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ABSTRACT

Hybrid wind-PV system projects (HWPSPs) help increase renewable energy penetration and gain additional advantages under carbon
emission trading (CET) mechanisms. However, evolving CET policies and carbon price volatility introduce uncertainty into the objective
evaluation of such projects. This study proposes a quantum-enhanced evaluation framework that integrates quantum particle swarm optimi-
zation (QPSO) with the technique for order preference by similarity to ideal solution (TOPSIS) to assess HWPSP performance in a carbon-
trading context. A CET-integrated evaluation indicator system is first constructed based on an in-depth analysis of CET’s influence on
HWPSPs. The coupled relationships among indicators are then modeled via quantum superposition and entanglement, while indicator
weights are optimized using QPSO. Subsequently, TOPSIS is applied to obtain the final assessment results. A newly constructed HWPSP at a
thermal power plant in Beijing, China, is used as a case study to validate the method. The results show that QPSO improves convergence
speed by 35.8% compared with classical PSO and enhances robustness, with ranking fluctuations remaining within =2% under 5%-10% indi-
cator perturbations —vs 8%-12% for traditional linear multi-criteria decision-making (MCDM) methods. Finally, the proposed method is
validated using a real HWPSP project at a thermal power plant in Beijing. Incorporating CET reduces the Euclidean distance between the
project’s comprehensive evaluation score and the ideal scheme by 4.17%, elevating its final ranking to the “Excellent” level.
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I. INTRODUCTION . .34 . .
share in the energy mix.”" However, increasing concerns about carbon
A. Background and motivation emissions have added complexity to the evaluation of the sustainability
Global climate change has created an urgent demand for clean and economic viability of these projects. While carbon trading mecha-
energy sources.” Hybrid wind-PV system projects (HWPSP), charac- nisms offer enterprises incentives to proactively reduce their carbon
terized by their ability to combine decentralized wind and solar footprint,”* accurately assessing the comprehensive impact of HWPSP
power,” have emerged as a key driver in expanding renewable energy’s in the context of carbon trading remains a complex and unresolved
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challenge. Conventional evaluation methods do not fully account for
the dynamic influence of carbon trading on these projects’ and are
inadequate in providing decision-making support amid market fluctu-
ations.”” Thus, there is a pressing need for a novel assessment method-
ology that can thoroughly and accurately evaluate the feasibility of
HWPSP while incorporating the true implications of carbon trading.

B. Literature review
1. HWPSP based on CET

The background of carbon emissions trading (CET) can be traced
back to international climate change agreements under the United
Nations Framework Convention on Climate Change, such as the
Kyoto Protocol (1997) and the Paris Agreement (2015).'""" Existing
research on power generation enterprises primarily focuses on factors
influencing carbon emissions, market mechanisms, policy effects, and
related aspects. Among these enterprises, thermal power plants are
identified as the largest contributors to carbon dioxide emissions.'”
Some scholars have utilized differential models to investigate the
impact of CET systems on the environmental performance of power
plants. Their findings suggest that incorporating carbon taxes into the
carbon trading market can incentivize power companies to adopt
green transformations.”” In Ref. 14, the authors analyzed CET data
from 2008 to 2012, focusing on the European Union’s mature CET
market. They highlighted that carbon prices are influenced not only by
domestic economic factors but also by international environmental
factors. Furthermore, Gavard and Kirat'* discovered that energy prices
and European allowances prices significantly impact carbon prices. In
Ref. 16 the authors compared the accuracy of various computational
models in predicting carbon prices, concluding that hybrid fuzzy neu-
ral networks provided the most accurate predictions, offering valuable
insights for risk management in carbon trading. Similarly, in Ref. 17,
the authors employed economic forecasting and policy analysis models
to study the relationship between emissions trading mechanisms and
the benefits of emission reductions in the Chinese power sector. In Ref.
18 a P2P trading model was constructed, improving both economic
and environmental benefits through innovative mechanisms. The
study introduced blockchain cross-chain interoperability technology
into the real-time data-sharing network for electricity and carbon co-
trading, providing a reference for the real-time integration of electricity
and carbon markets. In Ref. 19, the authors quantitatively evaluated
low-carbon energy transition policies, focusing on policy intensity,
objectives, and tools. Using ridge regression models, the study analyzed
the carbon reduction effects of these policies and proposed relevant
recommendations for reducing carbon emissions.

HWPSP has recently emerged as a key development in the
renewable energy landscape. These systems integrate wind and PV
power generation within industrial premises to harness wind and solar
energy, thereby simultaneously meeting electricity demands and
reducing carbon emissions.”’ However, the development of HWPSP is
currently influenced by factors such as subsidy policies and electricity
price adjustments.”" In response to these challenges,” considered user
preferences and characteristics, constructing a game model for the PV
supply chain under different power structures. The study explored opti-
mal decisions for PV supply chain enterprises and government subsidy
policies. Recent studies have explored the hybridization of wind
and solar systems to optimize renewable energy output. In Ref. 23

ARTICLE pubs.aip.org/aip/rse

the authors evaluated capacity allocation strategies for stand-alone
hybrid systems, highlighting the advantages of genetic algorithms over
traditional methods. They also analyzed the wind-solar capacity ratio
from the perspectives of policy compliance and land-use impact, pro-
posing that minimizing the coefficient of variation is essential for
determining the optimal wind-to-solar ratio to reduce energy variabil-
ity, particularly in regions with land constraints and in China. In paral-
lel, Xu et al”* used a quasi-experimental method, propensity score
matching difference-in-differences (PSM-DID), to examine the impact
of PV poverty alleviation projects on local economies, based on panel
data from 852 provinces and 12 counties in China. Their study pro-
posed sustainable strategies for PV poverty alleviation projects through
enhanced regional collaboration. In addition to these studies, research-
ers have explored various aspects of distributed HWPSP, including site
selection,”*® PV component layout,””** system design,”” grid integra-
tion,”” as well as broader topics like technological advancements,’*”
energy management,” " and performance optimization.”” Existing
studies on HWPSPs have primarily focused on technical optimization,
economic feasibility, and environmental benefits. Many works analyze
the impact of resource complementarity, system configuration, and
operation strategies on project performance. Recent research also con-
siders the policy context of CET, indicating that carbon pricing can
significantly influence investment decisions and project profitability.
However, most existing studies treat CET as an external economic fac-
tor without integrating it into a systematic multi-criteria evaluation
framework. In addition, the interaction between carbon reduction ben-
efits and other criteria (such as economic, social, and environmental
indicators) is often simplified or ignored, limiting the comprehensive-
ness of the evaluation results.

2. Comprehensive evaluation method

From the perspective of evaluation methodology, multi-criteria
decision-making (MCDM) techniques have gradually become the
mainstream tools for assessing renewable and low-carbon energy proj-
ects. Classical frameworks such as the analytic hierarchy process
(AHP), entropy weighting, TOPSIS, COPRAS, and related hybrid
schemes provide a structured way to combine economic, technical,
environmental, and social indicators into an integrated score.”*
Owing to their clear logic and relatively low data requirements, these
methods have been widely applied in project selection, site planning,
and policy analysis for conventional power systems as well as emerging
renewable energy projects.””*’ With the growing complexity of deci-
sion contexts, a second group of studies has proposed enhanced or
hybrid MCDM models. Typical examples include AHP-entropy com-
binations to balance subjective and objective information,”" fuzzy
extensions of TOPSIS and COPRAS to represent linguistic judge-
ments,”” and DEA-based formulations to benchmark the relative effi-
ciency of comparable projects.*’ These approaches improve robustness
against subjective bias and data uncertainty, thereby offering more
nuanced and reliable evaluation outcomes than purely deterministic
techniques."”"” Despite these advancements, several methodological
limitations remain. Most existing MCDM frameworks implicitly
assume linear additivity and independence among indicators, limiting
their ability to capture the nonlinear coupling typically observed
among technical performance, economic returns, and environmental
impacts. Moreover, the determination of indicator weights often relies
on heuristic or locally optimized procedures, which may lead to
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multiple local optima and reduce the credibility of ranking results.
In addition, when policy-driven factors such as CET are incorporated,
the interdependence between carbon-related indicators and traditional
economic or environmental criteria becomes more pronounced, yet
conventional MCDM models are not explicitly designed to accommo-
date such complex interactions.”””* These considerations suggest that
an effective evaluation framework for hybrid wind-photovoltaic sys-
tems under CET should retain the interpretability of MCDM methods
while integrating a more powerful global optimization mechanism
capable of deriving indicator weights and representing nonlinear rela-
tionships among evaluation criteria.

