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Operation of Off-grid Power Supply System Using
IoT Monitoring Platform for Oil and Gas Pipeline

Based on RESOC
Chenxing Xu, Jian Wu, Hailin Feng, Andreas Ibrom, Qing Zeng, Jianfeng Zhang, Na Li, and Qiang Hu

Abstract—An oil and gas pipeline monitoring platform uses
internet of things (IoT) to ensure safe operation in remote and
unattended areas, through automatic monitoring and systematic
control on equipment such as the cut-off valves and cathodic
protection systems. The continuity and stability of power sup-
plies for various equipment of an oil and gas pipeline IoT
monitoring platform is crucial. There is no single universal
off-grid power supply method that is optimal for an oil and
gas pipeline IoT monitoring platform in all different contexts.
Therefore, it is necessary to select a suitable one according to the
specific geographical location and meteorological conditions. This
paper proposes an off-grid power supply system comprised of a
reversible solid oxide fuel cell (RESOC), photovoltaic (PV) and
battery. Minimum operating costs and the reliability of system
operations under constraint conditions are the key determining
objectives. A “PV + battery + RESOC” system operational
optimization model is established. Based on the model, three
types of off-grid power supply schemes are proposed, and three
geographical locations with different meteorological conditions
are selected as practical application scenarios. The Matlab Cplex
solver is used to solve the different power supply modes of
the three regions. And finally, the power supply scheme with
the best reliability and economy under different geographical
environments and meteorological conditions is obtained.

Index Terms—IoT, oil and gas pipeline, off-grid power supply
system, operational optimization, reversible solid oxide fuel cell.

I. INTRODUCTION

CHINA’S energy structure is in a stage of deep adjustment.
Oil and gas consumption continues to grow. In 2018,

the total annual consumption of oil was 4.64 billion tons,
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an increase of 3.3% over the previous year [1]. The annual
consumption of natural gas was 276.6 billion cubic meters, an
increase of 16.6% over the previous year [2]. The growth of
oil and gas consumption has led to the continued expansion of
pipelines. These pipelines include refined oil, crude oil, and
natural gas pipelines. The total length of pipelines increased
from 93,000 km in 2011 to 133,100 km in 2017 [3]. By
2020, the mileage of three pipelines is expected to reach
32,000 km, 33,000 km, and 104,000 km, respectively. By
2025, the national oil and gas pipeline network is expected
to reach 240,000 km [4].

Oil and gas pipelines are mostly distributed in the wild or
sea. While oil and natural gases are flammable, explosive, and
volatile [5], oil and gas leakages not only cause energy waste,
but also explosions, fires, and other accidents. As the size of
oil and gas pipelines grows, the safety of pipeline transporta-
tion becomes more important. The internet of things (IoT)
monitoring platform was created to ensure the safe operation
of oil and gas pipelines. The platform utilizes advanced IoT
technology and other technologies combined with the original
SCADA (supervisory control and data acquisition) system to
realize real-time monitoring and regulation management of
shut-off valves and cathodic protection devices for oil and gas
pipelines. The IoT monitoring platform includes an important
load device, which requires a continuous and reliable power
supply system [6].

The oil and gas pipeline power supply scheme [7] is
primarily divided into three types: grid power supply (with
a reliable external grid power supply), grid power supply +
battery power supply (unreliable external grid power supply),
PV or generator plus battery power supply (no external grid
power supply area). Traditional oil and gas pipeline power
supply system [8], [9] primarily include grid power supply,
photovoltaic (PV) power generation [5], [10], wind and solar
hybrid power generation [11]–[15]. Due to climate and other
uncontrollable factors, photovoltaic and wind-power genera-
tion have each proven to be too volatile and intermittent.
Persistent rainy weather creates a substantial risk of power
failure. The capacity of the backup battery is limited by space
requirements and is also affected by the ambient temperature.
A backup battery alone cannot meet the requirements of a
continuous and reliable power supply in oil and gas pipelines.

