A Review of the Research Status and Development Trends of Photovoltaic Mounting Structures

[bookmark: _GoBack]Abstract: As a key supporting structure of photovoltaic power generation systems, the technological development of photovoltaic mounts directly affects the system's power generation efficiency, stability, and service life. This paper systematically reviews the current research status and development trends of photovoltaic mounts, focusing on the characteristics and application scenarios of main structural types such as fixed mounts, tracking mounts, and flexible mounts. It also discusses the performance advantages and research progress of metal materials, composite materials, and new materials in the field of photovoltaic mounts. Research shows that tracking mounts can increase power generation efficiency by 15% to 30%, flexible mounts have outstanding adaptability to complex terrains, and composite material mounts can reduce weight by more than 50% compared to traditional steel and have excellent corrosion resistance. In the future, photovoltaic mounts will develop towards intelligent tracking, lightweight design, material environmental protection, and adaptation to diversified application scenarios. However, key technical challenges such as wind resistance design, durability improvement, and cost control still need to be addressed. This study provides an important reference for the innovative development and engineering application of photovoltaic mount technology.
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Introduction




With the continued advancement of the Belt and Road Initiative, China has witnessed a notable increase in both the scale and quantity of overseas engineering projects. Among these, new energy infrastructure—particularly photovoltaic (PV) power plants—has become a key area of international cooperation. As a critical supporting structure of PV systems, the performance of PV mounting structures directly affects the power generation efficiency, operational stability, and service life of the entire plant. In the context of international engineering, PV mounting systems must adapt to diverse climatic conditions, terrain characteristics, and environmental requirements, placing higher demands on their structural design, material selection, and corrosion resistance. Currently, PV mounting technology is evolving toward greater intelligence, lighter weight, and enhanced weather resistance to meet the specific needs of different countries and regions. Against this backdrop, an in-depth study of the current state and trends in PV mounting technology is of significant practical relevance for improving the quality of China's overseas PV projects and strengthening international competitiveness. This paper aims to systematically analyze research progress in PV mounting technology and provide technical references and practical guidance for overseas PV project development.
1 Types and Research Status of Photovoltaic Mounting Systems
1.1 Fixed Mounting Systems
The fixed support system represents one of the longest-used and most technologically mature support structures in photovoltaic power generation systems. Its framework is typically constructed from galvanized steel or aluminum alloy materials, offering advantages such as structural simplicity, ease of installation, low manufacturing costs, and minimal maintenance requirements. By maintaining a preset optimal tilt angle, this type of mounting system maximizes solar radiation reception per unit area, thereby ensuring a certain level of power generation efficiency.
Nevertheless, fixed support systems exhibit several notable drawbacks. First, due to their static structure, they cannot track real-time changes in the sun's azimuth and altitude angles, resulting in a theoretical upper limit for photoelectric conversion efficiency. Second, these systems require relatively flat installation sites, making them less suitable for areas with significant terrain variations, such as mountains, water bodies, or hilly regions. Additionally, traditional galvanized steel components are prone to corrosion in harsh environments characterized by high temperatures, humidity, or salt spray, which compromises structural durability and service life. Current research primarily focuses on anti-corrosion material treatments, lightweight structural designs, and optimization algorithms for tilt angles under diverse geographical and climatic conditions, aiming to enhance overall performance and environmental adaptability.
1.2 Tracking Mounting Systems  
Tracking mounting systems represent an intelligent support structure capable of dynamically adjusting the orientation of photovoltaic (PV) modules to follow the sun’s apparent motion in real time. These systems primarily fall into two categories: single-axis and dual-axis tracking. Single-axis trackers typically rotate around one axis (usually aligned north–south) to follow the sun’s east–west movement, while dual-axis systems incorporate an additional tilt axis, enabling simultaneous tracking of both azimuth and altitude angles of the sun. Studies indicate that, compared to fixed-tilt structures, single-axis trackers can increase energy generation by 15%–20%, and dual-axis systems may achieve gains of 25%–30%.
In recent years, the penetration rate of tracking systems in the global PV market has continued to rise. Industry reports indicate that the global installed capacity of solar trackers reached approximately 60.3 GW in 2020, accounting for 39.44% of total PV installations. Notably, in the United States, such systems were deployed in about 70% of utility-scale ground-mounted PV power plants. It is projected that by 2026, the annual global shipments of solar trackers will exceed 135 GW.
At the technical level, tracking systems are evolving toward greater intelligence and automation. New-generation systems often integrate artificial intelligence algorithms and Internet of Things (IoT) technologies, enabling dynamic optimization of tracking angles and real-time fault diagnosis based on meteorological data, solar irradiance, and module operating status. This not only enhances power generation efficiency but also reduces operational and maintenance costs. However, these systems still face challenges such as structural complexity, high initial investment, susceptibility to mechanical wear, and the need for regular maintenance. Consequently, current research focuses on structural reliability analysis, drive system optimization, and lifecycle cost-benefit assessments.
1.3 Flexible Mounting Systems
Flexible photovoltaic support systems have emerged in recent years as a novel form of supporting structure, primarily relying on prestressed cable systems or tensioning mechanisms to bear the load of PV modules. Common configurations include suspended cable structures, beam-string systems, and membrane tension structures. Such systems are characterized by large span capacity, strong adaptability to complex terrains, reduced material consumption, and minimal visual intrusion, making them particularly suitable for challenging or constrained sites such as fishponds, wastewater treatment plants, slopes, agricultural greenhouses, and along highways.
Depending on the structural system, flexible supports can be categorized into single-layer cable structures, double-layer cable structures, beam-string systems, and others; by material type, they may be classified as steel strand cable systems, high-strength fiber cable systems, membrane tension structures, and hybrid structures. These designs enable large spans without intermediate supports while effectively reducing the number of foundations and minimizing disturbance to the original terrain.
Nevertheless, flexible support systems face a series of technical challenges. Due to their flexible nature, low natural frequency, and weak damping characteristics, they are prone to vibration and even instability under wind loads, making wind-induced effects a critical factor governing their safety and durability. Current research focuses on analyzing their wind-induced vibration response and aerodynamic stability through theoretical modeling, wind tunnel testing, and finite element simulations (using software such as SAP2000 and ANSYS), and on proposing corresponding vibration mitigation and reinforcement measures. In addition, the fatigue performance of cable joints, long-term prestress loss, and temperature effects remain key issues requiring in-depth investigation in both engineering applications and academic research.

