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a b s t r a c t

As a key technology for stabilizing renewable energy, hydrogen fuel cells (FC) play a crucial role in
enhancing energy utilization efficiency and reducing carbon emissions in the power and chemical in-
dustries. Previous studies have examined FC mainly from technical or microgrid perspectives, hydrogen
fuel cells (HFC) economic performance and stability contribution in electricity—hydrogen integrated
energy systems (EH-IES) under uncertainty remain insufficiently explored. This paper proposes an
optimization model for integrated energy systems (IES) with Solid oxide fuel cells (SOFC), aiming at
minimizing total annual costs using mixed-integer linear programming (MILP). Based on real-world
cases, the sensitivity analysis is carried out to evaluate the impacts of various factors on the eco-
nomic viability of SOFC, while a robust optimization method is introduced to simulate the uncertainties
in energy demand and renewable output. Results show that SOFC becomes economically competitive
when the carbon price exceeds 187 CNY·t− 1 or when the fuel cell capital cost falls below 1676.64
CNY·kW− 1. Moreover, SOFC economics improve with increasing electricity and hydrogen demand, while
higher thermal and cooling demand reduces their cost-effectiveness. Integrating SOFC reduces total
annual cost, cost of carbon emission, and curtailment rates by 0.2%, 7.8%, and 7.1%, respectively. Under
high power-hydrogen demand uncertainty, SOFCs mitigate cost increases and enhance system stability.
This study provides theoretical underpinnings for SOFC applications in low-carbon energy systems and
serves as a reference for IES optimization design.
© 2026 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

As living standards continue to improve, energy consumption
has risen sharply, leading to increasingly severe environmental
issues caused by conventional energy sources. This significantly
increases the challenges of achieving the goal of carbon neutrality
[1]. Globally, only 4.5% of regions have achieved carbon neutrality,
while most countries plan to reach this goal between 2050 and
2070 [2]. Energy transition has become a global consensus. In this
context, renewable energy, as a substitute for traditional fossil
fuels, has gained widespread attention and interest [3]. Solar
photovoltaic (PV) [4] and wind turbines (WT) [5] play a key role in
the transition to 100% renewable energy due to their relatively low
unit capital expenditure (CAPEX) [6]. The advantages of these
technologies have led researchers to prioritize them in energy
planning [7].

The integration of renewable energy with traditional energy
sources is crucial for reducing greenhouse gas emissions and
achieving zero carbon emissions [8]. However, renewable energy
is intermittent and volatile, making it necessary to rely on energy
storage technologies to mitigate energy fluctuations and reduce
energy waste [9]. However, many current energy storage tech-
nologies have drawbacks such as short lifespan, low energy den-
sity, and environmental issues [10]. Therefore, the development of
new clean energy conversion and storage technologies remains an
urgent global need.

As a fuel that produces only water vapour as a byproduct,
hydrogen offers a green and clean energy option, making it a core
component of clean and sustainable energy. Its high energy den-
sity makes storage and transportation more efficient, thereby
enhancing the availability, independence, and security of energy
[11]. Building on this, Holladay et al. [12] investigated various
methods of hydrogen production using renewable resources and
fossil fuels, while Forsberg [13] focused on technologies for
hydrogen production using nuclear energy and conventional en-
ergy systems. Furthermore, hydrogen has enormous potential not
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only in the transportation sector but also in power generation,
industry, and chemical engineering, showcasing a wide range of
applications [14]. Currently, the most widely used hydrogen stor-
age technology is high-pressure gaseous hydrogen storage, which
is characterized by low energy consumption and cost [15].
Compared to pumped storage and electrochemical energy storage,
this technology is pollution-free, unaffected by environmental
factors, and its high energy density and ease of storage make it an
ideal choice for large-scale, long-duration energy storage,
providing an effective solution for the large-scale use of renewable
energy [16].

The effective utilization of hydrogen energy depends on efficient
energy conversion technologies, which are currently mainly real-
ized through hydrogen gas turbines [17] and HFC [18]. Compared
with hydrogen internal-combustion engines, FC entail higher cap-
ital expenditure; however, their markedly superior environmental
profile renders them a more sustainable and future-proof solution
for large-scale decarbonization [19]. Among these, HFCs have
become one of the most mature hydrogen utilization technologies
due to their high energy conversion efficiency, rapid startup, stable
operation, and low noise characteristics [20]. SOFCs not only pro-
vide electrical energy but also offer combined heat and power
(CHP), thereby improving the overall energy utilization efficiency of
the system [21]. Because their conversion is not constrained by the
Carnot cycle, SOFC-based CHP systems have proven to achieve ef-
ficiencies exceeding 90% [22]. Previous studies have shown the
accurate and realistic modelling of SOFC [23]. Moreover, integrating
FC into renewable energy systems can enhance system stability and
reliability while enabling the efficient utilization of clean energy
[24]. In early research, Das et al. [25] proposed a hybrid energy
system integrating WT, PV, and FC, aimed at providing a stable
power supply to the system. With advancements in technology, El-
Shatter et al. [26] Further introduced smart controls and developed
an energy system incorporating PV, WT, and FC. Sun et al. [27,28]
conducted an efficiency analysis and advanced control strategy for
grid-connected FC operating under constant-power conditions, and
further employed dynamic programming to realize economic-
ahead scheduling of a residential micro-scale combined heat-and-
power system based on fuel-cell technology. Recently, Li et al. [29]
proposed an integrated hydrogen—ammonia—methanol multi-
carrier energy conversion system based on SOFCs, highlighting
the potential of multi-vector energy coupling for efficient hydrogen
utilization. This IES, based on FC, offers a technological pathway for
achieving carbon neutrality through electric-hydrogen inter-
changeable energy storage.