Research on the power supply of oil and gas pipelines has
been carried out at home and abroad. Domestic, Sinopec’s Zhu
Yifei and others analyzed the application of a photovoltaic
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power generation system in the Shengli Oilfield [5]; Southern
Petroleum’s Xue Guangmin and others used Fushan Oilfield
as an example to introduce the application of a photovoltaic
power generation system in remote well sites [16]; Oil Group’s
Yu Yurui studied the wind-solar hybrid power generation sys-
tem used in long-distance pipelines and believe that the system
can improve the reliability of the power supply and reduce the
operating costs of the system [17]. Abroad, Greenblartt Re-
search believes that renewable energy generators can replace
fuel generators. Natural gas pipeline power supply can improve
economic and environmental benefits [18]. Johnson et al.
used photovoltaic power generation combined with batteries to
power oil and gas pipeline monitoring platforms [19]. Pharris
and Kolpa studied photovoltaic power generation systems that
supply power to pipeline cathodic protection stations [20].

Proton exchange membrane fuel cells (PEMFC) have been
currently used more frequently in such hybrid off-grid power
systems due to the advantages of high-power generation ef-
ficiency, high-energy density, strong endurance, no pollution,
no noise, and convenient installation and use. Compared with
PEMFC, reversible solid oxide fuel cells (RESOC) are another
type of fuel cell, and could be more advantageous when used
for off-grid power supply in remote areas. Several comparisons
are made below:

1) PEMFC is a low-temperature fuel cell (operating temper-
ature is between 60–80◦C) [21], which is prone to problems
in certain environments like alpine-cold regions. RESOC is
a high-temperature fuel cell (operating temperature is around
600–1000◦C) [22]. In alpine-cold regions where many oil and
gas pipelines were distributed, RESOC can sustain ambient
temperatures and ensure more stable operations of the equip-
ment.

2) RESOC can be used in both solid oxide fuel cell (SOFC)
mode and solid oxide electrolyzer cell (SOEC) mode, thus it
has a potential to reduce system complexity and cost.

3) RESOC has a certain carbon tolerance, whereas PEMFC
requires extremely high purification of the fuel. Therefore,
RESOC has better adaptability to fuel and a higher reliability.

At present, there are very few studies addressing the ap-
plication of RESOC in oil and gas pipeline power supply
systems. Therefore, this paper proposes an off-grid power
supply system based on RESOC for an oil and gas pipeline
IoT monitoring platform. The system includes PV, batteries,
RESOC, and hydrogen storage tanks. For the proposed system,
the power model of each component and the operating charac-
teristic model of RESOC are well established. The operational
characteristics model examines the relationship between tem-
perature, power generation, and heat generation. Finally, with
the objective function of the system being minimum operating
cost and the constraint being reliability of system operation,
the optimal operational model of the system is established.

Since an oil and gas pipeline IoT monitoring platform
needs to choose a suitable power supply scheme according
to their geographical location and meteorological conditions,
this paper is based on the China solar irradiance distribu-
tion map published by NREL and the distribution map of
China’s oil and gas pipelines, and selects three regions with
different irradiance levels and ambient temperatures. Three

types of power supply configuration methods are designed:
PV + Battery, PV + Battery + RESOC, and PV + RESOC.
The MatlabCplex solver is used to solve the optimization
model and the power supply scheme with the best reliability
and economy under different geographical environments and
meteorological conditions is obtained.

The rest of this paper is organized as follows: Section II
describes the mathematical model of photovoltaic, battery,
RESOC, hydrogen storage tanks, etc. Section III proposes
an optimization model for the off-grid power supply system.
Section IV designs three configuration methods of power
sources for the oil and gas pipeline IoT monitoring platform
and selects three typical regional data for case analysis, and
the conclusion is drawn in Section V.

II. OFF-GRID POWER SUPPLY SYSTEM MODEL

A. System Structure

A RESOC based off-grid power supply system for an oil
and gas pipeline IoT monitoring platform includes components
such as a PV, a battery, a SOFC and SOEC, and a hydrogen
storage tank; and its structure is shown in Fig. 1. According
to different geographical environments and climate conditions,
three schemes are designed. Scheme 1 is [PV + Battery];
scheme 2 is [PV + Battery + RESOC]; and scheme 3 is [PV
+ RESOC]. MatlabCplex is used to optimize the operations
of the three configuration schemes. Finally, the power supply
scheme with the best reliability and economy under different
geographical environments and meteorological conditions is
obtained.
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Fig. 1. Off-grid power generation system structure.