3. Quantum derivative algorithm-QPSO

Quantum computing, first conceptualized by Feynman in the
1980s,"” has seen rapid advancements in recent years. Unlike classical
bits, which exist in binary states (0 or 1), qubits can exist in superposi-
tion, representing both states simultaneously. By leveraging superposi-
tion, entanglement, and interference, quantum algorithms exhibit
inherent parallelism and offer the potential for exponential speedups
in solving complex problems. Prominent examples include Shor’s algo-
rithm® and Grover’s algorithm."” In 1996, the integration of quantum
computing with genetic algorithms was proposed,” marking the
beginning of quantum swarm intelligence optimization. Subsequently,
quantum genetic algorithms were developed,”’ where qubits and quan-
tum rotation gates were introduced to encode and update chromo-
somes, paving the way for numerous quantum swarm intelligence
algorithms over the next two decades.” ”° These algorithms have since
been enhanced with various modifications and applied to a wide range
of problems.

Particle swarm optimization (PSO) has also been adapted to the
quantum domain, giving rise to the quantum particle swarm optimiza-
tion (QPSO) algorithm.”’ By integrating quantum mechanics, QPSO
harnesses the power of qubit superposition and entanglement, achiev-
ing greater search efficiency and robustness compared to classical PSO.

ARTICLE pubs.aip.org/aip/rse

QPSO has found applications in diverse fields, such as medical tech-
nology,”””” chemical engineering,”” "’ and materials science.”"** In the
field of comprehensive evaluation, classical optimization algorithms
such as PSO and genetic algorithms (GA) have demonstrated consid-
erable effectiveness. However, they exhibit inherent limitations: their
global search capability is often insufficient to cope with nonlinear and
strongly coupled indicators, and their performance is highly sensitive
to parameter tuning and initialization. As a result, these methods fre-
quently yield unstable or locally optimal weight solutions, particularly
in HWPSP evaluations, where natural, economic, environmental, and
carbon-emission-related indicators interact in complex ways. In con-
trast, quantum optimization methods offer several advantages that
directly address these shortcomings. The QPSO algorithm employs
probabilistic quantum-state evolution, enabling broader global explo-
ration with fewer heuristic parameters and reduced dependency on ini-
tial conditions. This leads to more stable convergence and stronger
robustness when handling uncertain or irregular data distributions.
Moreover, the population update mechanism in QPSO supports paral-
lel exploration of multiple candidate solutions, thereby improving its
ability to maintain consistent weight distributions across diverse data
scenarios. These distinctions reveal a clear methodological gap: tradi-
tional optimization algorithms struggle to determine accurate weights
in high-dimensional, nonlinear, and uncertain energy evaluation prob-
lems, whereas QPSO provides a more reliable and theoretically
grounded alternative. Despite these strengths, existing applications of
QPSO have primarily focused on operational optimization or parame-
ter tuning, with limited attention to MCDM.

Table I summarizes key characteristics of representative evalua-
tion methods. As shown, traditional and hybrid MCDM approaches
provide structured decision rules but often rely on subjective or linear
weight determination. Quantum-inspired algorithms demonstrate
stronger global search capability but have not been effectively com-
bined with MCDM methods for HWPSP evaluation, particularly
under carbon trading mechanisms. This gap motivates the present
study, which integrates QPSO-based weight determination with

TABLE I. Comparative analysis of representative evaluation methods for renewable-energy project assessment.

Nonlinear indicator

Method Advantages Limitations Consider CET? interaction?
AHP / Entropy Simple, widely used; Subjective;linear assumptions X X
good interpretability

Fuzzy MCDM Handles uncertainty; flexible Computationally heavy; still X Partial

relies on expert rules
COPRAS/ TOPSIS Efficient;stable ranking Weights often heuristic; cannot X X

model indicator coupling
Hybrid MCDM Improved objectivity Still lacks global search Sometimes X
(AHP-Entropy, ability; linear criteria
Fuzzy-TOPSIS)
QGA / QBEA Strong global search ability Limited applicability; X v
no MCDM integration
QPSO (This study) Strong global convergence; Requires parameter design 4 v
models indicator coupling;
suitable for weight
optimization
J. Renewable Sustainable Energy 18, 016314 (2026); doi: 10.1063/5.0306208 18, 016314-3
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TOPSIS to construct a comprehensive, policy-aware evaluation frame-
work for HWPSPs.

C. Contributions and article structure

Addressing the research gap in the comprehensive evaluation of
HWPSPs under carbon trading mechanisms, this study incorporates
CET policy factors and carbon price fluctuations into the assessment
framework. We establish a CET-integrated evaluation indicator sys-
tem, consider the nonlinear coupling among indicators, and adopt a
quantum-enhanced optimization approach for weight determination.
The effectiveness of the proposed framework is further verified using
real project data. The main contributions of this study are as follows:

1. A CET-integrated evaluation indicator system tailored for
HWPSPs. A six-dimensional, eighteen-indicator system is con-
structed to comprehensively represent the economic, environ-
mental, social, technical, resource, and carbon-trading-related
characteristics of HWPSPs. Unlike existing frameworks, the pro-
posed system explicitly incorporates CET-driven benefits and
risks, allowing a more realistic reflection of project performance
under national carbon policies.

2. A quantum-enhanced weight determination method based on
QPSO. Compared with classical PSO, QPSO achieves 35.8%
faster convergence and exhibits significantly higher robustness,
with a variance of optimal solutions of only 0.005 in 20 indepen-
dent runs (vs. 0.013 for PSO), demonstrating superior global
search stability.

3. A QPSO-TOPSIS hybrid evaluation model capable of capturing
nonlinear indicator interactions. The model effectively captures
nonlinear coupling among the indicators. Under 5%-10% indica-
tor perturbations, the ranking fluctuation remains below 2%,
substantially outperforming traditional linear MCDM methods
(8%-12%).

4. A real-world case demonstration under different carbon price
scenarios. A practical HWPSP project in Beijing is evaluated to
validate the effectiveness of the proposed model. Furthermore,
sensitivity analysis under varying CET prices is conducted to

Hybrid Wind-PV

ARTICLE pubs.aip.org/aip/rse

examine the stability of project rankings, illustrating the impor-
tance of carbon pricing in decision-making. The results indicate
that incorporating CET significantly improves the project’s rela-
tive closeness to the ideal scheme.

The remainder of this paper is organized as follows: Sec. II
presents the foundational design of HWPSP and outlines the compre-
hensive evaluation indicator system. Section I1I introduces the meth-
odology, including the process of weight calculation using the QPSO
algorithm and the application of the TOPSIS method for comprehen-
sive evaluation. In Sec. IV, real-world case studies are used to validate
the constructed evaluation system and methodology, with detailed
weight calculation and evaluation analysis. Finally, Sec. V concludes
the research.

Il. SYSTEM HARDWARE STRUCTURE

The hardware structure of the HWPSP primarily comprises two
subsystems: the PV system and the wind power system, as illustrated
in Fig. 1. These subsystems function independently yet are integrated
to collaboratively supply energy within industrial facilities or buildings.
The wind power system generates AC power, which is rectified into
DC using a rectifier, while the PV system produces DC power that is
regulated through a converter. Both DC power outputs are then com-
bined and processed through an inverter, where they are converted
back into AC for final distribution to various loads, such as factories or
commercial buildings. This coordinated design ensures efficient utili-
zation of both wind and solar energy resources, providing a stable and
reliable energy supply to meet the facility’s demand.