Despite the numerous advantages of FC, their high initial
CAPEX and operating expenditure (OPEX) still limit their wide-
spread application [30]. Currently, the economic feasibility of FC in
IES remains a topic of debate. Researchers are working to explore
under which FCs can yield economic benefits within systems and
optimize their application strategies. Nelson et al. [31] conducted
an economic assessment of a WT/PV/FC hybrid power generation
system for households in the Pacific Northwest, finding that
traditional battery systems were more economically viable than
PV/WT/FC/electrolyzer (EL) systems, emphasizing the importance
of improving FC and EL efficiency. Maleki and Pourfayaz [32]
performed a cost-benefit analysis of PV/WT/diesel/battery (BT)/FC
systems using harmony search algorithms, comparing two hybrid
power system scenarios. They found that, although traditional
battery systems were more cost-effective, FC systems provided a
more reliable energy supply. Regarding the economic optimization
of FC, Yang et al. [33] developed an economic evaluation frame-
work for SOFC systems based on a full lifecycle analysis method
incorporating energy, material, environmental, and economic
flows. They analyzed the CAPEX, financial net present value,

internal rate of return, and payback period of a 2 kW natural gas
SOFC system. Their study found that the system had good eco-
nomic feasibility, and in sensitivity analyses of sales price, material
costs, and manufacturing costs, the sales price had the greatest
impact on net present value. Furthermore, the study examined the
economic feasibility of natural gas SOFC systems under carbon
price policies, discovering that the economic competitiveness of
SOFCs decreased as carbon price increased, unless cleaner fuels,
such as renewable gas or hydrogen, were used. Gibson et al. [34]
proposed a method for comparing the economic feasibility of CHP
systems based on FC, microturbines, and gas turbines (GT). The
results indicated that under carbon pricing scenarios, FC-based
systems exhibited the best economic potential in medium-sized
cases. However, the payback period for FC systems was close to
the system’s lifetime, suggesting that CAPEX significantly impacts
their economic feasibility. Sensitivity analysis further revealed
that a 5% reduction in CAPEX could shorten the payback period by
up to six months, indicating that reductions in CAPEX have a
substantial effect on system economics.

The aforementioned studies mainly focus on the integration
and economic analysis of FC systems, while the performance of FC
systems under the influence of uncertainty factors has also
received significant attention. Wang et al. [35] investigated an
HFC-based IES and proposed a distributed robust optimization
method to address the impact ofWTand PV output fluctuations on
system scheduling. The results indicated that an optimized
scheduling approach could reduce the usage of energy supply
devices, enhance the stability of energy storage devices, and lower
OPEX. Similarly, Lu et al. [36] designed an economic operation
strategy for IES in response to the uncertainty of PV generation
output. By precisely constructing the thermal system operation
model and the thermoelectric output control model of HFC, this
strategy corrected the PV generation output prediction curve un-
der uncertain solar radiation conditions. The findings showed that
the economic operation strategy, which accounts for the uncer-
tainty in PV generation, can effectively improve the energy utili-
zation efficiency of the system, reduce OPEX, and enhance system
reliability.

In summary, most current research primarily focuses on the
technical performance of HFC and their applications in microgrids
or the transportation sector, while there is a gap in studies
regarding the economic variability of HFC under different load
demand conditions in Industrial Park IES [31—34]. Furthermore,
existing studies often lack systematic modelling and optimization
analysis of the uncertainties associatedwith load demands and the
output of wind and solar energy, resulting in insufficient quanti-
fication of the regulation capabilities of HFC within IES [36]. Most
research emphasizes operational scheduling optimization of the
system, but there is a lack of analysis on the impact of HFC on the
system, and limited exploration of the stability role of HFC under
random fluctuations in the system [35].

This study aims to develop anMILPmodel tominimize the total
annual cost of the system, focusing on the economic feasibility and
system integration strategies of SOFC in distributed IES. By
considering the impact of various key parameters, the optimal
configuration of the system in different application scenarios is
explored. Given the uncertainties in the system, this paper further
incorporates robust optimization methods to assess the adapt-
ability of SOFC under various scenarios, providing the theoretical
foundation and technical support for the promotion and applica-
tion of SOFC in distributed IES.

The main contributions of this study are as follows:

(1) Based on a real-world case study, a multi-dimensional
parametric sensitivity analysis framework is developed to
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systematically reveal the impacts of carbon price policies,
fuel prices, demand structures, and technological charac-
teristics of equipment on the economic feasibility of FC.

(2) Within an electricity—hydrogen integrated energy system,
the impacts of FC integration on system economics, carbon
emissions, and renewable energy utilization are systemati-
cally evaluated, and their carbon mitigation potential and
economic contributions are quantitatively assessed.

(3) Employing a robust optimization approach to account for
uncertainties in load and renewable energy output, and
assessing the role of FC in enhancing system operational
stability.

2. Problem Statement

This study aims to introduce SOFC technology into the IES of
industrial parks to enhance the utilization of renewable energy
and system stability and meet the comprehensive demands of the
park for electricity, heat, cooling, and hydrogen. Addressing the
issues of traditional energy systems, which rely on fossil fuels,
have high carbon emissions, and exhibit low energy efficiency, this
study constructs a multi-energy complementary framework that
includes WT, PV, alkaline electrolyzer (ALK), SOFC, and energy
storage systems. By optimizing the system composition and
configuration, the study seeks to improve both the economic
performance and sustainability of the system.

The energy demand in industrial parks is complex and diverse,
encompassing electricity, thermal energy, cooling energy, and
hydrogen energy. Traditional energy supply methods mainly rely
on fossil fuels such as natural gas. While they can meet the basic
energy needs of the system, they are associated with low energy
utilization efficiency, high carbon emissions, poor system flexi-
bility, and excessive dependence on external energy sources,
making it difficult to adapt to the increasingly diversified, efficient,
and low-carbon energy demands of industrial parks. Therefore,
constructing an IES that incorporates renewable energy to provide
cleaner and more efficient energy solutions for the park is of sig-
nificant research value.

To increase the utilization of renewable energy and reduce fossil
fuel consumption, industrial parks can adopt a multi-energy com-
plementary structure incorporating WT, PV, and energy storage
systems. In this system, wind and solar energy are the primary
renewable energy sources, with energy storage devices used to
regulate the energy supply and demand balance. However, due to
the intermittency and variability of wind and solar resources, the
system may experience excess electricity when renewable energy
output is high, and rely on fossil fuels to supplement energy when
output is low or demand is high. This model limits the utilization of
renewable energy, leading to wind and solar power curtailment
when clean energy cannot be consumed in time, affecting the
system’s economic performance and its level of decarbonization.
Additionally, while energy storage devices can alleviate renewable
energy fluctuations to some extent, their regulation capacity is
limited by storage capacity, charge-discharge efficiency, and oper-
ational cost.

To improve the utilization efficiency of renewable energy and
enhance the system’s regulation capability, this study proposes
integrating SOFC, which uses hydrogen as its fuel, into the
existing IES. By combining hydrogen storage (HST) and ALK
technology to construct the EH-IES shown in Fig. 1, achieving the
complementary conversion of electrical and hydrogen energy.
When renewable energy output is surplus, the system converts
electrical energy into hydrogen for storage viawater electrolysis.
During peak load periods or when renewable energy output is

insufficient, the stored hydrogen is efficiently converted back into
electricity using the SOFC, thereby enhancing the system’s sta-
bility and energy utilization. Moreover, SOFC can not only be used
for power generation but can also be integrated into CHP systems,
improving overall energy utilization efficiency. This power-
hydrogen coordination model not only alleviates the fluctuation
issues of renewable energy but also optimizes the energy supply
structure in industrial parks through multi-energy
complementarity.