B. Photovoltaic Power Generation Model

Photovoltaic power generation is a power supply system
that uses photovoltaic semiconductor materials to convert solar
energy into direct current electrical energy. Its core device
is a solar photovoltaic panel. The output characteristics of
photovoltaic panels are nonlinear, depending on solar radi-
ation intensity, ambient temperature, and special operating
point [23], [24].

The ideal operating point of a photovoltaic module under
different environmental conditions is when the output power
is at the maximum power point, which can be achieved by
appropriately controlling the power electronic converter at the
output. For this study, the output power of a photovoltaic
module can be determined by the following equation [23]:

PPV = ηPV ·H ·A (1)
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where ηPV is the output efficiency of the photovoltaic system.
H (W/m2) is the solar radiation, and A (m2) is the total area
of the photovoltaic components. This article uses the actual
amount of solar radiation per hour to calculate the rate of
output power per hour.

C. Reversible Solid Oxide Fuel Cell

1) Solid Oxide Fuel Cell Model
SOFC can supply equipment with power for several days,

weeks or even months by converting chemical energy into
electrical energy. It is a high-operating-temperature (600–
1000◦C), high-energy-density, high-energy-converting (about
60%) [25], low-fuel (hydrocarbon fuel), environmentally-
friendly, and long-term backup power supply. Its working
principle is shown in Fig. 2.
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Fig. 2. Schematic diagram of the working principle of SOFC mode.

The total reaction equation for SOFC can be expressed as:
Oxygen electrode (cathode): 1/2O2 + 2e− → O2−

Hydrogen electrode (anode): H2 + O2− → H2O + 2e−

Total response: H2 + 1/2O2 → H2O
From the first law of thermodynamics and the second law:

∆G = ∆H − T∆S (2)

where ∆G is the Gibbs free energy change of the reaction
(∆G < 0 in SOFC, ∆G > 0 in SOEC). ∆H is the reaction
enthalpy. T is the Kelvin temperature of the reaction, and ∆S
is the entropy change for the reaction.

In the case where all electrons passing through the battery
participate in the reaction, ∆H can be expressed as the thermal
neutral voltage Etn during the reaction [26]:

Eth =
∆H

nF
(3)

where n is the number of moles of electrons participating in
the reaction. F is the Faraday constant.

In the actual operation of the SOFC, since the electro-
chemical reaction inside the battery is irreversible, there will
inevitably be some loss, resulting in loss of polarization
(also called voltage loss). Polarization loss is divided into
electrode reaction polarization loss Eact, and battery ohmic
resistance polarization loss Eohm, both of which are related
to temperature. Eact increases linearly with current density i,
and Eohm increases logarithmically. Therefore, the voltage of
the SOFC can be described as a function of temperature and
current density as:

ESOFC = f(i, T ) = Erev(T ) + Eact(i, T ) + Eohm(i, T ) (4)

where Erev is the reversible electromotive force of the battery
reaction.

The output power of the SOFC can be solved by the
following equation:

WSOFC = n · F · ESOFC (5)
PSOFC = ηSOFC · PH2 out (6)

where WSOFC is the work output for the SOFC battery. ηSOFC

is the SOFC discharge efficiency, and PH2 out is the hydrogen
power input to the fuel cell from the hydrogen tank.
2) Solid Oxide Electrolytic Cell Model

The SOEC is an energy conversion device that converts
electrical energy and thermal energy into chemical energy, and
has the advantages of high energy conversion efficiency (about
90%) [27], high current density, zero pollution, and no noise.
SOEC is composed of three parts: oxygen electrode (anode),
electrolyte, and hydrogen electrode (cathode). The working
principle diagram is shown in Fig. 3.
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Fig. 3. Schematic diagram of the working principle of SOEC mode.

