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a b s t r a c t

Extensive studies have been carried out on various hybrid energy systems (HESs) for providing electricity
to off-grid areas. However, a standalone HES that is capable of providing power and gas, has been less
studied. In this paper, a standalone Photovoltaic (PV)-battery-methanation HES is proposed to provide
adequate, reliable and cost-effective electricity and gas to the local consumers. Identifying a potential
solution to maximize the reliability of the system, asked by consumers, and to minimize costs required
by the investors is challenging. Bi-level programming is adopted in this study to tackle the pre-
mentioned issue. In the outer layer, an optimal design is obtained by means of particle swarm optimi-
zation. In the inner layer, an optimal operation strategy is found under the optimal design of the outer
layer using sequential quadratic programming. The results indicate that 1) The bi-level programming
used in this study can find the optimal solution; 2) The proposed HES is proved to be able to supply
power and gas simultaneously. 3) Compared with the right most and leftmost points on Pareto set, the
total costs are reduced by 17.77% and 2.16%.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Sustainable, reliable and affordable energy is crucial for societal
development. Universal access to energy serving as a catalyst and
enabler of local economic development is imperative. Significant
efforts from researchers have been on how to design, develop and
implement strategies to promote access of the world to clean and
reliable energy. The development of hybrid energy systems (HESs)
can help achieve this goal, and have been widely investigated by
the researchers from the perspectives of on-grid and off-grid
modes. The optimal energy management of an on-grid HES
which contains wind turbine, solar, fuel cell and electrolyzer is
discussed in Ref. [1], the system can trade power with local grid [2].
Investigates the operational performance of an on-grid HES with
considering the time-varying electricity prices. The result indicate

that the performance of the energy storage is highly affected by the
electricity prices. Other studies of the on-grid HES can be found in
Ref. [3,4], these HESs buy/sale electricity from/to the grid as well.
The optimization results of these HESs are influenced by the elec-
tricity prices, which associate with the electricity markets. In the
world, many electricity markets have been established to promote
the trade of electricity and boost economic efficiency [5], and they
are regulated based on the local relevant policies and actual situ-
ations. In the Europe, the electricity markets generally are
composed of a spotmarket, a balancingmarket, an intradaymarket,
and an imbalance settlement [6].

An off-grid HES is investigated in this study. It aims to provide
adequate energy to the remote areas where are rich in renewable
energy sources such as solar, wind and hydro energy. Since it is
estimated that around 600 million people worldwide still have no
access to electricity until 2040, not to mention access to natural gas
[7]. The Sustainable Development Goals adopted by the United
Nations in 2015 reports that off-grid solutions should not only
deliver energy but also improve people’s lives [8]. Along with the
technology innovation and associated cost reduction, off-grid HESs
may be a techno-economic feasible way to achieve the goals of
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access to electricity and natural gas in remote areas [9]. Extending
the grids to the remote areas can hardly achieve in the short term
because of high investment costs and potential construction ob-
stacles [10]. Therefore, researchers have carried out extensive
studies on off-grid HESs. A photovoltaic-wind-biogas hybrid power
systemwas proposed to supply the power load demand of a village
in Kenya [11]. The results indicate that the hybrid power system
using the biogas engine as backup is a better solution than inte-
grating with a diesel engine. A feasibility study for the electrifica-
tion of Agios Efstratios Island, located in the northern Aegean Sea
was carried out [12]. The results show that the existing diesel
generators system can be fully replaced by a nearly 100% renewable
energy system. A diesel/Photovoltaic (PV)/wind/battery hybrid
system for a non-residential large electricity user in the south of
Iran was investigated [13]. The results indicate that the cost of
electricity of off-grid systems with battery storage is higher than
that of on-grid systems without battery storage. Other similar
research on HESs can be found in Ref. [14,15]. Notably, these HESs
only aim to meet power load demand.

In comparison to electricity, access to clean fuels for heating in
remote areas is even more challenging [16]. Without modern fuels
such as natural gas, people burn wood or waste materials to cook
and boil water causing serious in-door air pollution and conse-
quently causing premature deaths [9]. Compared with burning
transitional biomass, natural gas as cleaner energy is beneficial for
improving air quality and reducing greenhouse gas emissions.
Therefore, the hybrid electricity and natural gas supply system is
becoming a focus of research and application [17]. Investigates and
evaluates the bi-directional cascading failure propagation in a
hybrid electricity and natural gas subsystems. The two subsystems
are coupled using gas-fired generators and electricity-driven gas
compressors. A multivariate framework is proposed in Refs. [18] to
analyze the climate influence on the coupled electricity and natural
gas demand, and the two demands are highly interconnected [19].
and [20] proposes different methods for the reliable operation of
the integrated electricity and natural gas system, respectively. A
novel integrated plant, which can produce electricity and synthetic
natural gas, is proposed to store renewable energy and control

Nomenclature

aT Temperature coefficient of the maximum power
(�3.7 � 10�3 (1/oC))

Cinit Initial capital cost of each component in the HES ($)
Crep Replacement cost of each component in the HES ($)
CO&M Operation and maintenance of each component in

the HES ($)
CNPV Net present cost ($)
Ctotal Total cost of the HES ($)
c1;c2 Power and gas load loss penalty coefficient ($/kWh

and $/m3)
DOD Depth of discharge of the battery (90%)
DODSWV Depth of discharge of the gas storage (100%)
ePV Forecast error of the PV power (kW)
EBatðtÞ Energy stored in the battery at hour t (kWh)
EBat;max Maximum capacity of the battery (kWh)
EBatðt þ 1Þ Energy stored in the battery at hour tþ1 (kWh)
ESWVðtÞ The energy of the methane at hour t (kWh)
EunservedðtÞ Unserved power load demand at hour t (kWh)
F Total objective function ($)
F1 First objective function which is to calculate

investment cost ($)
F2 Second objective function which is to calculate

penalty ($)
FC Faraday’s constant (96487)
fd Discount rate (%)
GðtÞ Solar radiation at hour t (W/m2)
Gref Solar radiation at reference conditions (1000 W/m2)
IelecðtÞ Current through the electrolyzer at hour t (A)
i Annual real discount rate (%)
KSWV Pressure of the gas storage (Mpa)
MelecðtÞ Amount of hydrogen produced by the electrolyzer at

hour t (mol)
MmethðtÞ Amount of methane produced by the methanation at

hour t (mol)
Mmeth;max Maximum amount of methane produced by the

methanation (mol)
MSWVðtÞ Amount of methane stored in the gas storage at hour

t (mol)
NPV Number of the PV array

PPVðtÞ Power output of the PV array at hour t (kW)
PPV;rated Rated power of a PV array at reference conditions