To evaluate the economic viability and system integration
value of SOFC, this study constructs an optimization model
intending to minimize the total annual cost of the system. The
study compares and analyzes two systems: one with and one
without the integration of SOFC, focusing on the impact of SOFC
on system economics and CO2 emissions. Given that the high
initial capital cost of SOFC may affect their economic feasibility, a
sensitivity analysis is conducted to examine the influence of key
economic factors such as carbon price, energy demand, equip-
ment efficiency, fuel prices, and HFC lifespan on the optimization
results. Furthermore, to investigate the impact of wind and solar
resource variability and load demand uncertainty on system
economics and stability, this study employs robust optimization
methods to analyze the effects of wind and solar output and load
demands on system economics, as well as the role of HFC in
enhancing system stability. The findings can provide a theoretical
basis for the rational allocation of HFC in industrial parks and offer
insights into the optimization of integrated energy systems in
similar regions.

3. Optimization Problem Model

This study establishes a model with the total annual cost of the
system as the objective function, considering various constraints.
It is assumed that the system operates continuously throughout
the year, with data such as the annual energy demand, energy
prices, and equipment parameters used as input parameters for
the model. The capacity of the equipment and the energy input to
the equipment are taken as decision variables.

3.1. Objective function

The optimization objective of this study is tominimize the total
annual cost CTot of the IES. The CTot consists of capital investment
cost Ci, fuel cost Cfuel, and the cost of carbon emission Cemission. The
mathematical formulation of the objective function is presented in
Eq. (1), while the calculation method for investment cost is
detailed in Eq. (2).

min CTot=Ci + Cfuel + Cemission (1)

Ci=
∑

f

BfWf

(

CO&Mf +CINVf
i(i+ 1)nf

(i+ 1)nf − 1

)

; f∈F (2)

The cost of natural gas fuel is related to the price and con-
sumption of natural gas and is calculated as shown in Eqs. (3) and
(4). The carbon emissions of the system also originate from natural
gas, and the cost of carbon emission, which is related to the carbon
price and the amount of carbon emissions, is calculated as shown
in Eq. (5).

pt;gas =
Pt;GT + Pt;DB

ΦHCH4

; t∈NT (3)
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Cfuel=
∑

t∈T

Pt;gasCEgas; t∈NT (4)

Cemission=
∑

t∈T

Pt;gasEFgasCEemission; t∈NT (5)

3.2. Wind power generation model

PWT
t = ηWT;System

∑n
WT

j=1

PWT
t;j ; t∈NT (6)

PWT
t;j =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0; vt < vCut− in or vt > vCut− out

1
2

ηWTρAirπ
(
RWT

)2
v3t ; v

Cut− in < vt < vRated; t∈NT

PWT;Rated; vRated ≤ vt ≤ vCut− out

(7)

vt =

ln

(

HWT

z0

)

ln

(

HObs

z0

)vObst ; t∈NT (8)

The output power of a single WT at time t, PWT
t;j , and the total

output power of the WT group at time t, PWT
t , are calculated using

Eq. (6) [37]. Here, nWT represents the number of WTs, while
ηWT;System and ηWT denote the efficiency of the wind power system
and the efficiency of a single WT, respectively. vCut− in, vCut− out,
vRated, ρAir, RWT , and PWT;Rated are the cut-in wind speed, cut-out
wind speed, rated wind speed, air density, blade radius, and
rated power of a single WT, respectively. The wind speed at the
hub height of WT, vt , is derived from the wind speed at the mea-
surement height, vObst , as shown in Eqs. (7) and (8), where HWT and
Hobs are the hub height andmeasurement height, respectively, and
z0 is the surface roughness at the location of the WT [38].

3.3. Photovoltaic power generation model

PPVt = PPV;RatedηPV;SystemηPV;Derating

(
IGt

IG;STC

)

[
1+ λ

(
TPVt − TPV;STC

)]
; t∈NT

(9)

ηPV;Derating=
1

NLC;PV
∑N
LC;PV

k=1

[

1 − ηPV;Derating;F
(

ηPV;Derating;A
)k− 1

]

(10)

The power generated by the PV system at time t, PPVt is calcu-
lated based on the incident solar radiation and ambient tempera-
ture, as shown in Eqs. (9) and (10) [39]. Here, PPV,Rated refers to the
rated capacity of the PV system, by the PV system at time t, PPV,Rated

Fig. 1. Schematic diagram of the integrated energy system structure with hydrogen fuel cells.
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is the rated capacity of the PV system, while ηPV,System and ηPV,Der-

ating represent the operating efficiency of the PV system and the
average derating factor of the PVmodules, respectively. IGt and I

G;STC

are the incident solar irradiance at time t and under standard test
conditions, respectively. λ is the power temperature coefficient, and
TPVt and TPV;STC are the temperatures of the PV modules at time t

and under standard test conditions, respectively. ηPV;Derating;F and
ηPV;Derating;A are the derating factors for the first year and each year
after the first year of the PV module’s lifecycle, respectively. The
derating factors are influenced by various elements, including the
type correction factor of the PV modules, the tilt angle of the PV
array, the azimuth angle correction factor, the availability of the PV
power generation system, the utilization rate of sunlight, the effi-
ciency of the inverter, grid connection losses, step-up transformer
losses, surface contamination correction factor of the PV modules,
and the conversion efficiency correction factor of the PV modules.

3.4. Constraints

3.4.1. Energy balance constraints
To ensure continuous and normal production and living needs

within the industrial park, the model’s constraints include energy
balance, energy supply, and technical limitations. To guarantee
smooth operations, the electricity generated by the distributed
energy system minus the electricity consumed should be greater
than or equal to the park’s electricity demand. The compression
chiller (COC) converts electrical energy into cooling energy, and
this constraint is detailed in Eq. (11).

PWT
t + PPVt + ηGT;elecPt;GT − Pt;COC + ηFC;elecPt;FC − Pt;ALK + Ndist;BT

− Ncht;BT ≥ Delect ; t∈NT

(11)

Heating equipment primarily consists of direct-fired fuel
boilers (DB), waste heat boilers (WB), and SOFC. Absorption
chillers (ABC) produce cooling by consuming heat. In this context,
the thermal energy generated by the distributed energy system
minus the heat used for cooling should be greater than or equal to
the thermal energy demand of the industrial park. This constraint
is outlined in Eq. (12).