The total reaction equation for SOEC can be expressed as:
Hydrogen electrode (cathode): H2O + 2e− → H2 + O2−

Oxygen electrode (anode): O2− → 1/2O2 + 2e−

Total response: H2O→ H2 + 1/2O2

The terminal voltage of SOEC can be expressed as [27]

ESOEC = f(i, T ) = Erev(T ) + Eact(i, T ) + Eohm(i, T ) (7)

The output power of SOEC can be solved by the following
equations:

WSOEC = n · F · ESOEC (8)

ηSOEC =
∆H

WSOEC
=

Eth

ESOEC
(9)

PH2 in = PSOEC · ηSOEC (10)

where WSOEC is the work done for the SOEC output. PH2 in

is the power of the hydrogen output from the electrolysis cell.
PSOEC is the output power of the electrolytic cell, and ηSOEC

is the conversion efficiency of the SOEC.

D. Hydrogen Storage Tank Model

The low density and low boiling point of hydrogen make it
difficult to store. Hydrogen is typically stored in a metal oxide
under high pressure. The capacity of the hydrogen storage tank
(W · h) can be expressed as [28]:

Etank(t) = Etank(t− 1) + PH2 in ·∆t−
PH2 out

ηtank
·∆t (11)
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where Etank(t) and Etank(t − 1) is the storage capacity of
the hydrogen storage tank at times t and t − 1. ∆t is the
time interval, and ηtank is the efficiency of the tank to store
hydrogen.

E. Battery Model

The function of the battery is to store the extra energy
of the solar module. When the solar power is insufficient,
the battery is discharged for use by the device. The storage
capacity of the battery usually needs to be set according to
the load demand during the solar non-available period. The
battery life require-ment is generally 3–5 days. The size of the
battery pack also needs to consider factors such as maximum
discharge depth, rated battery capacity, and battery life. The
total capacity (W · h) of the battery pack can be expressed as:

EBat = PLoad · TB · fV · fC · fL/σD/fM/ηL (12)

where PLoad is the load power. TB is the backup time. fV is
the temperature coefficient. fC is the capacity compensation
coefficient. fL is the life conversion factor. σD is the maximum
depth of discharge of the battery. fM is the plate activation
coefficient; and ηL is the conversion efficiency of the converter

The charge and discharge capacity of the battery per unit
time can be expressed as:

EBat in = PBat in · ηBi ·∆t (13)
EBat out = PBat out/ηBo ·∆t (14)

where EBat in is the battery charge (W · h). PBat in is the bat-
tery charge power (W). ηBi is the battery charging efficiency,
EBat out is the battery discharge capacity (W · h). PBat out

is the battery discharge power (W), and ηBo is the discharge
efficiency of the battery.

The minimum remaining capacity of the battery can be expr-
essed as:

ED = EBat · (1− σD) (15)

where σD is the maximum depth of discharge of the battery.
Battery operation can be adversely affected by extreme

ambient temperatures. The optimal operating temperature is
25◦C. If the battery operates at a temperature lower than
5◦C or higher than 40◦C for prolonged periods [29], battery
life will be compromised. Compared with an ideal operating
temperature of 25◦C, as the ambient temperature decreases,
battery capacity changes, though not linearly. The rate of
change in capacity is directly related to the quality of the
battery. Its relative capacity is affected by temperature [30] as
shown in Fig. 4. The relative discharge capacity of the battery
can be expressed as:

RT = R25 − σT(25− TR) (16)

where R25 is battery relative discharge capacity at standard
temperature 25◦C. σT is the temperature coefficient of capac-
ity, and TR is the ambient temperature.
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III. OFF-GRID POWER SUPPLY SYSTEM OPERATIONAL
OPTIMIZATION MODEL

A. Optimizing the Objective Function

The operational optimization goal of the system is to find
the minimum operating cost, while also meeting performance
indicators of the off-grid power supply system, which is:

minCOST (x) =

7∑
i=1

λi

(
T1∑
t=1

xi

)
(17)

where T1 is the operating cycle of the system (h).
The decision vector x is defined as follows for the present

problem:

x = [PPV,t, PBat in,t, PBat out,t, PSOFC,t,

PSOEC,t, Ploss,t, Plack,t] (18)

where PPV,t is the output power per unit time of photovoltaic
system. PBat in,t is the battery input power at time t. PBat out,t

is the battery unit time output power. PSOFC,t is the SOFC
unit time output power. PSOEC,t is the SOEC unit time output
power. Ploss,t is the systemabandoned light power per unit
time. Plack,t is the lack of electric power rate per unit time of
the system.
λ is a collection of system component unit operating costs,

which can be expressed as:

λ = [λpv, λBat in, λBat out, λSOFC, λSOEC, λloss, λlack] (19)

where λpv is the hourly unit operating cost of the photovoltaic
system. λBat in is the battery unit charging cost per hour.
λBat out is the battery unit discharge cost per hour. λSOFC

is the unit power generation cost per hour of SOFC. λSOEC

is the unit hydrogen production cost of the SOEC. λloss isthe
penalty cost per unit of abandoned light power. λlack is the
unit of power shortage penalty cost.

B. Optimization Constraints

The following constraints must be considered when running
an optimized design for an off-grid power system.
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1) System Power Balance Constraints

∆Pt = PLoad,t + Pgen,t − Pres,t + PLack,t − PLoss,t

Pres,t = PSOFC,t + PBat out,t

Pgen,t = PSOEC,t + PBat in,t

∆Pt = 0 (20)

2) Battery Charge and Discharge Power and Charge and
Discharge Capacity Constraints

0 ≤ PBat in,t ≤ PBat in max (21)
0 ≤ PBat out,t ≤ PBat out max (22)
0 ≤ EBat in,t ≤ EBat (23)

ED ≤ EBat out,t ≤ EBat (24)

3) SOFC Power Constraints

0 ≤ PSOFC,t ≤ PSOFC max (25)

4) SOEC Power Constraints

0 ≤ PSOEC,t ≤ PSOEC max (26)

5) Hydrogen Storage Tank Energy Constraints

Etank max · σtank ≤ Etank,t ≤ Etank max (27)

where PLoad,t is the load power (W). Pres,t is the total power
generation (W) of the system. Pgen,t is the total storage power
(W) of the system. PBat in max is the rated charging power of
the battery (W). PBat out max is the rated discharge power (W)
of the battery. PSOFC max is the maximum rated power (W)
of the SOFC. PSOEC max is the maximum rated power (W) of
the SOEC. σtank is the minimum residual energy coefficient of
the hydrogen storage tank. Etank max is the maximum storage
capacity (W · h) of the hydrogen storage tank.

IV. CASE ANALYSIS

A. Basic Data

The proposed optimization model is used to optimize the
operation of the power supply of the off-grid power supply
system. The alternative power supply types include photov-
oltaic modules, storage batteries, SOFC, SOEC, and hydrogen
storage tanks. The parameters are shown in Table I, where the
Parameter data is from literature [23], [26], [27], [31], [32].

The operating costs of various components of the system are
shown in Table II. The operating cycle of the project design
is 120 h, and the operating costs in the example are calculated
in RMB (Chinese yuan).

There is no one-size-fits-all mode for all oil and gas pipeline
IoT monitoring platformpower supply schemes. Based on the
geographical location and meteorological conditions of the oil
and gas pipeline IoT monitoring platform, a suitable power
supply scheme must be chosen [33]. The operational optimiza-
tion of off-grid power supply systems requires solar irradiance
and power load data for each geographic location of the oil and
gas pipeline IoT monitoring platform. Three distinct regions
(varied by irradiance and climate) were considered in this
paper: Sichuan (consecutive rainy days, weak irradiance, non-
cold), Ningxia (low levels of rain, strong irradiance, non-cold)

and Tibet (low levels of rain, strong irradiance, very cold).
The solar irradiance data and temperature variation curves of
the three regions are shown in Fig. 5 and Fig. 6. The oil
and gas pipeline IoT monitoring platform includes a video
monitoring system, an alarm system, communication equipm-