(kW)
~PPVðtÞ Uncertain PV power output at hour t (kW)
PcðtÞ;PdðtÞ Charging and discharging power of the battery at

hour t (kW)
Pc;max;Pd;max Maximum charging and discharging power of the

battery (kW)
PelecðtÞ power consumed by the electrolyzer at hour t
Pelec;rated Rated power of the electrolyzer (kW)
PloadðtÞ Power load demand at hour t (kW)
PPV;lðtÞ Power supplied by the PV array at hour t (kW)
QSWVðt þ 1Þ Volume of methane stored in the gas storage at

hour tþ1 (m3)
QSWVðtÞ Volume of methane stored in the gas storage at hour t

(m3)
QSWV;max Maximum volume of the gas storage (m3)
QD;SWVðtÞ;QC;SWVðtÞ Discharging and charging volume of

methane of the gas storage at hour t (m3)
QloadðtÞ Gas load demand at hour t (m3)
QunservedðtÞ Unserved gas load demand at hour t (m3)
R Gas constant (0.08211 atm/(mol K))
Rsv Salvage value which is the cash inflow ($)
Rr Remaining life of component at the end of the project

lifetime (years)
Rc Component lifetime (years)
SOCmin;SOCmax Lower and upper limits of battery state of charge

(10 and 90%)
SOCSWV;min;SOCSWV;max Lower and upper limits of gas storage

state of charge (0% and 100%)
TcðtÞ Cell temperature at hour t (oC)
Tref Cell temperature at reference conditions (25 �C)
TambðtÞ Ambient temperature at hour t (oC)
TSWV Temperature of the gas storage (oC)
Velec Value of the working voltage (2 V)
x Binary variable to present the battery state
y Project lifetime (years)
b Self-discharged coefficient at each hour
hc;hd Battery charging and discharging efficiency
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greenhouse gas emission [21]. A long-term robust co-optimization
planning model for the electricity and natural gas system is pre-
sented in Ref. [22], which aims to minimize total investment and
operation costs [23]. Plans the integrated electricity and natural gas
systems using a bi-level planning model and has the same goals as
[22]. Through reading lots of literature, it is found that a few studies
investigate the design of an off-grid HES with the ability of
providing electricity and natural gas simultaneously.

Within the field of HESs, operation, control and planning opti-
mization are observed as the main research focuses. A two-stage
stochastic programming model is developed in Refs. [24] to
address the scheduling problem of an HES with considering un-
certain energy generation and load demand [25]. analyzes the
operation of a PV/diesel generator and pumped hydro storage HES
using a modified crow search algorithm, which aims to minimize
the fuel consumption. The energy management for a maritime PV/
battery/diesel/cold-ironing HES is investigated to reduce the elec-
tricity cost of a ship [26], the HES can help the ship to satisfy the
emission regulations of ports [27]. Proposes a methodology, which
is based on real-time optimization techniques, to address the
scheduling and managing problem of the HES to achieve optimal
economic performance. More studies on the operation optimiza-
tion of the HESs can be found in Ref. [28]. The HESs need to be
properly controlled by specific power converter control strategies
for voltage and power regulation in off-grid and on-grid modes
[29]. A model-based approach of shrinking-horizon Model Predic-
tive Control and a data-driven approach of Virtual Reference
Feedback Tuning are used to achieve optimal control in a HES, the
result indicates that both control methods can provide robust po-
wer tracking performance [30]. The rule-based real-time control
and 2D dynamic programming optimization method are developed
in Ref. [31] to optimally control the power flow in a residential-
based HES. In summary, the control strategies of the HESs can be
divided into classical control strategies such as rule-based
controller and filtration-based controller and intelligent control
strategies such as artificial neural network and fuzzy logic
controller [32].

Design optimization techniques for HESs aremainly divided into
three categories: classical techniques, modern techniques and
software tools [33]. Classical techniques include iterative, numeri-
cal methods, analytical methods, and etc. [34], which find the
optimal solution via differential calculus. Modern techniques
include artificial methods, and hybrid methods [35], which has
better convergence and accuracy in obtaining a set of optimal so-
lutions [36]. A solar photovoltaic, wind and Fuel cell based hybrid
energy system is designed based on Particle Swarm Optimization
[37]. Genetic Algorithm, which is another method of the same kind
as PSO, can also be used to design the hybrid energy system [38].
Software tools use the off-the-shelf tools to design the systems,
such as Hybrid Optimization by Genetic Algorithm (HOGA), Hybrid
Optimization Model for Electric Renewable (HOMER), and etc.
HOMER is the most widely used to design the hybrid energy sys-
tems [39]. An improved HOGA is used in Ref. [40] to design the
standalone solar PV/Wind hybrid energy system. For designing an
off-grid HES, the power supply reliability and system economy are
the main concern. The two aspects are usually taken as objective
functions in the planning of the HESs, which can be represented by
the commonly used techno-economic index. Four concepts that
apply thermal decomposition of methane to reduce greenhouse gas
emissions in natural gas combustion was presented and assessed
based on techno-economic criteria [41]. Techno-economic analysis
for a microbial power to gas (PtG) system in a Belgian context was
performed [42]. Under the condition of satisfying the reliability
requirements, reducing the entire system cost is very important to
achieve better economic performance. The entire system cost of the

HESs is composed of installation cost, operation and maintenance
costs annually [43]. Carries out the economic analysis of an HES
with considering the initial cost, the maintenance cost and
replacing cost. An off-grid HES is designed in Ref. [44] and the
levelized cost of energy is used to conduct the economic analysis.
Notably, there are many cost indices have been used to conduct the
economic analysis for the HESs [33], e.g. Net Present Cost, Annu-
alized Cost, Cost of Energy, Life Cycle Cost, Life Cycle Unit Cost,
Levelized Cost of Energy.