ηWB;heatPt;WB + ηDB;heatPt;DB − Pt;ABC + ηFC;heatPt;FC + Ndist;HS

− Ncht;HS ≥ Dheatt ; t∈NT

(12)

The cold energy generated by the distributed energy system
should meet or exceed the cooling demand of the industrial park,
as constrained by Eq. (13). The park is equipped with both COC and
ABC for cooling purposes.

COPCOCPt;COC +COPABCPt;ABC + Ndist;CS − Ncht;CS ≥ Dcoolt ; t∈NT

(13)

If there is a demand for hydrogen in the industrial park, the
system should ultimately produce an amount of hydrogen that is
greater than or equal to the hydrogen energy demand of the park,
as constrained by Eq. (14).

Phydrogent;ALK − Phydrogent;FC + Noutt;HST − Nint;HST ≥ Dhydrogent ; t∈NT (14)

The operation of energy storage devices is related to their
charging and discharging rates as well as energy losses, hence, the
constraints on the operational status of energy storage equipment

are presented in Eqs. (15) and (16). Furthermore, to ensure that the
energy storage devices operate more realistically and maintain
stable operation when activated, constraints on the amount of
energy stored when the devices are turned on are imposed, as
shown in Eq. (17).

SPt;f =
(
1 − ηlossf

)
SPt− 1;f + ηchf Ncht;f −

Ndist;f

ηdisf

; f ∈ F; t∈NT (15)

SPt;f =ηchf Ncht;f −
Ndist;f

ηdisf

; f∈F; t = 1 (16)

SP1;f = SPNT;f =
Wf

2
(17)

For the storage and release of hydrogen, the operational con-
straints of the HST are detailed in Eqs. (18) and (19).

SPhydrogent;HST =
(
1 − ηlossHST

)
SPhydrogent− 1;HST + ηinHSTN

in
t;HST −

Noutt;HST

ηoutHST
; t∈NT

(18)

SPhydrogent;HST =ηinHSTN
in
t;HST −

Noutt;HST

ηoutHST
; t = 1 (19)

3.4.2. Technical constraints
The rated capacity of any equipment must not exceed its

maximum capacity, as constrained in Eq. (20). During the opera-
tion of each functional device, the energy input must not surpass
the device’s rated capacity, which is governed by Eq. (21). In the
case of energy storage devices, the energy stored at any given
moment must not exceed the device’s rated capacity, a constraint
outlined in Eq. (22).
(
Bf − 1

)
Wmax≤Wf ≤BfWmax; f∈F (20)

Pt;f ≤Wf ; f∈F; t∈NT (21)

SPt;f ≤Wf ; f∈F; t∈NT (22)

The energy input to the WB should be equal to the heat output
of the GT, with this constraint detailed in Eq. (23). The energy input
to the ABC should not exceed the heat output of the WB, a
constraint specified in Eq. (24).

Pt;WB = ηGT;heatPt;GT; t∈NT (23)

Pt;ABC ≤ ηWB;heatPt;WB; t∈NT (24)

The relationship between the output power of the SOFC and the
input power of hydrogen is shown in Eq. (25). The relationship
between the hydrogen production efficiency of the ALK and the
input power of the ALK is depicted in Eq. (26).

Pt;FC =HH2
Phydrogent;FC ; t∈NT (25)

Phydrogent;ALK =
ηALK;hydrogenPt;ALK

HH2

; t∈NT (26)
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3.5. Consider uncertainty optimization

In the presence of uncertainties related to wind and solar po-
wer generation, as well as demands for electricity, thermal, cold,
and hydrogen, it is essential to ensure the system’s normal oper-
ation by employing robust optimization methods for constraint
handling. Following the robust optimization approach proposed
by Bertsimas and Sim [40], uncertain variables are assigned to
uncertainty sets, and the system constraints are adjusted by
introducing control parameters that regulate the model’s conser-
vativeness and uncertainty disturbance coefficients. This ensures
that the system canmeet demands at various levels of uncertainty.
Considering the uncertainties in wind and solar power generation,
as well as electricity, thermal, cold, and hydrogen demands, the
corresponding constraints are adjusted as shown in Eqs. (27)—(35).

Zt + Pt;1 ≥ ât; t∈NT (27)

Zt ≥0; t∈NT (28)

Pt;1≥0; t∈NT (29)

PWT
t + PPVt + ηGT;elecPt;GT − Pt;COC + ηFC;elecPt;FC − Pt;ALK + Ndist;BT

− Ncht;BT ≥ D
elec
t +

(
ZtΓ +

∑
Pt;1
)
; t∈NT

(30)

ηWB;heatPt;WB + ηDB;heatPt;DB − Pt;ABC + ηFC;heatPt;FC + Ndist;HS

− Ncht;HS ≥ D
heat
t +

(
ZtΓ +

∑
Pt;1
)
; t∈NT

(31)

COPCOCPt;COC + COPABCPt;ABC + Ndist;CS − Ncht;CS

≥ D
cool
t +

(
ZtΓ +

∑
Pt;1
)
; t∈NT (32)

Phydrogent;ALK − Phydrogent;FC + Noutt;HST − Nint;HST

≥ D
hydrogen
t +

(
ZtΓ +

∑
Pt;1
)
; t∈NT (33)

P
WT
t −

(
ZtΓ +

∑
Pt;1
)
+ PPVt + ηGT;elecPt;GT − Pt;COC

+ ηFC;elecPt;FC − Pt;ALK + Ndist;BT − Ncht;BT ≥ Delect ; t∈NT
(34)

PWT
t + P

PV
t −

(
ZtΓ +

∑
Pt;1
)
+ ηGT;elecPt;GT − Pt;COC

+ ηFC;elecPt;FC − Pt;ALK + Ndist;BT − Ncht;BT ≥ Delect ; t∈NT
(35)

3.6. Solution method

The proposed optimization model is implemented in MATLAB
and solved using the commercial solver GUROBI. The model aims
to determine the minimum total annual cost of the industrial
park’s energy system while identifying the optimal operational
strategy for system components. Additionally, the study evaluates
the economic benefits of integrating SOFC and accounts for un-
certainties within the system parameters.

4. Case Study

A case study is conducted for an industrial park in Baotou,
China, to analyze the optimal configuration of its IES. The park has
access to wind and solar energy resources and demands for elec-
tricity, heat, cooling, and hydrogen. To enhance energy efficiency
and reduce dependence on external energy sources, the study
proposes an energy system incorporating WT, PV, SOFC, and en-
ergy storage. Furthermore, employing robust optimization
methods to investigate the impact of wind and solar energy output
fluctuations and load demand uncertainties on system economics.