TABLE I
PARAMETERS OF THE SYSTEM

Parameter Symbol Value
PV efficiency ηPV 17%
Battery backup cycle TB 72 h
Batterytemperature coefficient fV 1.1
Battery capacity compensation coefficient fC 1.1
Battery life conversion factor fL 1.1
Battery dischargedepth σD 80%
Battery plate activation coefficient fM 1.1
Converter conversion efficiency ηL 91%
Battery charging efficiency ηBi 90%
Battery discharge efficiency ηBo 90%
Temperature coefficient of capacity σT 0.98%
SOFC efficiency ηSOFC 60%
SOEC efficiency ηSOEC 90%
Tank remaining capacity σtank 5%
Tank storage efficiency ηtank 95%

TABLE II
OFF-GRID POWER SYSTEM OPERATING COSTS

Component type Cope (RMB/(W·h))
PV 0
Battery Charging 0.0001
Battery discharge 0.00012
SOFC 0.0003
SOEC 0.0002
PV Curtailment 0.001
Load Shedding 0.01
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TABLE III
LOAD INTRODUCTION

Load name Load power/W Load level Power supply time/(h/d)
Video surveillance equipment 125 Important load 24
Intrusion alert device 55 Important load 24
Pipe abnormal alarm device 55 Important load 24
Instrumentation and control equipment 200 Important load 24
communication device 165 Important load 24

ent, and instrumentation and control equipment. Related load
introduction is shown in Table III [7], [34], [35]. It is stated in
Article 10.1.3 of the Code for Design of a Gas Transmission
Pipeline (GB50251-2015) that pipeline power load should be
no lower than a Level 2 priority power user. The primary
electric load level should be Level 1 priority. Since the primary
load of the oil and gas IoT monitoring platformpipeline
requires 24 h of uninterrupted power supply and a stable load
power demand, the load power is set to 600 W.

For each typical area, three configurations are designed:
1) PV and battery;
2) PV, battery, and RESOC;
3) PV and RESOC.

B. Analysis of Results

1) Analysis of Results in Rainy Weather Areas
This experiment chose Sichuan as a typical representative

of rainy weather. There were many continuous rainy days in
the area, so solar irradiance was weak. Solar irradiance in a
power-deficient area in Sichuan was selected for experimental
data. Four different power supply schemes were selected for
the area, and the optimized operation of each scheme was
studied. The results are shown in Fig. 7.

For Scheme1, PV (20 m2) + Battery (72 kW · h), when the
photovoltaic power generation is zero, the system is powered
by the battery. When the photovoltaic power generation is
greater than the load, the excess power charges the battery,

which stores the energy. According to meteorological data,
many areas had as much as 42 consecutive rainy days.
Continuous rainy days will result in low photovoltaic power
generation and a large amount of battery energy consumption.
Battery capacity is limited by physical space conditions. When
the battery reaches its maximum discharge depth, the system
will experience a power shortage, as shown in Fig. 7 (a). If
the oil and gas pipeline IoT monitoring platform powers off,
it will result in huge losses. To ensure the reliability of the
oil and gas pipeline IoT monitoring platform power supply,
photovoltaic panels can be added as in Scheme 2: PV (60 m2)
+ Battery (72 kW · h). However, such measures can lead to
serious abandoned light power, resulting in large amounts of
wasted light resource, as shown in Fig. 7 (b). Another measure
would be to increase the storage capacity of the battery, but
actual conditions present certain restrictions on battery space,
which makes this not feasible. To solve the problem of a power
shortage caused by continuous rain, this paper also analyzed
Scheme 3: PV (20 m2) + Battery (72 kW · h) + RESOC
(160 kW · h). When there is no solar irradiance, using the bat-
tery combined with SOFC to supply power to the system can
effectively prevent power shortages. When the photovoltaic
output is greater than the load, the battery is charged to store
excess energy, and excess photovoltaic power generation can
generate hydrogen storage through SOEC, as shown in Fig. 7
(c). This scheme effectively meets the reliability requirements
of the system’s power supply. Scheme 4 does not include a
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Fig. 7. Optimization results of four schemes in a region of Sichuan.
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battery: PV (20 m2) + RESOC (160 kW · h). When there is
no photovoltaic power generation, the SOFC supplies power
to the oil and gas pipeline IoT monitoring platform. When
the PV is larger than the load, the excess photovoltaic energy
is converted into hydrogen by SOEC for storage, as shown
in Fig. 7 (d). This scheme can meet the reliability of the
oil and gas pipeline IoT monitoring platform power supply,
but RESOC’s “electric-hydrogen-electric” integrated energy
conversion efficiency is low (about 50%), compared with the
battery. Also, the RESOC energy storage operational cost is
relatively expensive, making it less economic than Scheme 3.

