump and condenser-side pump is too high, which also leads
to insufficient heat exchange at the hot and cold ends of the sewage source heat pump,
which in turn leads to a slight decrease in the amount of heat supplied by the crude oil. The
analysis of Figure 10b shows that the COP of the sewage source heat pump demonstrated
an increasing trend with the increase in the flow rate of pumping units. For the flow rate of
pumping units from Al to A3, the COP increase was larger, and, from A3 to A5, the COP
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Proportion of crude oil heated by solar energy

increase was smaller. For example, when the pumping unit flow rate increased from Al
to A2 and A3, the COP increased by 9.29% and 8.24%, respectively. When the pumping
unit flow rate increased from A3 to A4 and A5, the COP increased by 1.11% and 1.09%,
respectively. Therefore, considering the economic and equipment constraints, the pumping
unit flow rate of A3 was more appropriate.
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Figure 10. The solar collector efficiency, the proportion of crude oil heated and the COP of the sewage
source heat pump at different pumping unit flow rates.

3.3. Sewage Supply Temperature

Five different sets of effluent supply temperatures (20 °C, 25 °C, 30 °C, 35 °C, and
40 °C) were selected for simulation to investigate the effect of effluent supply temperature
on the operating characteristics of an SSHS under a solar energy guarantee of 30% and a
pumping unit flow rate of A3.

The average crude oil temperature, the heating demand of crude oil storage tanks,
and the COP of sewage source heat pumps at different sewage supply temperatures are
shown in Figure 11. The results show that the average crude oil temperature, the heating
demand of crude oil storage tanks, and the COP of sewage source heat pumps gradually
increase with an increase in the sewage supply temperature. The main reason for this
phenomenon is that when the sewage supply temperature increases, the power required
for heating by the sewage source heat pump decreases, and the COP of the sewage source
heat pump increases. As such, the temperature of the crude oil supplied by the sewage
source heat pump also increases, which leads to an increase in the average temperature
of the crude oil and an increase in the heating demand of the crude oil tanks. However,
the effect of the sewage supply temperature on the increase in the heating demand of the
crude oil tanks was found to be relatively slight; for example, if the temperature of the
sewage supply temperature changed from 20 to 40 °C (an increase of 100%), the crude oil
storage tank heating demand increase was only 1.43% and the sewage source heat pump
COP increased by 9.03%. Therefore, the sewage supply temperature should be increased as
much as possible when the conditions allow, which is favorable in terms of improving the
COP of the sewage source heat pump.
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Figure 11. The average crude oil temperature, the heating demand of the crude oil storage tank, and
the COP of the sewage source heat pump at different sewage supply temperatures.

4. Conclusions

Dual heat source supply solar sewage source heat pump (SSHS) technology for the

static storage of crude oil was proposed to reduce the consumption of primary energy in
the heating process of crude oil and to realize green and sustainable development in the
field of crude oil temperature maintenance. An SSHS simulation model was developed
and experimentally validated. In addition, the operational characteristics of different
schemes were compared and analyzed. The relevant research contents and conclusions are
as follows:

1.

Solar guarantee rate is more important to SSHS; with the increase in solar guarantee
rate, the annual average solar collector efficiency gradually decreases, and the annual
average proportion of crude oil heated using solar gradually increases. In order to
protect the unnecessary waste of heat, the solar guarantee rate should not be too high;
in order to meet the demand for heat stored in the crude oil and at the same time
maximize the protection of solar collector efficiency, a solar guarantee rate of 30% is
most appropriate.

The pump unit flow rate has a relatively slight effect on the performance of the solar
collector and a large effect on the performance of the sewage source heat pump. With
the increase in pump set flow rate, the solar collector’s collector efficiency and the
proportion of crude oil heated slightly decreased, the COP of the sewage source heat
pump showed an increasing trend. For the pump unit flow rate from Al to A3, the
COP increased by a large amount, and from A3 to A5, the COP increased by a small
amount. Therefore, considering the economic and equipment limitations, it is more
appropriate to use the pumping unit flow rate of A3. At this time, the solar energy
guarantee rate is 30%, the pump flow rate is A3, the solar collector efficiency is 50.18%,
the proportion of crude oil heated by solar is 47.16%, the average temperature of crude
oil is 42.59 °C, and the COP of the wastewater source heat pump is 4.65.

The sewage supply temperature has a positive effect on the average crude oil tem-
perature, the crude oil storage tank heating demand, and the COP of the sewage
source heat pump. And since the effect of effluent supply temperature on the COP
of the sewage source heat pump is much larger than that on the average crude oil
temperature and the heating demand of the crude oil storage tank, the performance of
the sewage source heat pump can be increased by increasing the sewage supply tem-
perature.
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In future work, considering the problems of sensible heat storage such as large vol-
ume, the density of heat storage can be enhanced by synergizing the phase change latent
heat to further reduce system costs and carbon dioxide emissions and achieve green and
sustainable development. Meanwhile, economic studies are needed to assess the feasibility
of these practical applications.
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Abbreviations

Abbreviations and

Mathematical Symbols Defined and Described
SSHS Maintenance system of crude oil temperature using dual heat
sources with solar synergistic sewage heat pumps
SIPH Solar industrial process heat
Q Thermal load (kW)
K Thermal conductivity (W/(m-°C))
A Area (m?)
T Temperature (°C)
] Annual average daily solar radiation (k]J/ m?)
f Solar guarantee rate
7 Efficiency
7L Solar system average daily loss rate
14 Volume (m?)
A Difference in value
o Density (kg/m?)
m Mass (kg)
C Heat capacity (J/kg)
¢ Proportion
cor Coefficient of performance
124 Input energy (kJ)
t Temperature (°C)
Re The Reynolds number
Pr The Prandtl number
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