Reliability and cost are two objectives with a game relationship
that can hardly find the optimal solutions simultaneously [45]. The
best solution can be obtained by optimizing the operation and size
of standalone hybrid systems at the same time. Little literature
adopts the objectives of reliability and costs to optimize the size of
off-grid HESs using bi-level programming. The outer and inner
layers of the bi-level programming are applied to optimize the
planning and operation of standalone HESs respectively. The algo-
rithms of inner and outer layers select sequential quadratic pro-
gramming (SQP) and particle swarm optimization (PSO)
respectively. This study aims to address the problems discussed
above. The contributions can be summarized as follows: (1) An
offgrid PV-battery-methanation HES is proposed to fulfill power
and gas load demand simultaneously. (2) A bi-level programming
that considers the cost and reliability is adopted to find the optimal
design and operation of the PV-battery-methanation HES. To the
best authors’ knowledge, this is the first paper to investigate this
hybrid system and use the two objectives (cost and reliability) in bi-
level programming. (3) A Pareto Front is used to validate the
effectiveness and rationality of the solution obtained by bi-level
programming.

The sections below are organized as follows. Section 2 presents
the mathematical models of each component in the PV-battery-
methanation HES. Section 3 discusses the objective function and
methods used in this paper. Section 4 is dedicated to a case study
including data and results analysis. Finally, the conclusion section
summarizes the main findings.

2. Mathematical models

The structure diagram of the proposed HES is shown in Fig. 1,
which contains a PV array, a battery, an electrolyzer, methanation,
gas storage, converters, a substation, the power load and gas load.
In the proposed system, the converters are the power-electronics
which achieve the conversion between the alternating current
(AC) and direct current (DC). The PV-connected converter and
battery-connected converter convert the DC into AC to supply the
substation and power load, respectively. The substation-connected
converter converts the AC into DC to supply both the battery and
electrolyzer. For the bi-level programming method, the outer layer
and inner layer optimize the design problem and operational
problem of the proposed system, respectively. Based on the oper-
ational strategy, the converters are implemented to control the
power flow. Previous studies have investigated the control strate-
gies of converters [46,47]. For the battery storage, the type of bat-
tery to be used is lead-acid battery since it has the advantages of
low cost and high recycled content. Besides, it should be noted that
the studied area is in Xiaojin, Sichuan, China, of which is a remote
areawith abundant solar energy and PV panels. The standalone PV-
battery-methanation HES can be divided into two parts which are
the power supply subsystem and the gas supply subsystem, in this
way, it can meet power and gas load demand for off-grid areas
simultaneously. For the power supply subsystem, the battery dis-
charges tomeet the power load demandwhen the PV power output
is insufficient. When the power generated from the PV array is
greater than the power load demand, some of the excess power can
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be stored in the battery. For the gas supply subsystem, some of the
excess power electrolyzes water by the proton exchangemembrane
(PEM) to produce hydrogen, the produced hydrogen can be deliv-
ered to the methanation to produce methane and then it is pro-
vided to the gas load demand or stored in the gas storage. The
excess power generated from the PV array can be reasonably
distributed to the battery and electrolyzer by optimizing the
operation of the battery and electrolyzer simultaneously.

2.1. PV array

In this research, all the energy originates from PV array which is
used to meet power load demand by power supply subsystem and
satisfy gas load demand via a gas supply subsystem. The solar ra-
diation and ambient temperature are the two key factors to impact
the performance of the PV array. The output of the PV array is
calculated by Ref. [48]:

PPVðtÞ ¼ NPVhinvPPV;rated

 
GðtÞ
Gref

!h�
1þ aT

�
TcðtÞ � Tref

�� i
(1)

where aT is the temperature coefficient of the maximum power.
GðtÞ is the solar radiation at hour t. Gref is the Solar radiation at
reference conditions.NPV is the number of the PV array. PPVðtÞ is the
total PV power output at hour t. PPV;rated is the rated power of a PV
array at reference conditions. TcðtÞ is the Cell temperature at hour t.
Tref is the cell temperature at reference conditions. hinv is the
inverter efficiency.

The cell temperature can be estimated using ambient temper-
ature which is formulated as:

TcðtÞ¼ TambðtÞ þ ð0:0256�GðtÞÞ (2)

where Tamb is the ambient temperature at hour t.
The renewable energy is characterized by the uncertainty and

fluctuation. In the stage of planning of HES based on renewable
energy, the uncertainty of the renewable energy should be
considered. Therefore, in this study, the uncertain PV power is
modeled using the forecast error, which is defined as:

~PPVðtÞ ¼ PPVðtÞ þ ePV (3)

where ~PPVðtÞ represents the uncertain PV power output at hour t.

PPVðtÞ is the forecasted PV power. ePV is the forecast error of the PV
power.

The forecast error of the uncertain PV power is considered to
follow a normal distribution (Eq. (4)) [49], which is a common
method to address the uncertainty.

ePV � N
�
u; s2

�
(4)

where m is the mean value of the forecast error. s2 is the variance of
the forecast error. In this study, the mean value is zero and the
variance is equal to 10% forecasted PV power.

2.2. Battery

The PV power output and the power load demand each hour
determine the energy flow from/to the battery, besides, it should be
noted that the operation of the battery correlates with the gas load
demand. Due to the battery’s physical properties, it cannot be
charged and discharged at the same time, a binary variable (x) is
introduced to represent the two operating states. To describe the
operation of the battery, a state variable is adopted to express the
amount of energy stored in the battery and it can be formulated as
[50]:

EBatðtþ1Þ¼
� ð1� bÞEBatðtÞ þ x,hcPcðtÞ
ð1� bÞEBatðtÞ þ ð1� xÞ,PdðtÞ=hd

(5)

where x is the binary variable to present the battery state. x ¼ 1/
x ¼ 0 means the battery is in charging/discharging state. EBatðtþ1Þ
is the energy stored in the battery at hour tþ1. EBatðtÞ is the energy
stored in the battery at hour t. PcðtÞ; PdðtÞ are the charging and
discharging power of the battery at hour t, respectively. hc; hd are
battery charging/discharging efficiency, respectively. b is self-
discharged coefficient at each hour.