According to the analysis of Table IV, although both satisfy
the reliability of the power supply, Scheme 3 is more econom-
ical than Scheme 4. Therefore, Scheme 3 (PV + Battery +
RESOC) is the preferred solution for many consecutive rainy
days.
2) Analysis of Results in Non-cold and Rain-free Areas

Ningxia, as a typical representative of non-cold areas with
less rainy weather, had relatively few continuous rainy days
and stronger solar irradiance. Solar irradiance in a power-
deficient area in Ningxia was selected for experimental data.
Three power supply schemes were selected for the region,
and the optimized operation of each scheme was studied. The
results are shown in Fig. 8.

For Scheme 1, PV (12 m2) + Battery (72 kW · h), when
there is no solar irradiance at night, the battery provides all

the required power for the load. When the photovoltaic output
is greater than the load during the day, the excess photovoltaic
energy is stored by the battery for storage as shown in Fig. 8
(a). Due to the abundant sunshine in the area, there will be
some abandoned light power in Scheme 1. In Scheme 2, PV
(12 m2) + Battery (72 kW · h) + RESOC (160 kW · h), when
there is no photovoltaic power generation at night, the battery
and the SOFC jointly supply power to the oil and gas pipeline
IoT monitoring platform. When the photovoltaic output is
larger than the load, the excess photovoltaic power generation
will be partially stored in the battery, and the remaining
SOEC is converted into hydrogen for storage, so there is no
unnecessary abandoned light power, as shown in Fig. 8 (b).
With Scheme 3, PV (12 m2) + RESOC (160 kW · h), when the
photovoltaic power generation does not meet the load demand,
the SOFC supplies power to the oil and gas pipeline IoT
monitoring platform; when the amount of photovoltaic power
generation is greater than the load, the excess photovoltaic
energy is converted to hydrogen by SOEC for storage, as
shown in Fig. 8 (c). It can be seen from Fig. 7 that in non-
cold areas with strong illumination, Schemes 1, 2, and 3 can
all meet the requirements of power supply reliability of the oil
and gas pipeline IoT monitoring platform.

The operating costs of power generation for fuel cells (and
their storage) are high. Given that all three schemes meet the
reliability requirements, it can be shown by combining the

TABLE IV
FOUR CONFIGURATION SCHEMES AND OPERATION OPTIMIZATION RESULTS IN A CERTAIN AREA OF SICHUAN

Schemes A (m2) EBat (W · h) Battery power PSOFC (W) PSOEC (W) Etank (W · h) Operating costs (RMB)
PBat in (W) PBat out (W)

Scheme 1 20 72000 1200 600 0 0 0 256.2099
Scheme 2 60 72000 1200 600 0 0 0 40.199
Scheme 3 20 72000 600 300 600 1200 160000 10.8669
Scheme 4 20 0 0 0 600 1200 160000 15.1496
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Fig. 8. Optimization results of three schemes in a region of Ningxia.
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TABLE V
THREE CONFIGURATION SCHEMES AND OPERATIONAL OPTIMIZATION RESULTS IN A CERTAIN AREA OF NINGXIA

Schemes A (m2) EBat (W · h) Battery power PSOFC (W) PSOEC (W) Etank (W · h) Operating costs (RMB)
PBat in (W) PBat out (W)

scheme 1 12 72000 1200 600 0 0 0 9.8622
scheme 2 12 72000 600 300 600 1200 160000 13.138
scheme 3 12 0 0 0 600 1200 160000 19.2763