In the HWPSP, the wind power subsystem operates by convert-
ing the kinetic energy of wind into mechanical energy, which is subse-
quently transformed into electrical power. As shown in Fig. 2(a), the
system uses a variable pitch wind turbine that adjusts the blade angles
to maximize energy capture from changing wind conditions. The
kinetic energy of the wind is harnessed and transferred to the turbine,
where it is converted into mechanical energy by the rotor and then
into electrical energy by the generator. The system dynamically con-
trols the turbine’s movement to optimize efficiency while maintaining

9€:21:20 920T Ud21en ¥0
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FIG. 1. Hardware structure of the HWPSP.

J. Renewable Sustainable Energy 18, 016314 (2026); doi: 10.1063/5.0306208 18, 016314-4

Published under an exclusive license by AIP Publishing


pubs.aip.org/aip/rse

Journal of Renewable
and Sustainable Energy

(a)

ARTICLE pubs.aip.org/aip/rse

(b)

FIG. 2. Schematic representation of power generation principles in the HWPSP: (a) Wind energy conversion; (b) PV energy conversion.

operational stability. The fundamental equations governing wind
power generation are as follows:

1

E:EpAVSXt, (1)

1
P,=E/t= EpAV3, )
P,, = RsxT, (3)

P,
Cp=—, (4)

P P,

where E represents the kinetic energy of the wind, p is the air density,
A is the swept area of the wind turbine blades, and V is the wind speed.
The time duration is denoted by ¢, while P,, refers to the wind power
density, which indicates the amount of power passing through a unit
area per unit time. P,, is the mechanical power generated by the rotor,
calculated as the product of rotor speed Rs and torque T Finally, Cp is
the power coefficient, which defines the efficiency of the turbine in
converting wind power P,, into mechanical power P,,.

In the HWPSP, the PV subsystem generates electricity by con-
verting solar irradiance into electrical energy through the PV effect. As
shown in Fig. 2(b), the proper design of the PV array layout, including
the number of array strings N and the inter-column spacing D, is criti-
cal to maximizing the energy output while minimizing shading effects
between the rows and columns of panels. The electrical performance
parameters of the solar cells in each string must be consistent to ensure
optimal power generation, and the number of array strings is calcu-
lated using Egs. (5) and (6). The arrangement of the PV array must
ensure that there is no shading between panels, either in the north-
south or east-west directions, regardless of the time of day or year. For
a fixed PV array configuration, the inter-row spacing is calculated
based on geometric considerations of the panel’s tilt angle w, the
height H, and the projected shadow length L', ensuring that shadows
from one row of panels do not affect the next row. This inter-string
spacing can be determined by Eq. (7), which takes into account the

sun’s position throughout the day and the year, as well as the installa-
tion angle and the dimensions of the PV modules. The governing
equations for determining the number of array strings and the inter-
row spacing are as follows:

N - Viemax 2 Voc [1 + (t - 25) X kv]» (5)

(6)

Vmpptmin S N S Vmpptmax —
Vom - [1 = (' —25) - k] [1—(r—25) Kk

(L-sinw) - cos(o — &)

D=D;+D;,=(L- cosw) +

)

tan w

where N represents the number of strings in the PV array, Vicmax is
the maximum allowable DC input voltage for the inverter. The
Vinpptmax add Vippniy are the maximum and minimum input voltages
adjustable by the MPPT technology. The parameters Vi, and V), rep-
resent the open-circuit voltage and the nominal output voltage of the
solar cells, respectively. k, and k!, are the temperature coefficients of
the open-circuit voltage and the operating voltage, while ¢ and ¢’ are
the operating temperature extremes of the solar cells. The inter-string
spacing D is determined based on the panel dimensions, the installa-
tion tilt angle w, the vertical height H, and the shadow length projec-
tion L. By accounting for the local climate conditions, including
historical temperature extremes, and the technical specifications of the
inverter and solar cells, the optimal number of array strings and the
appropriate inter-column spacing can be determined, ensuring maxi-
mum solar energy capture while avoiding shading effects between
rows.

lll. INDES EVALUATION SYSTEM
A. Indicator system

The selection of evaluation indicators for the HWPSP assessment
system should possess comprehensive, innovative, scientific, and oper-
ationally feasible characteristics. This ensures the accuracy of the con-
clusions drawn from the comprehensive evaluation indicator system
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and provides guiding recommendations for the overall project. The
constructed comprehensive evaluation system should maintain good
practicality in the future. Therefore, based on the principles mentioned
above, the selection of indicators should take into account six major
aspects: economic impact, social impact, environmental impact, tech-
nical design and equipment selection, natural resource conditions,
and CET benefits, as primary indicators (B1-B6). These are further
subdivided into 18 secondary indicators related to solar radiation lev-
els, climatic conditions, geological conditions, etc. (C1-C18), as illus-
trated in Fig. 3.

B. Analysis of the indicator system
1. Natural resources

The evaluation of natural resources for HWPSP involves three
main aspects: solar radiation, climatic conditions, and geological con-
ditions. 1. Solar Radiation (C1): Solar radiation is assessed using two
factors: monthly average solar radiation and sunlight hours. Data for
solar radiation is typically sourced from Meteonorm or PVSYST,”
while sunlight hours are obtained from local meteorological agencies.
These indicators are critical for determining the PV potential of the
project and ensuring optimal solar energy capture. 2. Climatic
Conditions (C2): Climatic factors impact both wind and PV systems.
For wind energy, key metrics include average wind speed, wind direc-
tion stability, and the frequency of extreme weather events like storms.
For PV systems, parameters such as extreme temperatures, sunny and
overcast days, and other weather conditions (e.g., snow or fog) are
essential. Combined, these factors ensure that both energy sources
operate effectively under diverse weather conditions. 3. Geological
Conditions (C3): The evaluation of geological conditions covers topog-
raphy, geological stability, and hydrology. For wind turbines, stable
soil and geological safety are critical for structural integrity, while for
PV systems, ground conditions ensure proper installation and mini-
mize hydrological risks. Comprehensive geological assessments sup-
port the safe and efficient deployment of both wind and PV
components.

ARTICLE pubs.aip.org/aip/rse

By integrating solar, climatic, and geological factors, this evalua-
tion system provides a complete understanding of the site’s natural
resource potential, ensuring optimal energy generation and long-term
operational stability for HWPSP projects.

2. Equipment and technology

The equipment selection for HWPSP is pivotal in ensuring both
the efficiency and seamless integration of wind and photovoltaic sys-
tems. The following key components are evaluated to guarantee opti-
mal system performance and meet energy demand requirements: 1.
Wind Turbine and PV Panel Selection (C4): The choice of wind tur-
bines and photovoltaic (PV) panels is fundamental to the system’s
capacity to harness renewable energy. Wind turbines must be selected
based on parameters such as rotor diameter, hub height, and adapt-
ability to local wind conditions. For PV panels, considerations like
conversion efficiency, degradation rate, and performance under diverse
sunlight conditions are critical to determining the system’s overall
energy yield. 2. Rectifier and Converter Selection (C5): The wind
energy system requires a rectifier to convert the AC power generated
by the wind turbines into DC, while the PV system utilizes a converter
to regulate the DC output. The selection of rectifiers and converters
should focus on efficiency, operational reliability, and the ability to
handle variable power outputs from both wind and solar sources,
ensuring seamless integration and minimal energy losses. 3. Inverter
Selection (C6): The inverter is responsible for converting DC power
from both the wind and PV systems into AC power suitable for grid or
load consumption. The inverter selection should prioritize high con-
version efficiency, the ability to manage fluctuating power levels, and
effective grid synchronization. A reliable inverter ensures stable and
high-quality power output for the connected loads. 4. Array Spacing
Calculation (C7): Proper spacing of PV arrays is essential to prevent
shading and optimize energy capture. The layout must maximize sun-
light exposure, while also considering interactions between PV arrays
and wind turbines to avoid interference, ensuring efficient land use
and optimal system performance. 5. Annual Power Generation

| Comprehensive evalnation indicator system for HWPSP |

Bl1: B3: B4 BS B6
Natural resource Economic benefits Social impact Environmental protection CETproceeds
C1:Solar radiation | | C4:Wind turbm_e and C9:Investment costs € 12:Optumzmg fie C15:Noise pollution C17:C.01 S
PV panel selection local energy mix reductions