The battery has many advantages such as fast response time and
easy to install, but its operation is subjected to several constraints.
The available energy stored in the battery is bound to the limitation
of battery state of charge which can be expressed as [51]:

SOCmin , EBat;max � EBatðtÞ � SOCmax,EBat;max (6)

Fig. 1. The structure diagram of a standalone PV-battery-methanation HES.
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SOCmin ¼1� DOD (7)

where SOCmin; SOCmax are the lower and upper limits of battery
state of charge, respectively. DOD is the depth of discharge of the
battery. EBat;max is the maximum capacity of the battery.

To distinguish the charging/discharging state of the battery,
charging and discharging behaviors are identified as positive and
negative value respectively. The amount of power flows from/to the
battery is limited by their maximum charging/discharging power
and the available energy stored in the battery. These limitations can
be written as:

0� PcðtÞ � Pc;max (8)

Pd;max � PdðtÞ � 0 (9)

where Pc;max; Pd;max are maximum charging and discharging power
of the battery, respectively.

2.3. Electrolyzer

In this research, the electrolyzer contains a tank body, an anode
and a cathode. The anode and cathode chamber are separated by
PEM. Electrical current can drive the electrolyzer to decompose
water into hydrogen and oxygen. This chemical process can be
written as [52]:

H2Oþ electricity/H2 þ
1
2
O2

The oxygen produced by the electrolyzer can be applied in in-
dustry and medicine which is ignored in this research. The rated
power of the electrolyzer as an optimization variable determines
maximum hydrogen production. The amount of hydrogen pro-
duced by the electrolyzer can be estimated using Eqs. 10e12 [53].
Eq. (13) is the constraint of the electrolyzer.

MelecðtÞ¼
IelecðtÞ
2� FC

� 3600 (10)

PelecðtÞ¼ IelecðtÞ � Velec (11)

Velec ¼
1:48
hV

� 100% (12)

0� PelecðtÞ � Pelec;rated (13)

where FC is the faraday’s constant. IelecðtÞ is the current through the
electrolyzer at hour t. MelecðtÞ is the amount of hydrogen produced
by the electrolyzer at hour t. PelecðtÞ is the power consumed by the
electrolyzer at hour t. Pelec;rated is the rated power of the electro-
lyzer. Velec is the value of the working voltage. hV is the voltage
efficiency. The system pressure increases from 221 to 758 kPawhen
the PEM electrolyzer produces enough gas, while the power de-
mand raises minimally from 278.1 to 282.2 W [54]. Based on this
result, the output gas pressure of the PEM electrolyzer is assumed
to be 0.6 MPa in this research.

2.4. Methanation

Methanation is the synthesis process of hydrogen from the PEM
electrolyzer and carbon dioxide from the atmosphere. This chem-
ical process is based on the Sabatier reaction and it can be written
as [55]:

CO2 þ2H2/CH4 þ O2

In this paper, the system aims to meet the power and gas load
demand for remote areas, All the hydrogen produced by the PEM
electrolyzer is delivered tomethanation to synthesizemethane. It is
assumed that the rated power of themethanation is the same as the
PEM electrolyzer to make the most of hydrogen. To simplify the
calculation, the production of methane which depends on the
amount of hydrogen generated from PEM electrolyzer can be esti-
mated using a conversion efficiency from hydrogen to methane
[56] which is given in Eq. (14). Eq. (15) shows the limits of the
produced methanation which mainly depends on the size of the
electrolyzer.

MmethðtÞ¼hmethMelecðtÞ (14)

0�MmethðtÞ �
hmethhVPelec;rated
2� 1:48� 100%

� 3600 ¼ Mmeth;max (15)

where MmethðtÞ is the amount of methane produced by the
methanation at hour t. Mmeth;max is the maximum amount of
methane produced by the methanation. hmeth is the efficiency of
converting hydrogen to methane.

2.5. Gas storage

Many ways have been utilized to store natural gas, such as un-
derground inventory (UGS), compressed natural gas (CNG), lique-
fied natural gas (LNG), solidified natural gas (SNG) and absorbed
natural gas [57]. Two-well-horizontal caverns for natural gas stor-
age are investigated in Refs. [58]. To complete the optimization
simulation, a single-well-vertical (SWV) is adopted as the gas
storage. Since the loss of methane in the gas storage is ignored, it
doesn’t matter which storage device is chosen. The detailed anal-
ysis may be conducted in further work.

The unit of gas obtained from the above model is mol, Eq. (16) is
the methods of transforming the capacity unit mol of gas storage to
the unit liter. The mole mass of methane gas is 16 g/mol.

QC;SWVðtÞ ¼
MSWVðtÞ � TSWV � R

1000� KSWV
(16)

where KSWV is the pressure of the gas storage. MSWVðtÞ is the
methane stored in the gas storage at hour t. QC;SWVðtÞ is the
charging volume of themethane of the gas storage at hour t. R is gas
constant. TSWV is the temperature of the gas storage.

The volume of the methane stored in gas storage varies with
time, a state variable is used to express the amount of methane
stored in the gas storage and it can be written as:

QSWVðtþ1Þ¼
�
QSWVðtÞ þ QC;SWVðtÞ
QSWVðtÞ þ QD;SWVðtÞ (17)

where QSWVðtþ1Þ is the methane stored in the gas storage at hour
tþ1. QSWVðtÞ is the methane stored in the gas storage at hour t.
QD;SWVðtÞ is the discharging volume of the methane of the gas
storage at hour t.

The hydrogen stored in the gas storage has upper and lower
limits like the battery which can be expressed by Eqs. (18) and (19).
The gas output in the gas storage is determined by the available gas
stored in the gas storage.
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SOCSWV;min ,QSWV;max � QSWVðtÞ � SOCSWV;max,QSWV;max

(18)

SOCSWV;min ¼1� DODSWV (19)

where QSWV;max is the maximum volume of the gas storage.
SOCSWV;min; SOCSWV;max are the lower and upper limits of gas stor-
age state of charge, respectively. DODSWV is the depth of discharge
of the gas storage.

DODSWV is used to describe how deeply gas storage is released.
Likewise, charging/discharging behavior is a positive/negative
value to distinguish them. The methane flows from/to the gas
storage are constrained by:

QloadðtÞ�QD;SWVðtÞ � 0 (20)

0�QC;SWVðtÞ �
Mmeth;max � TSWV � R

1000� KSWV
(21)

where QloadðtÞ is the gas load demand at hour t.