TABLE VI
THREE CONFIGURATION SCHEMES AND OPERATION OPTIMIZATION RESULTS IN A CERTAIN AREA OF TIBET

Schemes A (m2) EBat (W · h) Battery power PSOFC/(W) PSOEC (W) Etank (W · h) Operating costs (RMB)
PBat in (W) PBat out (W)

Scheme 1 10 72000 1200 600 0 0 0 56.1499
Scheme 2 10 72000 600 300 600 1200 160000 11.921
Scheme 3 10 0 0 0 600 1200 160000 17.6974
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Fig. 9. Operation optimization results of three types of configuration schemes in a certain area of Tibet.

analysis of Table V that the economy of Scheme 1 is superior.
Therefore, Scheme 1 (PV + Battery) is a preferred option for
non-alpine-coldregionsand areas with less rain.
3) Analysis of Results in Alpine-cold Regions

As a typical representative of alpine-cold regions, Tibet has
less rainy days, lower ambient temperatures, and stronger solar
irradiance. Solar irradiance in a power-deficient area of Tibet
was selected for experimental study. Three types of power
supply schemes were selected, and the optimized operation of
each scheme was studied. The results are shown in Fig. 9.

For Scheme 1, PV (10 m2) + Battery (72 kW · h), due to
the low ambient temperatures in the area, the effective capacity
of the battery will be affected. With Scheme 1, the effective
capacity of the battery is smaller than the normal capacity.
When light is abundant, there is a waste of potential power
due to abandoned light power, and when there is prolonged
low light, there is a likelihood of power shortage due to a
lower battery capacity. Scheme 1 cannot meet the reliability
requirements of the power supply system (see Fig. 9(a)). In
Scheme 2 for the PV (10 m2) + Battery (72 kW · h) + RESOC
(160 kW · h), thermal energy is generated as the RESOC

works. Therefore, using a RESOC and battery combined
energy supply, SOFC and SOEC can stabilize the ambient
temperature and meet the optimal ambient temperature for
battery operation. The combination of the two can meet the
reliability of the system power supply as shown in Fig. 9(b).
With Scheme 3, PV (10 m2) + RESOC (160 kW · h), RESOC
has a high operating temperature and is not affected by cold
weather. When the photovoltaic power generation is weak,
the SOFC supplies power to the oil and gas pipeline IoT
monitoring platform. When the amount of photovoltaic power
generation is greater than the load, the excess photovoltaic
energy will be converted to hydrogen by SOEC for storage as
shown in Fig. 9(c).

Combined with the analysis in Table VI, in the case of a
low level of abandoned light power, the battery exhibits high
economic efficiency due to high energy conversion efficiency,
and has the ability to quickly balance power generation and
load. Though both Scheme 2 and Scheme 3 can satisfy the
reliability of the power supply, Scheme 2, which includes the
battery, exhibits better economy. Therefore, Scheme 2 (PV +
Battery + RESOC) is the preferred power supply scheme for
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alpine-cold regions.

V. CONCLUSION

In this paper, the off-grid power supply system comprised
of PV, battery, and RESOC is proposed for a remote and
unattended oil and gas pipeline IoT monitoring platform. This
paper establishes an optimization model for the operation of
off-grid power supply systems and investigates the power
model and SOFC of each component, the operating charac-
teristic model of SOEC, and the operational reliability of the
system. Three representative areas were selected (rainy areas,
non-cold, low-rain areas, and alpine-cold areas) and three
configurations (PV + Battery, PV + Battery + RESOC, PV
+ RESOC) were compared and analyzed. The MatlabCplex is
used to solve the system operational optimization model. The
results show that the configuration (PV + Battery + RESOC)
is the preferred power supply scheme for rainy regions and
alpine-cold regions. The (PV + Battery) configuration is the
preferred power supply scheme for dry areas that are not cold
and have high irradiance. In each area, the (PV + RESOC)
configuration proves to be as reliable as the other configura-
tions, but because RESOC’s “electric-hydrogen-electric” in-
tegrated energy conversion efficiency is lower than that of
a battery, its economy proved prohibitive. Overall, the work
of this paper supports the optimization of the off-grid power
system operation in different conditions. This will also provide
guidance for future studies in system capacity configuration.
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