4.1. Wind and solar resources

The wind and solar resource data used in this study were ob-
tained from NASA’s Power Data Access Viewer platform. The wind
speed and solar irradiance distributions for the year are illustrated
in Fig. 2. The minimum, average, and maximumwind speeds were
recorded at 0.05 m·s− 1, 5.81 m·s− 1, and 22.1 m·s− 1, respectively.

Fig. 2. Measured wind speed and solar irradiance.

Z. Cheng et al. / Chinese Journal of Chemical Engineering 94 (2026) 208—222 213



The minimum, average, and maximum solar irradiances were
0.00 W·m− 2, 204.62 W·m− 2, and 1025.47 W·m− 2, respectively.

This region benefits from abundant wind and solar resources,
providing a strong foundation for advancing PV and wind power
industries while fostering the development of hydrogen energy
and energy storage as strategic emerging industries. Additionally,
Baotou City is actively exploring an integrated “wind-solar-
hydrogen-storage” coupling technology, leveraging renewable
energy sources for hydrogen production to support the growth of
the hydrogen energy sector. These practical outcomes not only
provide a realistic basis for this study but also demonstrate the
broad prospects for enhancing energy efficiency and reducing
carbon emissions through the optimization of integrated energy
systems, thereby promoting the green and low-carbon develop-
ment of industrial parks.

4.2. Equipment parameters

To meet the energy demands of the industrial park, the system
includes GT, WT, PV, DB, WB, COC, ABC, ALK, SOFC, and energy
storage systems. The maximum capacities and cost parameters of
various system components are summarized in Table 1, while the
technical specifications of these components are detailed in
Table 2. The relevant parameters of the WT are shown in Table 3.

5. Result and Analysis

5.1. Economic benefit evaluation

As shown in Fig. 3, the optimization results indicate that the
installed capacity of the SOFC is zero, suggesting that under the
current system conditions, SOFCs are not included in the optimal
configuration. The primary reason lies in the high capital and
operational costs of SOFC. Compared to GT, DB, and WB, the cost
per unit power of SOFC is significantly higher than those tech-
nologies. Furthermore, the economic feasibility of SOFC is closely
related to hydrogen production costs. In the system, hydrogen
production via water electrolysis is also affected by electricity
prices and electrolysis efficiency, resulting in a relatively poor
economic performance of the electricity-hydrogen energy
complementarity system. Consequently, under the objective of
minimizing costs, the optimization results favour selecting lower-
cost and higher-efficiency equipment, such as GT and direct
energy storage, rather than SOFC as a primary energy supply
technology.

Table 1
Equipment cost parameters [41—43].

Equipment Maximum capacity CINVf CO&Mf
Lifetime/a Depreciation rate

GT 80000 kW 2150 CNY·kW− 1 21.5 CNY·kW− 1·a− 1 25 0.08
WT 20 unit 3800 CNY·kW− 1 38 CNY·kW− 1·a− 1 20 0.05
PV 80000 kW 3969 CNY·kW− 1 39.69 CNY·kW− 1·a− 1 20 0.05
DB 80000 kW 1490 CNY·kW− 1 14.9 CNY·kW− 1·a− 1 20 0.08
WB 80000 kW 1560 CNY·kW− 1 15.6 CNY·kW− 1·a− 1 20 0.08
COC 80000 kW 1236 CNY·kW− 1 12.36 CNY·kW− 1·a− 1 25 0.08
ABC 80000 kW 1893 CNY·kW− 1 18.93 CNY·kW− 1·a− 1 25 0.08
BT 6000 kW·h 1785 CNY·(kW·h)− 1 17.85 CNY·(kW·h)− 1·a− 1 20 0.08
HS 6000 kW·h 100 CNY·(kW·h)− 1 1 CNY·(kW·h)− 1·a− 1 20 0.08
CS 6000 kW·h 200 CNY·(kW·h)− 1 2 CNY·(kW·h)− 1·a− 1 20 0.08
HST 6000 kg 15.31 CNY·kg− 1 0.1531 CNY·kg− 1·a− 1 20 0.08
ALK 80000 kW 779 CNY·kW− 1 7.79 CNY·kW− 1·a− 1 20 0.08
HFC 80000 kW 2994 CNY·kW− 1 29.94 CNY·kW− 1·a− 1 7 0.15

Note: CS, cold energy storage; EL,electrolytic cell; GB, gas turbine; HS, thermal energy storage.

Table 2
Equipment technical parameters [41,42,44].

Equipment ηf ;elec ηf ;heat ηALK;hydrogen COP ηlossf ηchf ηdisf

GT 0.35 0.55 ― ― ― ― ―

WT 0.69 ― ― ― ― ― ―

PV 0.90 ― ― ― ― ― ―

DB ― 0.95 ― ― ― ― ―

WB ― 0.65 ― ― ― ― ―

COC ― ― ― 4.5 ― ― ―

ABC ― ― ― 1.37 ― ― ―

BT ― ― ― ― 0.01 0.90 0.90
HS ― ― ― ― 0.01 0.90 0.90
CS ― ― ― ― 0.01 0.90 0.90
HST ― ― ― ― 0.01 0.99 0.99
ALK ― ― 0.845 ― ― ― ―

HFC 0.49 0.31 ― ― ― ― ―

Table 3
Individual wind turbine model parameters [41,42,44].

Parameter Value

HWT/m 110
HObs/m 10
PWT,Rated/kW 6250
RWT/m 96.5
vCut-in/m·s− 1 3
vCut-out/m·s− 1 20
vRated/m·s− 1 10.2

Fig. 3. Energy system equipment configuration scheme.
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5.2. Sensitivity analysis

Since SOFCs were not included in the optimal configuration
primarily due to high capital costs and operational costs, it is
essential to further analyze their economic sensitivity to key
economic factors. Energy prices, cost of facility, carbon price pol-
icies, and technological advancements may significantly influence
the system optimization results and alter the economic feasibility
of SOFC. Therefore, this section explores the minimum feasible
cost of SOFC under different conditions through sensitivity
analysis.