3. Objectives and methods

3.1. Objectives

The goals of the proposed HES are to enable some remote areas
to have access to electricity and natural gas. Power/gas consumers
hope to obtain reliable and affordable electricity and gas, but the
investors wish to reduce investment costs and obtain more bene-
fits. The two thoughts of consumers and investors should be
considered at the planning stage.

The objectives of this paper can be divided into two sub-
objectives which are investment cost and system reliability. The
reliability of the PV-battery-methanation hybrid system is repre-
sented by the penalty caused by the power/gas load loss. The high
reliability should have a low penalty and vice versa. The two sub-
objectives are modeled in the following subsections. The objec-
tive (total cost) of the PV-battery-methanation HES can be written
as:

F ¼minfF1 þ F2g (22)

where F is the total objective function. F1 is the first objective
function which is to calculate investment cost. F2 is the second
objective function which is to calculate penalty.

3.1.1. Investment cost (outer layer)
The costs of the hybrid system including PV arrays, the power

and capacity of the battery, electrolyzer/methanation and gas
storage depend on the size (optimization variables) of each
component. Net present value (NPV) is the difference between the
present value of cash inflows and outflows that occur as a result of
undertaking an investment project which is the other objective
function and can be written as [59]:

F1 ¼CNPV ¼
Xy
d¼0

ðCtotal , fdÞ � Rsv (23)

where CNPV is the net present cost. Ctotal is the total cost of the HES.
fd is the discount rate. Rsv is the salvage value which is the cash
inflow. y is the project lifetime.

The total cost of the HES includes an initial capital cost (ICC), a
replacement cost (RC), and operation and maintenance cost (OMC)
of each component. and it can be expressed as:

Ctotal ¼CinitþCrep þ CO&M (24)

where Cinit is the initial capital cost of each component in the HES.
Crep is the replacement cost of each component in the HES. CO&M is
the operation and maintenance of each component in the HES.

For a standalone system, the salvage value is the cash inflow of
the system which defines the value remaining of each component
in the system and it can be formulated as:

Rsv ¼Crep,
Rr
Rc

(25)

where Rr is the remaining life of component at the end of the
project lifetime. Rc is the component lifetime.

The discount factor is a ratio adopted to estimate the present
value of a cash flow that occurs in any year of the project lifetime
which is expressed as [60]:

fd ¼
1

ð1þ iÞd
(26)

where i is the annual real discount rate.

3.1.2. System reliability (inner layer)
In general, loss of power supply probability (LPSP) is used to

evaluate the reliability of an off-grid HES [61e63]. LPSP denotes the
percentage of time intervals during which the load demand is not
completely met, which is generally used to describe the reliability.
It is caused by imbalance between supply and demand However,
the amount of unmet load at each hour is used in the study to
describe the reliability instead of LPSP. Since LPSP cannot match the
order of magnitude of the outer objective (investment cost) well. In
the power or gas supply system, it is assumed that load loss can be
allowed within a certain range. In the research, the system reli-
ability is represented by the total load loss for a whole year
considering the operation of the HES. To unify with the cost unit
into dollars, load loss is expressed by a penalty, namely, there is a
penalty when load loss occurs. Therefore, the reliability objective is
the penalty caused by gas and power load loss which can be
expressed as:

F2 ¼
X8760
t¼1

½c1EunservedðtÞþ c2QunservedðtÞ
#

(27)

EunservedðtÞ¼
�
PloadðtÞ� PPV;lðtÞ� PdðtÞ

�
,1h (28)

QunservedðtÞ¼QloadðtÞ � QD;SWVðtÞ (29)

where c1; c2 is the power and gas load loss penalty coefficient.
EunservedðtÞ is the unserved power load demand at hour t. PloadðtÞ is
the power load demand at hour t. PPV;lðtÞ is the power supplied by
the PV array at hour t. QunservedðtÞ is the unserved gas load demand
at hour t. When the power generated from PV array is equal to or
greater than power load demand at hour t, there is no penalty for
power load loss. Eq. (28) and Eq. (29) are used to estimate the
power load loss and gas load loss, respectively. Notably, the power
load is supplied by the PV array and the battery. The gas load is only
supplied by the gas storage.
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3.2. Methods

The two objective functions (reliability and cost) have a game
relationship. To obtain a relatively optimal result, a bi-level pro-
gramming is used to address this problem. The SQP method and
PSO are adopted as the optimization method for the inner layer
operation (reliability) and outer layer design (cost), respectively.
The following subsections give the optimization framework and the
theory of the two algorithms.

3.2.1. Optimization framework
The capacity and power of the battery, the rated power of the

electrolyzer and methanation and the capacity of the gas storage in
the HES are optimized in the outer layer while their operation
strategies are optimized in the inner layer. Fig. 2 gives the algorithm
flowchart. In the outer layer, the particles are initialized randomly
in the first step and then delivered into the inner layer. In the inner
layer, the penalty caused by load unmet will be estimated firstly.
After that, the operation of the battery, electrolyzer, and gas storage
for each day during a year will be adjusted to re-estimate the
penalty. The previous solution will be replaced if a lower penalty
can be obtained, or stopped if no improvement can be made. The
best result found by the inner layer will be delivered back to the
outer layer. The objective function will be calculated and it is
regarded as the initial solution that is the basis for comparison later.

Then the particles’ velocity and position will be updated and
delivered into the inner layer again. The following procedure is the
same as the first calculation, the optimized operation strategy un-
der the well-designed HES will be obtained.

3.2.2. Sequential quadratic programming (inner layer)
The aim of this research is to obtain the minimum total cost as

given in Eq. (22) under the above constraints and assumptions. A
gradient-based algorithm, SQP, is the inner layer algorithm for
finding the optimal operation with minimum load loss penalty.