CRfpii | | C5:Rectifier and conve-| | | ¢19:profitability (AR LI C16-Dust contamination CHPEEE R
conditions rter selection the local economy CET
C3:Geological P X C11: Debt-servicing C14:Increasing
conditions C6:laverter sclection capacity employment rates

[ C7:Array spacing calculation

|_|C8:Annual power generation
calculation

FIG. 3. Comprehensive evaluation indicator system for HWPSP.
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Calculation (C8): Accurately estimating the annual power generation
from both the wind and PV systems is critical for evaluating the proj-
ect’s feasibility and long-term performance. This involves modeling
expected energy production based on local wind speeds, solar radiation
levels, and equipment efficiency. The combined energy output from
both systems results in a more stable and reliable energy supply that
meets varying load demands. The process for calculating the annual
power generation from photovoltaic and wind systems is detailed as
follows:

The annual electricity generation of the PV system Lpy is calcu-
lated using Egs. (8)-(10)

Lpy = Hpy X Epy, (8)
Epy = Iy x Apy X K, 9
K= > X, Xy X gy Xng, (10)

where Hpy is the annual peak sunshine hours; Epy is the power gener-
ated by the PV power generation system; I is the annual solar irradia-
tion;* Apy is the mounting area of the PV modules, and K is the
integrated efficiency, which accounts for correction factors such as cell
type 1;, panel orientation 7;, inverter efficiency 1,,, line losses #;, sur-
face cleanliness 77, and PV cell conversion efficiency 7,.

For wind power generation, the annual electricity generation
considers factors such as air density, turbine utilization rate, and the
performance of the power curve. The discount factors include elec-
trical losses from transformers, power collection lines, and environ-
mental effects such as blade soiling and turbulence. The net annual
power generation P, for the wind farm is calculated based on theo-
retical generation P adjusted by uncertainty and discount factors, as
shown in Egs. (11)-(13)

P, = Psp x (1 —N,(n%) x a), (11)
Psy =P x D, (12)

m
o= a?, (13)
i1

where P, is the power generation under the exceeding probability of
n%; Ps is the net power generation at a 50% probability; N, (1n%) is a
characteristic variable based on standard normal distribution. The cer-
tainty discount factor; o is the total uncertainty, and D' accounts for
corrections related to turbine availability, power curve accuracy, elec-
trical efficiency, and environmental impacts.

3. Economic benefits

The economic evaluation of HWPSP takes into account various
economic factors, including investment costs, profitability, and debt-
servicing capacity. (1) Investment Costs (C9): These encompass
expenses related to design, equipment and materials, construction
management, and labor. (2) Profitability (C10): The primary source of
revenue is the sale of electricity generated by HWPSP at local electric-
ity prices. This involves calculating the total electricity sales revenue
and determining the net profit after deducting operational and mainte-
nance costs. (3) Debt-Servicing Capacity (C11): This is assessed
through the analysis of net cash flow and the project’s payback period,
providing insights into the financial stability of the project and its abil-
ity to repay investments. These economic indicators are critical for
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assessing the economic feasibility and long-term sustainability of
HWPSP.

4. Social impact

The social impact of HWPSP is assessed through several key indi-
cators, focusing on their contribution to optimizing energy systems,
enhancing economic conditions, and supporting societal well-being. 1.
Optimizing the Local Energy Mix (C12): HWPSP plays a critical role
in balancing and diversifying the local energy supply. By integrating
renewable energy sources, these projects contribute to a more sustain-
able and resilient energy infrastructure, reducing dependency on fossil
fuels and enhancing energy security. 2. Promoting the Local Economy
(C13): HWPSP can stimulate local economic growth by attracting
investments, creating business opportunities, and encouraging the
development of green industries. The presence of such projects can
foster economic resilience in the community, leading to long-term
socioeconomic benefits. 3. Increasing Employment Rates (C14): The
construction, operation, and maintenance of HWPSP generate
employment opportunities for local residents. This not only provides
direct job creation in the renewable energy sector but also supports
broader economic development through indirect employment in
related industries, such as manufacturing and services. These social
impact indicators are crucial for understanding the broader societal
benefits that HWPSP will bring to the communities in which they are
implemented, supporting the case for increased investment in renew-
able energy projects.

5. Environmental protection

The environmental protection impact of HWPSP is measured
through specific indicators that address the potential environmental
concerns associated with these projects, focusing on pollution control
and sustainable practices. 1. Noise Pollution (C15): The operation of
HWPSP, particularly wind turbines, can generate noise that may affect
nearby communities. Evaluating noise pollution involves assessing the
sound levels produced during different stages of project operation and
implementing noise mitigation measures, such as sound barriers or
optimized turbine placement, to minimize the impact on local resi-
dents. 2. Dust Contamination (C16): Dust can be generated during the
construction phase of HWPSP, as well as from vehicle traffic and
material handling. It is important to assess the levels of dust contami-
nation and its potential effects on air quality, especially in areas near
residential zones or sensitive ecosystems. Effective dust suppression
strategies, such as water spraying and proper site management, are
critical to mitigating these environmental impacts. These environmen-
tal protection indicators are essential for understanding and addressing
the ecological challenges posed by HWPSP, ensuring that these proj-
ects not only contribute to energy sustainability but also align with
environmental stewardship principles.

6. CET

HWPSP contributes significantly to reducing CO, emissions by
utilizing clean energy from both wind and solar sources, thus displac-
ing conventional electricity generation and reducing overall CO2 emis-
sions. 1. CO2 Emission Reductions (C16): The carbon emission
reduction can be calculated by considering both wind and PV energy
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contributions. Taking the case of a gas-steam combined cycle unit in a
power plant as a reference, the steps for calculating carbon dioxide
emission reduction for HWPSP are as follows:

E. = EF x (ADpy + ADy), (14)
ADpy = NCV x FCpy, (15)
ADy = NCV x FCy, (16)
EF:CCXOFX%, (17)

FCw = nyw X Qw, (18)

where E, represents the total annual reduction of CO, emissions
from both PV and wind power. EF is the CO, emission factor of
natural gas combustion, while ADpy and ADy, denote the annual
reductions in energy consumption due to PV and wind power gen-
eration, respectively. NCV refers to the net calorific value of the
fuel, and FCpy and FCyy are the annual reductions in natural gas
consumption attributed to PV and wind energy. CC represents the
carbon content of natural gas per unit of calorific value, and OF is
the oxygen factor. The ratio of 33 represents the conversion from
the atomic mass of carbon to the molecular mass of CO,; 7, and
Ny represent the efficiency of the PV and wind systems, respec-
tively, while Qpy and Qyy refer to the annual energy outputs from
the PV and wind systems.

By summing the displaced energy contributions from both PV
and wind components, the total CO, emission reduction E, can be cal-
culated. 2. Benefit from CET (C18): The economic benefits of this
emission reduction can then be derived by multiplying E, by the car-
bon price per unit set by China’s carbon trading market for that year.
This comprehensive calculation method ensures an accurate reflection
of the combined impact of both renewable sources within the HWPSP,
providing valuable insights into the project’s economic and environ-
mental benefits.

FCpy = n1py X Qpy,

C. Pre-processing of indicators

The evaluation system includes both qualitative and quantitative
indicators, and the dimensions of quantitative indicators also vary.
Therefore, it is necessary to quantitatively process each indicator in the
evaluation system: unify the dimensions of quantitative indicators and
quantify qualitative indicators, thereby converting all indicators into
specific data reflecting the degree of excellence. This study adopts the
expert scoring method, inviting experts in the relevant field to analyze
the actual situation of various indicators of HWPSP and assign corre-
sponding scores. The scoring is on a percentage scale, with four levels:
excellent, good, medium, and poor. Table II provides the specific scor-
ing criteria:

TABLE II. Criteria for Evaluation of HWPSP.