5.2.1. Sensitivity analysis of system energy demand
The impact of variations in electricity, thermal, cold, and

hydrogen demands on system optimization results is examined,
as shown in Fig. 4. The results indicate that changes in energy
demand affect the minimum feasible cost of SOFC in the system.
An increase in electricity and hydrogen demand leads to an in-
crease in the minimum feasible cost of SOFC, suggesting a posi-
tive impact on their economic feasibility. Conversely, an increase
in heat and cooling demand reduces theminimum feasible cost of
SOFC, indicating a negative impact. The increase in electricity
demand is most beneficial to SOFC economics, whereas the in-
crease in heat demand is the least favourable. This suggests that
within the system, SOFCs have a relative advantage in electricity
generation costs but a disadvantage in heat production costs.
Additionally, the cooling energy of the system is primarily
derived from the conversion of electrical and thermal energy. An
increase in the system’s hydrogen demand can indirectly reduce
hydrogen production costs, thereby lowering the fuel cost of
SOFC.

5.2.2. Sensitivity analysis of equipment efficiency
The impact of changes in the efficiency of SOFC, ALK, GT, and

DB on the minimum feasible price of SOFC is examined, as shown
in Fig. 4. The results indicate that different equipment efficiencies
have varying degrees of impact on the minimum feasible price of

SOFC. Notably, an improvement in SOFC efficiency significantly
increases the minimum feasible price of SOFC, whereas im-
provements in GT and DB efficiencies reduce the minimum
feasible price. This suggests that under current cost conditions,
enhancing SOFC efficiency helps lower the economic threshold
for SOFC adoption in the system. Additionally, changes in ALK
efficiency have a relatively minor impact on the minimum
feasible price of SOFC, likely because improved ALK efficiency
reduces electricity consumption, thereby limiting the role of
SOFC.

5.2.3. Sensitivity analysis of carbon price
Carbon price vary by country, typically ranging from 7

CNY·(t CO2)− 1 to 1010 CNY·(t CO2)− 1 [45]. As shown in Fig. 5, the
sensitivity analysis examines the impact of carbon price levels
ranging from 7 to 1007 CNY·(t CO2)− 1 on system optimization
results. The results reveal that as the carbon price increases, the
minimum feasible cost of SOFC exhibits a linear growth trend,
rising from 2574.84 CNY·kW− 1 to 5389.2 CNY·kW− 1. This is
because higher carbon price increase the operational cost of fossil
fuel-based equipment, making low-carbon or zero-carbon tech-
nologiesmore economically competitive. However, due to the still-
high initial capital cost and operational cost of SOFC, they only
become part of the optimal configuration when the carbon price
level exceeds 187 CNY·(t CO2)− 1.

5.2.4. Sensitivity analysis of natural gas prices
The impact of natural gas price variations on the minimum

feasible price of SOFC is explored, as shown in Fig. 5. The results
indicate that as natural gas prices increase, the minimum feasible
price of SOFC exhibits a nonlinear growth trend. The rising natural
gas prices increase the fuel cost of GT and DB, making SOFC more
economically competitive. As a result, the system becomes more
inclined to adopt SOFC. Under current system conditions, when
the natural gas price exceeds 5.2 CNY·m− 3, the optimal configu-
ration employs SOFC.

Fig. 4. Sensitivity analysis of energy demand and equipment efficiency.
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5.2.5. Sensitivity analysis of fuel cell lifetime
The impact of SOFC lifetime on its minimum feasible price is

examined, as shown in Fig. 5. The results indicate a linear positive
correlation between SOFC lifetime and its minimum feasible
price. As the lifetime extends from 1 year to 20 years, the mini-
mum feasible price of SOFC increases linearly from 269.46
CNY·kW− 1 to 6467.04 CNY·kW− 1. This demonstrates that the
economic feasibility of SOFCs is highly dependent on their life-
span. Currently, most SOFCs have a lifespan of 5—10 years,
and shorter lifespans limit their application in the system.
Extending the lifespan could significantly improve their eco-
nomic competitiveness.

5.3. Optimized system configuration

Given the potential economic benefits of SOFC under high
carbon price environments, this study incorporates a carbon price
mechanism into the existing energy system, setting the carbon
price at 441.19 CNY·(t CO2)− 1, and further analyzes the impact of
SOFC integration on system economics and equipment configu-
ration. As shown in Table 4, integrating SOFC reduces the system’s
total annual cost from 15.968 × 107 CNY to 15.936 × 107 CNY, a
decrease of approximately 0.2%. Notably, the cost of carbon
emission is significantly reduced from 2.292 × 107CNY to
2.114× 107 CNY, a reduction of 7.8%, indicating that the low-carbon
advantages of SOFC are realized in a high carbon price environ-
ment. However, the cost of the facility increased from 7.065 × 107

CNY to 7.723 × 107 CNY, an increase of approximately 9.3%, this
indicates that the high capital cost of SOFC still has a certain
impact on the system’s economic viability.

Fig. 6 illustrates the structure of the optimized system. Due to
the high capital cost of BT, the optimized system does not include
BT. In the system incorporating SOFC, SOFC serves as the core
component for the complementary conversion of electrical and
hydrogen energy. Through the electricity-hydrogen energy con-
version mechanism of SOFC, surplus renewable energy is con-
verted into hydrogen for storage, which can be efficiently
converted back into electricity during peak demand periods,
thereby achieving flexible energy regulation.

As illustrated in Fig. 7, the integration of SOFC leads to changes
in the configuration of conventional power generation equipment.
The installed capacities of WT and PV increase, indicating that
SOFC deployment enhances the utilization of renewable energy
sources. Furthermore, the inclusion of SOFC replaces certain high-
carbon-emission generation technologies, such as DB, whose
installed capacity significantly decreases. Additionally, energy
storage configurations adjust to accommodate the new energy
supply-demand dynamics.

With SOFC integration, the system’s annual renewable energy
generation increases from 3.05 × 108 kW·h to 3.22 × 108 kW·h,
reflecting a 5.72% expansion. Furthermore, after integrating SOFC
into the system, the curtailment rate of electricity decreased by
7.1%, enhancing the utilization rate of renewable resources. This
optimized configuration not only reduces the total annual cost but

Fig. 5. Sensitivity analysis of fuel cell lifetime, natural gas prices, and carbon price.

Table 4
Results of economic and environmental benefits.

Result Scenario

The system without SOFC integrated The system with SOFC integrated

Total annual cost/107CNY 15.968 15.936
Cost of facility/107CNY 7.065 7.723
Cost of energy/107CNY 6.611 6.099
Cost of carbon emission/107CNY 2.292 2.114
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also lowers carbon emissions while effectively increasing the
share of renewable energy in the energy mix.

Figs. 8 and 9 depict the hourly energy dispatch of the
electricity-hydrogen module in systems without and with SOFC
integration, respectively. In the system without SOFC, hydrogen
production through electrolysis primarily relies on intermittent
renewable energy generation. However, due to the lack of an
effective electrical-hydrogen energy complementary mechanism
within the system, some renewable energy resources are aban-
doned due to mismatched demand, resulting in significant fluc-
tuations in power output, and the potential of wind and solar
resources remains underutilized.