SQP was first proposed by Wilson in 1963. In the late 60s and
early 70s, the quasi-Newton-SQP was highly regarded by re-
searchers with the development of the quasi-newton method for
solving unconstrained optimization problems. SQP is one of the
most effective methods for solving constrained nonlinear optimi-
zation problems [64]. Compared with other optimization algo-
rithms, the most prominent advantages of SQP are excellent
convergence, high computational efficiency and strong boundary
search capability. So SQP has been widely applied. However, each
step of its iteration needs to solve one or multiple quadratic pro-
gramming sub-problems [65]. Since the solution of quadratic pro-
gramming sub-problems is difficult to utilize the sparsity and
symmetry of the original problem, the computational effort and the
required storage capacity of the computer will become very large
with the problem scale magnifying. Therefore, the current SQP al-
gorithm can only be applicable to small-scale and medium-scale
problems.

3.2.3. Particle swarm optimization (outer layer)
Genetic algorithm (GA) and PSO as heuristic algorithms both

have a high probability of obtaining the optimal solution for the
nonlinear optimization problem. Compared with GA, PSO performs
well in computational efficiency [66], so it is chosen to conduct the
simulation.

PSO is initially inspired by the regularity of the movement of the
birds and then it uses swarm intelligence to develop a simplified
model. Based on the observation of animal cluster activity, PSO
makes use of the individual to share information in the population
so that the movement of the whole population evolves from dis-
order to order in the solution space, eventually, the optimal solu-
tion can be obtained. The two key steps of PSO are the velocity and
position formulation which can be expressed as follows [67]:

vkþ1
i ¼ vki þ l1r1

�
pki � xki

�
þ l1r1

�
gk � xki

�
(30)

xkþ1
i ¼ xki þ vkþ1

i (31)

4. Case study

In order to cater to the investors’ and consumers’ requirements,
this research aims to find a relatively optimal solution between the
two objectives (penalty and investment cost) with the game rela-
tionship. The proposed standalone PV-battery-methanation HES
can provide adequate electricity and gas to the local consumers. The
optimal design and operation of the PV-battery-methanation HES
can be obtained using the above models and methods and a
comprehensive analysis is conducted below.Fig. 2. The optimization framework.
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4.1. Data

To verify the flexibility of the proposed model, the specification
of each component in the PV-battery-methanation HES is properly
chosen. The rated power of a single PV module is 260 W. The

efficiency of all inverters is the same and is 95%. The capacity and
power of the battery (lead-acid battery), the rated power of the
electrolyzer and methanation and the capacity of the gas storage
are the optimized results in the outer layer. The project lifetime of
the system is 20 years. The economic parameters of each compo-
nent in the PV-battery-methanation HES are given in Table 1
[56,58,68e70]. Besides, it is assumed that the penalty per kWh of
the power load loss is the same as that of the gas load loss. Some
economic parameters that are from previous literature are adjusted
to better fit the proposed HES. In order to equalize the importance
of gas and power loads, the unit of gas is converted into energy
(kWh). In the simulation analysis, the penalty per kWh of the po-
wer and gas load loss both are 100$.

In order to reduce the computational burden, the data interval is
3 h. The meteorological data and load demand data used in this
study are collected in Xiaojin, Sichuan, China. This site is on the
plateau and belongs to subtropical monsoon climate area. There-
fore, it is cold in winter and cool in summer. Fig. 3 gives the solar
radiation and temperature every 3 h during a year in Xiaojin,
Sichuan, China. The minimum/maximum solar radiation and tem-
perature during a year are 0/992.67 W/m2 and -3.6/26.4 �C,
respectively. The solar radiation data. The solar radiation data was
observed on the ground which has considered the shading condi-
tions caused by the clouds. Furthermore, the solar radiation
measuring point is in Xiaojin, Sichuan, China which is a plain
without trees and other shadings. Additionally, the introduction of
the uncertain PV power can describe the influence of shading

Table 1
The values of economic parameters [56,58,68e70].

ICC OMC RC Lifetime (years)

PV array 468$/unit 10$/unit/year e 20
Battery capacity 305$/kWh 15$/kW/year 305$/kWh 10
Battery power 175$/kW
Electrolyzer 500$/kW 20$/kW/year 300$/kW 10
Methanation 400$/kW 10$/kW/year 200$/kW 10
Gas storage 20$/m3 4$/m3/year e 20

Fig. 3. Solar radiation and temperature every 3 h over a year.

Fig. 4. Load demand every 3 h over a year. (a) Power load. (b) Gas load.

Table 2
Optimal sizing and costs of each component.

Component Sizing Cost (M$)

PV 221749 131.4
Battery 14395.7 kW/28007.6 kWh 17.2
Electrolyzer/methanation 8984.9 kW 14.2
Gas storage 2933.8 m3 0.2
NPV ¼ 163.0 M$
Penalty ¼ 35.8 M$
Total costs ¼ 198.8 M$
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(clouds, dust, etc.) to some extent. Fig. 4 (a) and (b) show the power
load demand and gas load demand every 3 h, respectively. Notably,
the overall trend of the power load and gas load curves is the same.
In the winter, the power and gas load demands are relatively high
since they contain the consumption of the heating part. The average
power load demand over a year is 3.46 MW. In summer, the power
load demand is low, but the gas load demand is high.

5. Results

The two objectives adopted in this study exit a game relation-
ship and they cannot reach the optimal results simultaneously.
Therefore, the bi-level programming is used to find a relatively
optimal size of the PV-battery-methanation HES. For a bi-level
programming, the optimal operation of the battery, electrolyzer
and gas storage is obtained in the inner layer and the optimal size
including the number of PV array, the capacity and power of the
battery, the power of the electrolyzer and methanation and the
capacity of the gas storage under the optimal operation is found in
the outer layer. Table 2 shows the optimal size and costs of each
component in the PV-battery-methanation HES. NPV is the sum of
the cost of all components in the PV-battery-methanation HES. The
objective value is the sum of NPV and penalty. Fig. 5 gives the cost
distribution of the PV-battery-methanation HES. It can be observed
that the cost of PV array accounts for 81% of the total cost which is
the largest costs among all components in the PV-battery-
methanation HES. All electric power in the hybrid system origi-
nates from the PV array and the power generated from the PV array
has two purposes which are to fulfill the power load demand and
produce gas to meet the gas load demand. M$ means million dol-
lars. Table 3 analyzes and compares the results of various system
designs including undersized, optimized and oversized designs. In
the first scheme, the NPV (160.8 M$) is lower than in schemes II but
the undersized design leads to a higher penalty. In this way, the
undersized design causes more load loss. In the third scheme, the

Fig. 5. Cost distribution of the PV-battery-methanation hybrid system.