Levels Score ranges

Poor (0,60]
Medium (60,70]

Good (70,85]
Excellent (85,100]
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IV. METHOD
A. Weight coefficient calculation

QPSO is employed to optimize the weights in the linear function,
establishing a comprehensive evaluation linear weighted function. The
optimal weights corresponding to each secondary indicator and the
corresponding weights of the primary indicators are obtained. Various
secondary indicators Z;-Z;3 and their corresponding weight coeffi-
cients W;-Wig are selected to calculate the total score Z;, establishing
the corresponding comprehensive evaluation linear weighted func-
tional expression

Zi =W XZ1+ Wy X Zy+ -+ Wig X Zg. (19)

The linear function is optimized using QPSO to determine the
optimal weight coefficients W;-Wg, reflecting the comprehensive
evaluation of the HWPSP, the position vector of particles is utilized to
represent each optimization variable

X; = [WiWoWs - - Wig]". (20)

Next, a weight coefficient optimization model is established. The
objective function of the design optimization problem and the fitness
function of the particle swarm are

_lz -]
ke

where the k; is the accuracy requirement, J; is the fitness of the ith par-
ticle, Z? is the evaluation score obtained according to the existing eval-
uation method, and Z; is the evaluation score obtained according to
Eq. (11). When the fitness ] < I, it means that the convergence result
has met the accuracy requirement of iterative calculation, and each
weight coefficient searched can be used as the optimal solution of the
weight coefficient optimization problem.

Next, we will enter the optimization process based on QPSO. Let
the number of particles in the particle swarm be N, the number of iter-
ative calculations is denoted by t, and the maximum number of itera-
tions 18 fyqe. Using the optimization algorithm of quantum particle
swarm, the specific process of optimizing the weight coefficients is
shown in Fig. 4.

Step 1: Initialize the particle swarm. Set the iteration count t=0,
the number of particles N=80, the maximum iteration count
tmax = 300. Each particle’s position vector represents a potential solu-
tion for the optimal set of weight coefficients. The dimensionality of
the position vector, denoted as M, is equal to the number of weight
coefficients, i.e., M = 18. Randomly initialize the initial positions of 80
particles as follows:

(X)) =i (21)

X,(O) = [x,-lx,-leg...x,-lg], i= 1, 27 3, ceny 80. (22)

Step 2: Make the local optimal position of each particle
P;(0) = X;(0), and determine the global optimal position of the parti-
cle swarm, i.e., the optimal solution of the weight coefficients P, (0)is

P,(0) = min{X; (0)X,(0)X3(0)...Xx(0) }. (23)

Step 3: Calculate the fitness of each particle. The fitness J; of each
particle is calculated using the adaptation function Eq. (16) established
based on the Wind-PV project evaluation criteria.
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FIG. 4. Flowchart of weight coefficient optimization based on QPSO.

f(X;) = Ji. (24)

Step 4: As the iterative computation proceeds, update the new
locally optimal position P;(t) of each particle at the ¢ th iteration to be
P(E) = {Pi(t =1 f(P(t—1) <f(Xy)

Xi(t) f(Pi(t = 1)) > f(Xy).

Step 5: Based on the new local optimal position of each particle,
update the global optimal position P,(t) of the particle swarm at the ¢
th iteration, i.e., the optimal weight coefficients are

(25)

P,(t) = min{P; (t)P,(t)...Px(t) }. (26)

Step 6: Calculate the average optimal position C(#) of the particle
swarm at the ¢ th iteration and the random point position p; of each
particle according to Egs. (27) and (28), and update the new position
Xi(t+ 1) of each particle according to Eq. (29). In the QPSO algo-
rithm, the particle swarm moves the positions of the particles accord-
ing to Eqgs. (27)-(29)

N N N

Zpi(t):% ZPil(t)vaiZ(t)v"'7ZPiM(t) , (27)

i=1 i=1 i=1

1
N
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p,-,»(t):go,.j(t)pij(m[p%(t)}pg,.(t), i=1,2,..,M, (28)

x;i(t + 1) = Py(t) Ta(t) x |G(t) — x;(t)| x In (u;(t)) (29)

where P;(t) is the best position vector of the i th particle at the ¢ th iter-
ation; P, (t) is the global best position vector at the ¢ th iteration; C(t)
is the intermediate position vector of the current best positions of all
the particles at the t th iteration; P;(t) is the random position between
the best position of the ¢ th particle, P;(¢), and the global best position,
Pg(t); @;(t+1), u(t + 1) are random numbers obeying uniform
distribution on the interval [0, 1].

Step 7: If the termination condition of the algorithm is not satis-
fied, return to Step 3; otherwise, the algorithm ends. If t=t,,,,, the
algorithm ends.

B. Parameter settings and justification

To ensure the stability and convergence of the QPSO-based
weight coefficient optimization model, the key parameters are
determined according to established practices in the QPSO litera-
ture and preliminary experiments conducted in this study. The
contraction-expansion coefficient a(t) is set as a linearly decreasing
function, i.e.,

t

O((t) = Omax — T
max

(amax - amin)> (30)

where 0, = 1.0 and o, = 0.5. This setting is widely adopted
because a larger «(t) in early iterations promotes global exploration,
while a smaller «(¢) in later iterations enhances local exploitation, con-
tributing to stable convergence.

The population size N = 80 is selected to balance computa-
tional efficiency and search diversity. Prior studies indicate that
QPSO typically achieves stable convergence with population sizes
between 40 and 100; additional experiments in this work showed
that increasing the population beyond 80 does not significantly
improve performance but increases computation time. The maxi-
mum iteration count t,,, = 300 is chosen based on preliminary
convergence tests, which indicated that the algorithm consistently
converges within 200-250 iterations.

C. Sensitivity analysis of parameter robustness

To verify the robustness of the parameter configuration, sensi-
tivity analyses were performed by varying the population size
(40, 60, 80, 100) and the o(t) range (1.2-0.6 and 0.8-0.4). The
results show that the ranking outcomes fluctuate by less than 2%,
and the fitness curve maintains amonotonic decreasing trend across
all settings, demonstrating stable convergence behavior. These find-
ings confirm that the chosen parameter set (N = 80, t,,x = 300,
o(t) € [0.5, 1.0]) provides a reliable balance between computational
cost and solution accuracy.

D. TOPSIS method

After deriving the weights of each indicator based on the above
method, the sorting value of each sample can be calculated by the
TOPSIS method:
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1. Weighted initial data

According to the comprehensive evaluation system constructed
in Sec. I1I, and according to the following method to derive the
weighted indicator matrix

Wi-211 -0 Wyt Zin - Tt
R = = - - o (31)

Wi Zm1 " Wi Zmn "m1i *"" Tmn

where m represents different comprehensive evaluation results and n
is the number of second-level indicators of the comprehensive evalua-
tion system.

2. Calculate positive and negative ideal solutions

The positive ideal solution is the set of maximum values in the
weighted comprehensive evaluation indicator matrix, and the negative
ideal solution is the set of minimum values in the weighted comprehen-
sive evaluation indicator matrix, and the calculation process is as follows:
i=1,2,..n, (32)

*

r = maxry,
1

~

r;) = miin rj,  j=1,2,..,n (33)

In the above calculation method, r/ represents the positive ideal
solution of the weighted indicator matrix, and r] represents the nega-
tive ideal solution of the weighted indicator matrix.

3. Calculation of Euclidean distance

The calculation of the Euclidean distance is based on the follow-
ing formula

n

= 2 )

J

i=1,2,...,m, (34)

n

2

j

4. Calculation of the final comprehensive evaluation
results

By calculating the sorting value f;* of each evaluation level, a com-
prehensive and clear explanation basis can be obtained, which, in turn,
leads to the final comprehensive evaluation results, the specific calcula-
tion process is as follows:

0

f*i i
L =T

(s?—l—s,’-‘)’ i=1,2,...,m. (36)

Through the calculation process described above, the distances
between the evaluation rank of each item in the evaluation weighting
matrix and the positive and negative ideal solutions can be calculated,
and these distances can be expressed in terms of Euclidean distances to
map the proximity between the evaluation samples and the ideal situa-
tion, i.e., the indicator ranking values. By comparing the ranked values
of the indicators and the degree of proximity of each sample to the
ideal solution, the best sample can be analyzed.
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ALGORITHM 1. QPSO-Based Weight Optimization.