In the systemwith integrated SOFCs, SOFCs function as the core
component of the electricity-hydrogen conversion process. During
periods of surplus renewable energy, electricity is converted into
hydrogen for storage, which can later be reconverted into elec-
tricity during peak demand periods. This bidirectional energy ex-
change mitigates fluctuations in power output. Compared to the
system without SOFC, the system with SOFC integration exhibits
smoother power output, demonstrating that SOFCs play a crucial
role in peak shaving and valley filling, ultimately enhancing the
utilization rate of renewable energy.

Despite the 7.8% reduction in the cost of carbon emission
following SOFC integration, the total annual cost decreased by only
0.2%. This finding highlights that under current economic condi-
tions, SOFC remains constrained by high capital costs. Nonethe-
less, at a carbon price of 441.19 CNY·(t CO2)− 1, SOFC integration

reduces system CO2 emissions from 51950 t to 47916 t, achieving a
total reduction of approximately 4035 t CO2, which demonstrates
its clear carbon-mitigation benefits. Moreover, SOFC integration
enhances renewable energy utilization, further supporting the
system’s low-carbon transition.

5.4. System uncertainty analysis

In practical operations, energy systems are subject to multiple
uncertainties, including fluctuations in electricity, heat, cooling,
and hydrogen demand, as well as WT and PV power generation
variability. These uncertainty factors significantly impact system
economics, stability, and optimization strategies. To address these
challenges, this study employs a robust optimization model to
comprehensively analyze system performance under various un-
certainty conditions and assess the role of SOFC in maintaining
system stability. The model considers six primary uncertainty
factors: electricity demand, heat demand, cooling demand,
hydrogen demand, and fluctuations in WT and PV power genera-
tion. By comparing systems with and without SOFC integration,
this study evaluates the impact of these uncertainties on the total
annual cost and explores how SOFC contributes to system stability
under different uncertainty factors.

The control parameter Γ in the robust optimization model has a
step size of 0.1, ranging from 0 to 1, while the perturbation coef-
ficient ϕ of uncertain parameters has a step size of 0.05, ranging
from 0 to 0.5. When Γ = 0, the model is equivalent to a

Fig. 6. Schematic diagram of the optimized integrated energy system.
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deterministic model, representing the least conservative approach
with the lowest total annual cost. As Γ increases, the model’s
robustness and resistance to uncertainty improve, but this comes
at the expense of a higher total annual cost. The perturbation co-
efficient ϕ reflects the deviation of uncertain parameters from
their nominal values, quantifying the intensity of uncertainty.

Fig. 10(a),(c),(e),(g),(i),(k) and (b),(d),(f),(h),(j),(l) quantify the
sensitivity of total annual cost to stochastic fluctuations in elec-
tricity, heating, cooling and hydrogen demands as well as in wind/
solar outputs, before and after the integration of the SOFC. A
comparative inspection of these figures reveals the following.
Under different uncertainty scenarios, the role of SOFC shows
significant differences. At ϕ = 0.5 and Γ = 1, under scenarios of
electricity demand uncertainty (as shown in Fig. 10(a) and (b)), the
total annual cost of the system with SOFC integrated increased by
17.79%, compared to an increase of 17.83% for the system without
SOFC. The inclusion of SOFC reduces the system’s sensitivity to
electricity demand fluctuations, demonstrating better cost effi-
ciency and stability. However, under scenarios of thermal energy
demand uncertainty (as shown in Fig. 10(c) and (d)), the total
annual cost increased by 8.36% with the integration of SOFC, sur-
passing the 8.25% increase observed in systemswithout SOFC. This
indicates that the introduction of SOFC has not effectively miti-
gated the impact of uncertainty in thermal energy demand but

instead added complexity and cost to the system. Similarly, in
scenarios of cold energy demand uncertainty (as shown in
Fig. 10(e) and (f)), the total annual cost increased by 0.0151%
with SOFC, compared to a 0.0146% increase in systems without
SOFC. This result confirms the poor adaptability of SOFC to un-
certainty in cooling energy demand.

Under scenarios of uncertainty in hydrogen demand (as shown
in Fig. 10(g) and (h)), the total annual cost increased by 24.46%
with the integration of SOFC, which is lower than the 24.54% in-
crease in systems without SOFC, indicating that SOFC can enhance
system stability under conditions of uncertainty in hydrogen
demand. In scenarios of wind power generation uncertainty
(as shown in Fig. 10(i) and (j)), the total annual cost increased by
15.58% with SOFC, higher than the 15.35% increase in systems
without SOFC. In scenarios of PV power generation uncertainty (as
shown in Fig. 10(k) and (l)), the total annual cost increased by
6.96% with SOFC, higher than the 6.81% increase in systems
without SOFC. Therefore, under scenarios of uncertainty in wind
and solar power generation, SOFC did not enhance the stability of
the system.

Overall, the effectiveness of SOFC is highly dependent on the
type of uncertainty factors present. Under electricity and
hydrogen demand uncertainties, SOFC significantly alleviates
system cost increases, enhancing both economic performance

Fig. 7. System equipment configuration scheme.
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and stability. However, under heat demand, cooling demand,
and renewable energy fluctuation uncertainties, SOFC integra-
tion fails to mitigate negative effects and exacerbates system
costs.

Therefore, in the optimal design of energy systems, SOFCs
should be reasonably configured based on the type and degree of
uncertainty factors to fully leverage their advantages in the

complementary conversion of electrical and hydrogen energy. At
the same time, it is important to avoid the potential decrease in
economic efficiency that they may bring in other scenarios, to
achieve the optimal balance between cost and stability. These
research findings provide significant decision support for the
optimization of integrated energy systems in industrial parks and
other similar areas.

Fig. 8. Hourly energy output of the electricity-hydrogen module in a system without fuel cells integrated.

Fig. 9. Hourly energy output of the electricity-hydrogen module in a system with fuel cells integrated.
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6. Conclusions

This study investigates the economic feasibility and system
integration strategies of SOFCs in distributed IES. Through sensi-
tivity analysis, optimal configuration, and uncertainty analysis, the
application potential of SOFCs and their key influencing factors
under different scenarios are systematically explored.

(1) The economic feasibility of SOFCs is jointly influenced by
policy instruments, demand structure, and technological
parameters. Higher carbon price levels and increased
electricity and hydrogen demand significantly enhance the
economic competitiveness of SOFCs, whereas rising ther-
mal and cooling demand weakens their advantages,

particularly under high thermal load conditions. Im-
provements in SOFC efficiency and service lifetime can
effectively reduce system costs and enhance overall eco-
nomic performance.