Table 3
Analysis of various system designs (undersized, optimized and oversized).

Schemes PV Battery (kW/kWh) Electrolyzer/methanation (kW) Gas storage (m3) NPV (M$) Penalty (M$) Total costs (M$)

I Undersized design 221700 14000/27000 8900 2900 162.3 37.1 199.4
II Optimized design 221749 14395.7/28007.6 8984.9 2933.8 163.0 35.8 198.8
III Oversized design 222000 15000/29000 9000 3000 163.9 35.2 199.1

Fig. 6. Hourly power load loss penalty over a year.

Fig. 7. Hourly gas load loss penalty over a year.
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NPV (163.4 M$) is higher than in scheme II but it reduces the load
loss with lower penalty. It can be noted that both undersized and
oversized designs can cause a higher total cost. Therefore, the
method used in this study can find the optimal design of the PV-
battery-methanation hybrid system which has the minimum total
costs.

Fig. 6 and Fig. 7 are the hourly penalty caused by the power load
loss and gas load loss over a year respectively. The penalty is
35.8M$ shown in Table 2 which is the sum of the penalty caused by
power load loss (Fig. 7) and gas load loss (Fig. 8) over a year. It can
be seen from Figs. 7 and 8 that the penalty of power load loss is
greater than that of gas load loss since the power load demand is
higher than the gas load demand. The severe power and gas load
loss occurs in winter owing to the high gas and load demand in
winter. The power and gas load loss can be reduced by adjusting the

penalty per kWh of the power and gas load loss. For some areas, the
penalty per kWh of the power load loss should be improved if the
reliability requirement of the power load is high. Fig. 8 gives the
monthly penalty distributions over a year which is obtained using
the results in Figs. 6 and 7. In Fig. 8, the red and blue curves are
monthly load and gas penalty respectively, and the histograms
which are the monthly penalty percentage of annual penalty are
corresponding to the two curves. The maximum/minimum power
load loss penalty occurs in February/August which accounts for
21.2%/0% of the total power load loss penalty over a year. Similar to
the power load, the maximum gas load loss penalty is in February
that accounts for 27.7% of the total gas load loss penalty. There is no

Fig. 8. Monthly penalty distributions over a year.

Fig. 9. Hourly charged/discharged power of the battery over a year.

Fig. 10. Hourly energy change of the battery over a year.

Fig. 11. Hourly consumed power of the electrolyzer/methanation over a year.
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penalty caused by the gas load loss from April to September since
the gas load demand is relatively low during this period.

Fig. 9 shows the charging/discharging behaviors of the battery
over a year. During April to August, the discharge/charge power is
relatively small compared to other hours since the power load
demand is relatively low. The charging power of the battery reaches
its rated power 14.3 MWwhile the discharging power only reaches
6.1 MW, since the period of time without solar radiation is much
longer than the period of timewith solar radiation during a day, the
battery needs to store abundant energy when there is enough PV
power and then provide adequate power to the load when the

power generated from PV array is insufficient. Fig. 10 gives the
hourly energy change of the battery, which depends on the
charged/discharged power of the battery as shown in Fig. 9.
Notably, the energy stored in the battery at the last hour of the day
is the same as the energy at the first hour the day, and they are
equal to the half of battery capacity. The energy change of the
battery varies from 10% of battery capacity to 90% of battery ca-
pacity, which can avoid over-charging and over-discharging to
protect the performance of the battery well. More detailed de-
scriptions of the battery can be found in the next daily analysis.

Fig. 11 shows the behaviors of the electrolyzer and methanation
over a year. In this paper, the rated power of the electrolyzer and
methanation is the same, and their thus behaviors remain consis-
tent. It can be observed that the charging power reaches its rated
power 8.9 MW in many hours since all the gas is produced by the
electrolyzer and methanation. Fig. 12 shows the discharging be-
haviors of the gas storage and the maximum discharging methane
is 480 m3. It worth to note that the produced and consumed gas are
two independent behaviors for the gas storage, therefore, the gas
storage can charge and discharge gas simultaneously. However, the
battery cannot charge and discharge power simultaneously due to
its physical limitations. Fig. 13 illustrates the hourly gas volume
change of the gas storage, which depends on the produced gas by
the electrolyzer/methanation and the released gas volume. Similar
to the battery, the gas volume stored in the gas storage at the last
hour of the day is the same as the gas volume at the first hour the
day, and they are equal to the half of gas storage capacity. The gas
volume stored in the gas storage at the first hour is equal to the half
of gas storage capacity which needs to satisfy the gas load in the
first few hours of the day. If the gas storage is smaller than the
optimized size, it will cause high penalty caused by the gas load
loss.

Four cases that are the four days in four seasons is chosen to give
a detailed explanation. Notably, cases I, II, III and IV correspond to a
spring day, summer day, autumn day and winter day, respectively.
Fig. 14 shows the hourly PV output for the four selected days, it can
be observed that the PV output of case II is relatively high due to the
high solar radiation in summer. Fig. 15 shows the situation of the

Fig. 12. Hourly produced gas volume of the gas storage over a year.

Fig. 13. Hourly gas volume change of the gas storage over a year.

Fig. 14. Hourly PV output for the four selected days.
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power load for the four selected days. The power load demand in
case II and III is relatively low compared to that in case I and IV. The
histogram presents the unserved power load demandwhich occurs
in I and IV due to the high power load demand. When the solar
radiation is high in the daytime, the power generated from PV array
can meet the power load demand and the excess power will be
stored in the battery or used to produce gas. Therefore, the power
load can be fully satisfied during this period of time.When the solar
radiation is insufficient, the battery discharges to supply power to
the load. The discharged power is limited by its rated power and the
energy stored in the battery.