Input: Indicator matrix X, evaluation criteria set C

Output: Optimized weight vector w*

1: Initialize population {X;}, i=1,...,N
2: Initialize o(t), maximum iterations T,y
3: Evaluate the fitness of each particle
4: Set pbest; = X; and gbest = argmax(fitness)
5: Fort =110 Ty do
6: Compute the mean best position: mbest = ﬁZil pbest;
7: for each particle i do
8: Generate random numbers u;, u; ~ U(0,1)
9: Compute local attractor P; = f3, pbest; 4 f,gbest
10: Update position using QPSO update rule:
Xi(t + 1) = Pi%o(t)|mbest — Xi| - In (u%)
11: Evaluate the new fitness of X;(t + 1)
12: Update pbest; if improved
13: end for
14: Update gbest from all pbest;
15: Decrease o(t) linearly
16: end for

17: return w* = gbest

V. CASE STUDY
A. Scenario description

The proposed comprehensive evaluation system was applied to
an HWPSP in Chaoyang District, Beijing, China, associated with a cer-
tain thermal power plant. This power plant was chosen for the study
due to its location in the north China plain, representing a typical nat-
ural environment and sunlight conditions in China. Additionally, the
plant is considered relatively typical in terms of its technical scale
within China.

The monthly average solar radiation and the average monthly
sunshine hours obtained through the Meteonorm program are shown
in Fig. 5. The annual average solar total radiation for this power plant
is 1385 kWh/m>°’ The total electricity generation over the project’s
entire lifecycle is 30.6641 x 10° kWh, with an annual average electric-
ity generation of 1.227 x 10° kWh. The average annual equivalent uti-
lization hours of the solar panels are 1213.76 h, resulting in an annual
reduction in carbon dioxide emissions of approximately 476.72 tons
and emission reduction benefits of about 28 000 CNY. The wind power
component of the project has a total installed capacity of 100 kW, com-
prising five 20 kW wind turbines. Based on the average monthly wind
speed at the power station from 2012 to 2022, recorded at 11.3 m/s,
the average annual power generation is estimated to be 636 000 kWh.
Over the entire project cycle, the total power generation is projected to
reach 12.72 x 10° kWh. Furthermore, the project is expected to reduce
annual carbon dioxide emissions by approximately 247.1 tons, contrib-
uting to an emission reduction benefit valued at approximately 14 500
CNY per year.
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FIG. 5. Average number of hours of sunshine by month at the project site from
2012 to 2022.

To account for the fluctuation of carbon prices in the CET mar-
ket, a sensitivity analysis was conducted. Based on recent trading data
in China’s national carbon market, three carbon-price scenarios were
considered: Low price: 0.3 CNY/ton (lower-bound fluctuation);
Baseline price: 0.56 CNY/ton (current average level); High price: 1.0
CNY/ton (upper-bound stress scenario). For each scenario, the
CET-related indicator values were recalculated, and the final project
evaluation score was obtained using the proposed QPSO-TOPSIS
framework. This setup allows assessing how carbon-price volatility
affects the overall evaluation results of hybrid Wind-PV system projects.

B. Indicator calculation results

According to the comprehensive evaluation system for the
Wind-PV project, 20 experts from the PV and wind power industry

B1

B2

B3

B4

B5

B6

C1
C2
C3
C4
C5
Cé6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18

Excellent  good

0.25

medium
0.1
0.15
0.1
0.1
0.15
0.15
0.2
0.1
0.15
0.05
0.2
0.05
0.15

poor
0.05
0.1
0.1
0.05
0.15
0.15
0.05
0.15
0.05
0.05
0.05
0.05
0.1
0.1
0.15
0.05
0.15
0.15
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were invited to score the project. The expert group covered diverse
professional backgrounds, including renewable energy engineering,
power system planning, environmental assessment, and carbon-
emission policy, and each expert had more than 10 years of experience.
The scoring table was preprocessed into four levels: Excellent, Good,
Medium, and Poor. To ensure reliability, all experts scored indepen-
dently. The consistency of the scoring results was examined using
Kendall’s W, yielding W = 0.783, p < 0.01, which indicates a strong
level of agreement among experts. All original scores were normalized
using the min—-max method before constructing the 18 x 4 indicator
evaluation level matrix shown in Fig. 6. Each element in the matrix
represents the proportion of expert scores falling into each evaluation
level for a specific indicator. For example, for the solar radiation indi-
cator, the value of 0.6 in the “Excellent” category indicates that 12 out
of 20 experts assigned a score of 85 or above. A small-sample sensitiv-
ity check (randomly removing two experts) caused less than 1.5% vari-
ation in aggregated results, confirming the robustness and
reproducibility of the expert-based scoring process.

To overcome the limitations of classical optimization algorithms
in handling nonlinear and strongly coupled indicators, this study
adopts the QPSO method for weight determination. Figure 7 illustrates
the convergence behaviors of QPSO and the classical PSO. The results
show that the major decrease in fitness for QPSO occurs within the ini-
tial iterations, and the algorithm stabilizes after approximately 52 itera-
tions. Under the same parameter settings, classical PSO requires about
81 iterations to reach a comparable level of convergence accuracy, indi-
cating that QPSO achieves an improvement of approximately 35.8% in
convergence speed. To further examine the stability of the optimiza-
tion results, both QPSO and PSO were independently executed 20
times. Their final fitness standard deviations were 0.005 and 0.013,
respectively. The significantly lower variance of QPSO demonstrates
its superior stability, stronger global convergence capability, and
reduced tendency to fall into local optima. The detailed performance
comparison is provided in Table III, showing that QPSO consistently

4
83.55
78.55
79.70
82.55
78.45
76.95
80.20
78.15
79.80
84.55
79.75
83.25
78.25
72.10
77.25
77.85
78.70
77.60

FIG. 6. Indicator evaluation rating matrix.
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FIG. 7. Iterative optimization process of QPSO.

TABLE lIl. Comparison of optimization performance between QPSO and PSO.
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TABLE V. Optimization results of weight coefficients of secondary indicators.

Indicator Value

B1 C1 0.098 0.191
C2 0.038
C3 0.055

B2 C4 0.081 0.249
C5 0.031
C6 0.025
c7 0.062
C8 0.050

B3 C9 0.063 0.226
C10 0.109
Cl11 0.054

B4 C12 0.103 0.175
Cl13 0.042
Cl4 0.030

B5 Cl15 0.042 0.104
Cl6 0.062

B6 C17 0.031 0.056
Cl18 0.025

Metric QPSO PSO Improvement
Convergence 54 86 ~ 37% faster
iteration

Final fitness 0.803 09 0.823 09 QPSO better
STD (20 runs) 0.005 0.013 QPSO
variance | 61%

Local optimum Low Medium-High ~ QPSO more robust
risk

Parameter Low Medium QPSO requires
dependence fewer heuristics

outperforms PSO in convergence speed, final fitness, variance across
runs, and global search ability.

In addition, Table TV reports the results of the sensitivity analysis
conducted under 5%-10% indicator perturbations. The QPSO-
TOPSIS model maintains high ranking stability, with variations in rel-
ative closeness remaining within =2% across all perturbation levels. In
contrast, traditional linear MCDM methods exhibit fluctuations of
8%-12% and even cause ranking changes in some cases. These find-
ings collectively confirm that the proposed QPSO-enhanced

TABLE V. Sensitivity analysis under 5%-10% indicator perturbation.

Perturbation QPSO score PSO score
level fluctuation fluctuation Ranking stability
5% +1.2% +8.5% QPSO stable;
PSO unstable
10% +1.9% *+11.4% QPSO stable; PSO
ranking changed

framework not only provides faster and more reliable convergence but
also demonstrates significantly stronger robustness against indicator
uncertainties.