(2) SOFC integration delivers pronounced carbon mitigation
benefits and improves renewable energy utilization. Spe-
cifically, system-wide CO2 emissions are reduced by 7.8%
following SOFC deployment. Moreover, by enabling flexible
electricity—hydrogen conversion, SOFCs lead to a 7.1%
reduction in electricity curtailment. These results highlight
the strong potential of SOFCs in supporting decarbonization
and improving renewable energy utilization.

(3) Uncertainty analysis indicates that hydrogen demand un-
certainty has the greatest impact on system economics.

Fig. 10. The impact of uncertainty in multiple factors on the annual total cost of the system ((a), (b): Electricity demand uncertainty in systems without and with fuel cells; (c), (d):
Heat demand uncertainty in systems without and with fuel cells; (e), (f): Cooling demand uncertainty in systems without and with fuel cells; (g), (h): Hydrogen demand un-
certainty in systems without and with fuel cells; (i), (j): Wind power uncertainty in systems without and with fuel cells; (k), (l): PV power uncertainty in systems without and with
fuel cells).
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Under uncertainties in electricity and hydrogen demand,
SOFCs effectively mitigate cost fluctuations and enhance
operational stability through their flexible
electricity—hydrogen conversion capability. Therefore, in
the optimization and design of energy systems, it is neces-
sary to comprehensively consider uncertainty factors and to
configure SOFCs rationally to fully exploit their
electricity—hydrogen conversion advantages.
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Nomenclature

ât maximum deviation of uncertain parameters at time t,
kW

Bf if select the equipment f, Bf = 1
Cemission the cost of carbon emission of the system, CNY·a− 1

Cfuel fuel cost of the system, CNY·a− 1

Ci cost of facility, CNY·a− 1

CTot minimum total annual cost of the system, CNY·a− 1

CINVf initial capital cost of equipment, CNY·kW− 1

CO&Mf operation and maintenance cost of f, CNY·kW− 1·a− 1

CEemission carbon price, CNY·(t CO2)− 1

CEgas price of natural gas, CNY·m− 3

COPABC refrigeration coefficient of ABC
COPCOC refrigeration coefficient of COC
Dt nominal value of energy demand at time t, kW
Dcoolt the cooling energy demand of the system at time t, kW
Delect electricity demand of the system at time t, kW
Dheatt the thermal energy demand of the system at time t, kW
Dhydrogent hydrogen demand of the system at time t, kg
EFgas CO2 emissions per unit volume of natural gas, t

CO2·m− 3

F set of all equipment in the energy system
f specific equipment in the energy system
HCH4

the lower heating value of natural gas, kJ·m− 3

HH2
higher heating value of hydrogen, kJ·kg− 1

HObs measurement height of the WT, m
HWT hub height of the WT, m
IGt incident solar radiation on PV modules at time t,

W·h·m− 2

IG,STC incident solar radiation on PV modules under standard
test conditions, W·h·m− 2

i depreciation rate of equipment, %
Nch
t;CS input power of CS at time t, kW

Ndis
t;BT output power of BT at time t, kW

Ndis
t;f output power of f at time t, kW

Ndis
t;CS output power of CS at time t, kW

Ndis
t;HS output power of HS at time t, kW

Nin
t;HST input hydrogen quantity of the HST at time t, kg

Nout
t;HST output hydrogen quantity of HST at time t, kg

NT the total annual operating hours of the system, h
nf service life of equipment, a
nWT the total number of WTs, units
Pt,ABC power input to the ABC at time t, kW
Pt,ALK power input to the ALK at time t, kW
Pt,COC power input to the COC at time t, kW
Pt,DB power input to the DB at time t, kW
Pt,FC power generated by the FC at time t, kW
Pt,f energy input to equipment at time t, kW
Pt,GT power input to the GT at time t, kW
Pt,gas natural gas consumption at time t, m3

Pt,WB power input to the WB at time t, kW

Phydrogent;ALK hydrogen production by the ALK, kg·h− 1

Phydrogent;FC hydrogen input to the FC at time t, kg·h− 1

PPV,Rated the rated power of the PV system, kW
PPVt power generated by the PV at time t, kW

P
PV
t nominal value of solar power generation at the time t,

kW
Pt,1 dual variable of the standard optimization problem
PWT
t power generated of WT at time t, kW
PWT
t;j output power of a single WT at time t, kW

P
WT
t nominal value of wind power generation at the time t,

kW
PWT,Rated rated power of a single WT, kW
PPV,Rated the rated power of the PV system, kW
RWT blade radius of the WT, m
SPt,f stored energy level of energy storage equipment at

time t, kW·h
SPhydrogent;HST stored hydrogen level of the HST at time t, kg
TPVt temperature of PV modules at time t, ◦C
TPV,STC temperature of PV modules under standard test

conditions, ◦C
t the unit time, h
vCut-in cut-in wind speed of the WT, m·s− 1

vCut-out cut-out wind speed of the WT, m·s− 1

vRated rated wind speed of the WT, m·s− 1

vt the wind speed at the hub height of the WT, m·s− 1

vObst wind speed at the measurement height, m·s− 1

Wf rated capacity of f in the system
Wmax maximum capacity of equipment
Zt dual variable of the standard optimization problem
z0 surface roughness at the WT location, m
Γ control parameter
ηPV,Derating average degradation factor of PV modules
ηPV,Derating,F degradation factor of PV modules in the first year of

operation
ηPV,Derating,A annual degradation factor of PV modules after the

first year
ηWT efficiency of an individual WT, %
ηWT,System the overall efficiency of the wind power generation

system, %
ηPV,System operational efficiency of the PV system, %
ηALK,hydrogen hydrogen production efficiency of ALK, %
ηDB,heat heat production efficiency of DB, %
ηFC,elec power generation efficiency of FC, %
ηFC,heat heat production efficiency of FC, %
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ηGT,heat heat production efficiency of GT, %
ηWB,heat heat production efficiency of WB, %
ηDB,heat heat production efficiency of DB, %
ηALK,hydrogen hydrogen production efficiency of ALK, %
ηlossf energy loss coefficient of energy storage equipment, %

ηchf input efficiency of energy storage equipment, %

ηdisf output efficiency of energy storage equipment, %

ηinHST input efficiency of the HST, %
ηoutHST output efficiency of the HST, %

ρAir air density, kg·m− 3

λ temperature coefficient of PV module power output
Φ utilization rate of natural gas, %
ϕ disturbance coefficient
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