The power supply subsystem and the gas supply subsystem are
different, but all the energy of the two subsystems originates from
the PV array. The excess power generated from the PV array can be
reasonably distributed to the battery and electrolyzer via operation
optimization. Fig. 16 shows the situation of gas load for the four
selected days. The curves describe hourly gas load demand and the
histogram is the unserved gas load demand. The gas load demands
in case I and IV are relatively high compared to that in case I and IV.
Therefore, the unserved gas load occurs in case I and IV. In the
daytime, some of the excess power generated from the PV array

will be used to produce gas and then provide to the gas load or
stored in the gas storage. When the PV cannot generate enough
electricity, gas storage produces gas to supply gas load.

Fig. 17 illustrates the operation of the battery for the four
selected days, the curve describes the energy change of the battery
and the histogram is the charged/discharged behaviors of the
battery. In the daytime, PV can generate enough power to meet the
power load demand and some of the excess power is stored in the
battery. During this period, the curve of the energy stored in the
battery presents an upward trend. At night, the battery discharges
for providing electricity to the power load demand without suffi-
cient PV power and the curve of the energy stored in the battery
shows a downward trend. In order to ensure that the power load
can be met the next day, the energy stored in the battery at 24:00
should be equal to that at 0:00 which can be seen intuitively from
these figures.

Fig. 18 shows the operation situation of the gas storage for the
four selected days. The histogram above and below the time axis
represents the consumed and produced behaviors of the gas stor-
age respectively and the two behaviors can be performed simul-
taneously. During the entire sample day, gas storage provides gas to

Fig. 15. Power load situations for the four selected days. (a) the case I; (b) case II; (c) case III; (d) case IV.
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the gas load demand. When there is ample solar radiation during
the day, some of the excess power generated from PV array can be
used to produce gas and then stored in the gas storage. The curve in
Fig. 18 shows the change of the gas volume stored in the gas stor-
age. Similar to the battery, in order to ensure the gas load can be
met the next day, the gas stored in the gas storage at 24:00 should
be equal to that at 0:00.

The two objectives of NPV which represent investment cost and
penalty exist in a game relationship, i.e. penalty and NPV cannot
simultaneously be in an optimal situation. The concept of Pareto
optimality is used to analyze the two objectives. Fig. 19 shows the
Pareto optimal solution set and all the solutions in this set can be
regarded as an optimal solution. The red curve is fitted by Pareto
optimal solution set (green points) which is the Pareto Front.
Infinite optimal solutions can be found on the Pareto front and all
the optimal solutions should be equally considered as an optimal
component configuration in the PV-battery-methanation HES.
Based on bi-level programming proposed in this paper, the
decision-makers do not need to make the trade-off between the
two objectives. The results of the simulations using bi-level pro-
gramming can be regarded as a relatively optimal solution which

belongs to the Pareto optimal solution set, and it is indicated by the
pink arrow in Fig. 19. Therefore, the method proposed in this paper
for solving two-game objectives can be proved. The Pareto front in
Fig. 19 shows the variation in penalty and NPV. The NPV changes
from 121.2 M$ to 174.7 M$ with the penalty varying from 117.9 M$
to 26.24 M$. Compared with the right most and leftmost points on
Pareto set, the total costs (the sum of NPV and penalty) are reduced
by 17.77% and 2.16%. In some areas, if load loss will cause serious
consequences, the objective of the cost will be sacrificed to ensure
reliability (low penalty) of the power and gas supply system.

5.1. Comparisons

PSO is used in the outer layer to optimize the size of the offgrid
PV-battery-methanation HES. Tomake the results more convincing,
the results have been compared with another method, i.e. genetic
algorithm (GA). Both the two method aims to find the optimal
design of the offgrid PV-battery-methanation HES with minimum
total costs. The maximum number of iterations (60 iterations) and
the start points of the two methods are the same to ensure that the
two methods are carried out under the same situation. The

Fig. 16. Gas load situations for the four selected days. (a) case I; (b) case II; (c) case III; (d) case IV.
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iteration curves of the two methods are presented in Fig. 20. It can
be observed that PSO starts to converge after 43 iterations and the
GA does not converge until 56 iterations, besides, the results ob-
tained by the PSO is lower than the GA. It indicated PSO performs
better than GA with the lowest total costs and fast convergence
speed. Therefore, PSO is used in this study to carry out the simu-
lation analysis.

6. Conclusion

In this study, a novel system of an offgrid PV-battery-
methanation HES providing electricity and gas to the local users
simultaneously is proposed. The PV array can directly deliver
electricity to the power load. The excess power generated from the
PV array is used for two purposes, one is stored in the battery for
providing electricity to the power load, the other is converted into
gas via a series of chemical reactions and then the gas is stored in
gas storage to meet the gas demand. The operation optimization
provides a reasonable distribution of the excess energy to the
battery and electrolyzer. A bi-level programming is used to conduct
the simulation analysis. The aim of the inner layer is to obtain the
maximum reliability by means of SQP method and it optimizes the
behaviors (charging/discharging) of the battery, electrolyzer and

gas storage. The goal of the outer layer is to find the optimal design
using PSO and it optimizes the size of each component in the PV-
battery-methanation hybrid system including the number of PV
module, the power of the battery, the capacity of the battery, the
power of electrolyzer/methanation and the capacity of the gas
storage.

The minimum total cost of the hybrid system is found by means
of bi-level programming and four typical days are chosen to analyze
this solution. Based on the assumptions, the results show the
penalty on gas load loss is higher than that on power load loss. To
justify the results, the concept of Pareto optimality is introduced to
describe the game relationship between the investment cost and
penalty, the Pareto Front indicates that the solution belongs to the
Pareto optimal solution set. Namely, the solution that is obtained by
a bi-level programming can be regarded as a relatively optimal
solution. By comparing with GA, it is found that PSO performs
better in find the optimal results. The theories and methods pre-
sented in this paper can also be applied in other HESs. In our future
work, we will make some improvements on the mathematical
models (PV, battery, etc.) to make the calculation more accurate.
Furthermore, the PV degradation and the failure rate in the
charging/discharging mode for the battery storage will be consid-
ered in the objective of reliability.

Fig. 17. Operation situation of battery for the four selected days. (a) case I; (b) case II; (c) case III; (d) case IV.
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Fig. 18. Operation situation of electrolyzer/methanation and gas storage for the four selected days. (a) case I; (b) case II; (c) case III; (d) case IV.

Fig. 19. Pareto front in the double-objective optimization. Fig. 20. Iteration curves of the two different methods.
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