The weight distribution in Table V and Fig. 8 reflects the relative
importance of each primary indicator within the HWPSP evaluation
framework. The environmental indicator (B2) receives the highest
weight (0.249), highlighting that environmental performance—such as
emission reduction, ecological impacts, and environmental sustainabil-
ity—is the most critical dimension in evaluating hybrid Wind-PV sys-
tems. This outcome is consistent with global renewable energy policies,
where carbon mitigation and ecological protection have become cen-
tral drivers of clean energy project deployment. Experts also empha-
sized that environmental benefits are increasingly prioritized in
regional energy planning, especially under carbon neutrality targets.
The economic indicator (B3) ranks second with a weight of 0.226.
While economic feasibility remains essential—covering life-cycle cost,
capital expenditure, and revenue stability—its slightly lower weight
compared with B2 reflects the growing trend in which environmental
considerations surpass purely financial factors in renewable energy
evaluation. Nonetheless, the high weight of B3 indicates that economic
viability continues to play a dominant role in determining project
acceptability, particularly in regions with significant initial investment
barriers. The natural-resource indicator (B1) follows with a weight of
0.191. The importance of Bl reflects the dependence of HWPSP per-
formance on local wind and solar resource availability. Variability in
irradiance and wind speed directly affects power generation stability,
making resource endowment a crucial prerequisite for system plan-
ning. Sociotechnical (B4, 0.175) and operational indicators (B5, 0.104)
receive moderate weights. While factors such as grid-support capabil-
ity, maintenance difficulty, and social acceptance influence long-term
system performance, experts generally view these aspects as supple-
mentary compared with environmental and economic dimensions.
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Finally, the CET-related indicator (B6) receives the lowest weight
(0.056). Although carbon-emission trading aligns with long-term envi-
ronmental strategies, its direct financial influence on HWPSP projects
is still limited due to modest carbon price volatility and inconsistent
policy incentives. Experts noted that B6 may gain importance as car-
bon markets mature and stronger policy linkages emerge. Overall, the
ranking pattern—Environmental (B2) > Economic (B3) > Natural
Resource (B1) > Sociotechnical (B4) > Operational (B5) > CET
(B6)—is consistent with expert judgment and reflects the practical pri-
orities observed in HWPSP project assessment.

C. Comprehensive evaluation results

Based on the obtained weight coefficients, a comprehensive eval-
uation was conducted using the TOPSIS method. The corresponding
ideal solution and negative ideal solution, as well as the Euclidean dis-
tances between the best and worst solutions, are calculated and pre-
sented in Fig. 9 and Table VI, respectively.

Since the elements of the indicator evaluation level matrix repre-
sent the proportion of expert evaluations for each indicator level, the
optimal solution of the matrix represents the scoring tendency of the
majority of experts, while the worst solution represents the scoring ten-
dency of a minority of experts. Therefore, after calculating the
Euclidean distance between each evaluation layer and the optimal solu-
tion, the worst solution is considered to calculate the ranking value of
each evaluation layer. By comparing the Euclidean distances between
each evaluation level and the best and worst solutions, it was observed
that the results for the Excellent evaluation level have a clear advantage,
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FIG. 9. Weighted indicator evaluation classes and their positive and negative ideal
solutions.

with the best ranking value. Therefore, based on the comprehensive
considerations, the evaluation level for the HWPSP at a certain ther-
mal power plant is categorized as Excellent, indicating a high-quality
project.
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TABLE VI. Euclidean distance of each evaluation class from the optimal and worst solutions.

Evaluation level With the worst solution With the optimal solution Normalized ranking values Ranking
Excellent 0.409 0.046 0.526 1
Good 0.261 0.189 0.339 2
Medium 0.089 0.369 0.114 3
Poor 0.015 0.412 0.021 4
L L e e s e e ¥ T T T T indicators, including natural resource conditions, equipment technical
—m— CET considered o100 conditions, project economic benefits, project social impact, and pro-

—®— CET not considered
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FIG. 10. Comparison of weight values for the indicator system considering CET
or not.

D. Comparison experiments

Similarly, we can use the above process to calculate the weights,
Euclidean distances, and ranking values of various indicators that do
not consider the benefits of CET. The results of the experimental group
considering CET were then compared. The comparison of indicator
weights for the two scenarios is illustrated in Fig. 10, while the compar-
ative results of Euclidean distances and their ranking values are pre-
sented in Table VII.

The inclusion of CET benefits, as evident from Fig. 10, results in
a more reasonable distribution of weights in the comprehensive evalu-
ation indicator system. This integration reduces the gap between the
weights of advantageous and disadvantageous indicators. The original

ject environmental protection, all exhibit a decreasing trend in weight.
The addition of the CET indicator does not alter the original weight
ranking of indicators and more accurately reflects the proportion of
weights for each indicator. Since the project’s capacity is 1.01 MWp,
categorized as a small-scale wind-PV facility, the generated carbon
dioxide emission reduction is relatively low, and the annual revenue
from CET is also modest. Consequently, the weight of the CET indica-
tor is relatively low. Therefore, the thermal power enterprise should
consider increasing the scale of the wind-PV project to enhance carbon
dioxide emission reduction and revenue from CET, aiming for a
higher weight for the CET indicator.

Similarly, by examining the data in Table VTI, it is evident that
the inclusion of the CET indicator brings the evaluation level of the
HWPSP at a certain thermal power plant closer to the excellent solu-
tion in terms of Euclidean distance, reducing by approximately 4.17%.
Furthermore, the addition of the CET indicator enhances the compre-
hensive ranking value for the evaluation level classified as excellent,
indicating that the inclusion of CET benefits can improve the overall
evaluation results for the wind-PV project at the thermal power plant.

E. Carbon price sensitivity analysis

To further examine the robustness of the proposed QPSO-
TOPSIS evaluation framework under carbon market uncertainty, a
sensitivity analysis was performed using three representative carbon-
price levels in China’s national CET market: 0.30 CNY/ton (low), 0.56
CNY/ton (baseline), and 1.00 CNY/ton (high). For each scenario, the
CET-related indicator value was recalculated, and the overall evalua-
tion score of the wind-PV hybrid project was derived following the
same weighting and ranking procedures. The corresponding results
are summarized in Table V. The sensitivity results indicate that fluctu-
ations in carbon price lead to measurable yet moderate changes in the
final evaluation score. When the carbon price dropped to 0.30 CNY/
ton, the comprehensive score decreased by 1.8%. Conversely,

TABLE VII. Comparative table of distances to the optimal solution and evaluation level ranking values.

Euclidean distance

Normalized ranking values

Evaluation level CET considered CET not considered CET considered CET not considered
Excellent 0.046 0.048 0.526 0.524
Good 0.189 0.191 0.339 0.340
Medium 0.369 0.374 0.114 0.115
Poor 0.412 0.419 0.021 0.021

J. Renewable Sustainable Energy 18, 016314 (2026); doi: 10.1063/5.0306208
Published under an exclusive license by AIP Publishing

18, 016314-14

9€:21:20 920T Ud21en ¥0


pubs.aip.org/aip/rse

Journal of Renewable
and Sustainable Energy

TABLE VIII. Sensitivity of evaluation score to carbon-price fluctuations.

Scenario  Carbon price (CNY/t)  Evaluation score ~ Change (%)

Low 0.30 0.835 —1.8%
Baseline 0.56 0.850 0%
High 1.00 0.872 +2.6%

increasing the carbon price to 1.00 CNY/ton resulted in a 2.6% improve-
ment. These variations demonstrate that the economic benefits from
carbon emission reduction do influence the evaluation outcome,
although the magnitude of the effect remains limited due to the rela-
tively small scale of CO, mitigation in the studied wind-PV project.
Despite these numerical changes, the ranking order of the evaluation
results remained consistent across all carbon-price scenarios, confirming
the robustness of the proposed framework. This stability suggests that
the multi-indicator decision-making structure, dominated by resource
conditions, technical parameters, environmental performance, and eco-
nomic returns, is resilient to reasonable levels of carbon-price volatility.
Nonetheless, the observed score variation highlights that CET-related
indicators play a non-negligible role in long-term economic assessments,
particularly as China’s carbon market continues to expand and carbon
prices are expected to rise in the future (Table VIII).

VI. CONCLUSION

This study addresses the challenges posed by evolving carbon
market policies and price fluctuations, which complicate the objective
evaluation of HWPSPs. To this end, a comprehensive evaluation
framework integrating carbon trading mechanisms and quantum opti-
mization is proposed, demonstrating strong potential for practical
application. The main conclusions are as follows:

Comprehensive Evaluation Indicator System: A CET-integrated
indicator system for HWPSPs was established, fully accounting for the
impacts of policy adjustments and carbon price volatility. The pro-
posed indicator system provides a more realistic and rigorous assess-
ment of project feasibility, accurately reflecting the influence of carbon
trading policies on renewable energy deployment.

QPSO-TOPSIS Evaluation Method: A quantitative evaluation
model combining QPSO with TOPSIS was developed. Leveraging quan-
tum superposition and entanglement within the QPSO optimization
process enables the extraction of more reliable and physically grounded
weight values for coupled indicators, thereby improving evaluation accu-
racy compared with traditional linear weighting approaches.

Impact of CET on Evaluation Outcomes: Incorporating CET
brings the HWPSP evaluation closer to the ideal scheme, reducing the
Euclidean distance by approximately 4.17% and elevating the final
ranking to the Excellent level. This demonstrates that CET policies
play a meaningful role in improving the attractiveness and investment
value of HWPSPs, underscoring the importance of promoting such
projects in thermal power plants to support energy conservation, emis-
sion reduction, and efficiency improvements.

The conclusions of this study are based on the current impact of
CET markets on the operation of power generation enterprises. In the
future, various mechanisms such as mandatory carbon reduction, car-
bon trading, national certification for voluntary emission reduction,
and new trading systems are expected to emerge. These developments,
along with continued fluctuations in carbon prices, will further affect

ARTICLE pubs.aip.org/aip/rse

the operations of power generation enterprises. This research focuses
on the analysis of a single HWPSP case, supported by insights from a
panel of 20 experts. Future research should aim to expand the sample
size to provide more comprehensive and scientifically grounded strate-
gic recommendations for the development of HWPSP.
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NOMENCLATURE

AHP  Analytic hierarchy process
CET Carbon emission trading
CO, Carbon dioxide
COPRAS
DEA  Data envelopment analysis
GDP  Gross domestic product
HWPSP
LEC Life cycle cost
MCDM  Multi-criteria decision making
NO, Nitrogen oxides
PSO  Particle swarm optimization
PV Photovoltaic
QBEA
QGA  Quantum genetic algorithm

Complex proportional assessment

Hybrid wind-photovoltaic system project

Quantum-behaved evolutionary algorithm

QPSO  Quantum particle swarm optimization

SO,  Sulphur dioxide
TOPSIS
solution
TWh  Terawatt-hour
WT  Wind turbine

Technique for order preference by similarity to ideal

APPENDIX A
Items Values
Natural resources Average annual temperature 10-12°C
Annual maximum temperature 42°C
Annual minimum temperature —15.5°C
Average annual rainfall 600 mm
Frost-free period of the year 180-220 days
Annual sunshine hours 2700h
Annual number of thunderstorm days 22 days
Equipment and technology Wind turbine and Peak power 540 Wp
PV panel selection open circuit voltage 495V
short-circuit current 13.9A
Operating voltage 416V
Operating current 1327 A
Peak power temperature coefficient —0.36%/K
Temperature coefficient of open circuit —0.28%/K
voltage
Temperature coefficient of short-circuit 0.048%/K
current
10-year power decay <10%
25 years of power degradation <20%
Module conversion efficiency 20.94%
Installation size 2274 x 1134 x 35 mm’
Weights 28kg
Rectifier and Power 110kW
converter selection Types Stranded
Maximum direct charging input voltage 1100V
Inverter MPPT voltage range 200-1000 V
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Items Values
Array spacing calculation Component contains 18
Module power 540 Wp
Operation mode fixed tilt
Tilt angle 36°
Spacing between front and rear rows 11.7m
Annual power Total power generation efficiency 83.31%
generation calculation Total power generation in the first year 1342409.6 kwh
Equivalent annual utilization hours 1327.96 h
The service life of the PERT module 25 years
Solar module output power decay first year <2.0%

Economic benefits

Solar module output power decay (non-
first year)

Total power of solar module after 25 years
Total power generation over the whole life
cycle
Average annual power generation
Average annual equivalent utilization
hours
Total project cost
Total power after 25 years
Average annual power generation over
25 years
Total power generation over 25 years
Average annual equivalent utilization
hours over 25 years
Annual generation revenue
Total power generation revenue for the 25-
year project

0.55% (linear decay)

>84.8%
30664 100 kWh

1227000 kWh
1213.76 h

4257700 CNY
>84.8%
1227000 kWh

30674100 kWh
1213.76 h

300000 CNY
7930000 CNY

9€:21:20 920T Ud21en ¥0

Social impact of the project Number of design participants 7
Number of foundation construction 20
workers
Number of electricians and welders 7
Number of project managers and equip- 3
ment manufacturers’ supervision engineers
Total jobs provided 37
Environmental protection of the project Earthmoving noise maximum 70/0 db (day/night)
Piling noise maximum 70/0 db (day/night)
Maximum structural noise 70/0 db (day/night)
Maximum decoration noise 70/0 db (day/night)
CET Unit type Gas turbine
combined cycle units
Unit fuel type petroleum
Natural gas carbon content per unit calo- 15.3 x 1072 tC/GJ
rific value
Fuel carbonization rate 99%
Comprehensive power supply gas con- 0.1763 m*/kwh
sumption rate
The calorific value of natural gas 389.31 GJ/104 Nm’
CET market unit price 58.5 CNY/ton
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APPENDIX B 25
Bc
Project Project Project Project Project  Design Unit Design Unit Design Unit Design Unit ~ Design Unit (72 B=1
Manager 1  Manager 2 Manager 3 Manager 4 Manager 5 Engineer 1  Engineer 2 Engineer 3 Engineer 4 Engineer 5 i o
C1 83 85 56 66 75 91 86 89 93 94 = =)
C2 67 77 69 49 86 85 83 90 82 76 8 g
C3 63 51 83 65 86 81 91 82 92 93 g3
C4 80 91 88 82 99 80 59 91 86 90 ® g
C5 99 86 93 94 90 67 56 83 43 83 gl )
Co 85 83 88 92 90 81 67 55 76 67 2 =2
Cc7 90 66 91 92 98 70 69 52 67 86 «Q ®
C8 76 91 86 85 81 86 59 67 46 94 =
C9 90 86 92 90 80 81 85 79 82 93
C10 90 81 76 83 92 86 63 52 96 86
Cl1 77 92 90 93 94 90 54 66 63 79
Ci12 70 72 81 90 83 91 66 69 95 90
C13 86 83 76 92 90 82 39 76 55 83
Cl4 79 44 81 49 91 83 63 61 67 92
C15 60 51 50 55 61 91 82 83 70 100
Cl16 89 66 65 41 79 90 86 69 56 55
C17 59 55 83 52 69 93 85 86 90 91
C18 79 56 90 80 91 93 86 83 92 91
Equipment Equipment Equipment Equipment Equipment Offerors  Offerors  Offerors Offerors ~ Offerors
Manufacturer’s ~ Manufacturer’s Manufacturer’s Manufacturer’s Manufacturer’s Project Project Project Project Project
Engineer 1 Engineer 2 Engineer 3 Engineer 4 Engineer 5 Manager 1 Manager 2 Manager 3 Manager 4 Manager 5
C1 94 80 96 85 93 83 90 67 79 86
C2 75 89 89 63 95 89 79 73 90 65 ;
C3 59 86 85 80 89 72 73 94 90 79 -
C4 76 67 85 69 81 86 89 80 82 90 6
(0] 80 69 91 72 92 62 55 86 91 77 I'II_'I
C6 69 50 90 55 86 79 82 83 75 86
c7 93 85 79 63 83 91 76 87 90 76
C8 79 45 90 69 86 90 85 83 76 89
C9 90 76 79 67 77 90 66 65 89 39 -g
C10 95 86 92 72 99 83 97 79 100 83 (o3
Cl1 76 64 83 69 83 86 85 75 90 86 g
C12 92 86 94 80 93 79 82 83 89 80 ol
C13 92 77 86 61 90 63 85 69 91 89 o
Cl4 76 65 77 63 93 61 82 60 86 69 Qa
C15 89 79 91 82 97 77 82 76 90 79 o
Cl16 89 82 93 83 95 96 86 76 91 70 Lol
C17 79 81 90 82 69 83 86 86 66 89 =
C18 79 63 83 55 89 49 82 60 85 66 %
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