1. Performance Comparison of Major Structural Types for Photovoltaic Mounting
	Structural Type
	Advantages
	Disadvantages
	Applicable Scenarios
	Power Generation Efficiency Improvement

	Fixed Mount
	Simple structure, low cost, maintenance-free
	Cannot track the sun, site requirements
	Flat ground, rooftop distributed power plants
	Power Generation Efficiency Improvement

	
	
	
	
	

	Single-Axis Tracker
	Can increase power generation efficiency by 15%-20%
	Relatively complex structure, requires maintenance
	Large-scale ground power plants
	Improves by 15%-20%

	
	
	
	
	

	Single-Axis Tracker
	Can increase power generation efficiency by 15%-20%
	Complex structure, high cost
	Special power plants with high-precision requirements
	Improves by 25%-30%

	Flexible Mount
	Adapts to complex terrain, small footprint
	 Challenging wind resistance design
	Complex terrain, fishery-photovoltaic complementary
	Varies depending on specific circumstances

	
	
	
	
	




2  Research Progress on Photovoltaic Mounting Materials
[bookmark: _Hlk149652522]The performance of photovoltaic (PV) mounting materials directly influences the reliability, durability, and economic viability of the entire PV system. With ongoing technological advancements, the materials used in PV mounting structures are evolving from traditional metallic materials toward composite materials and novel material solutions.
2.1  Metallic Materials
Hot-dip galvanized steel is currently the most widely used material for photovoltaic mounting structures, dominating the market for large-scale ground-mounted PV power plants due to its relatively low cost and favorable strength properties. However, traditional hot-dip galvanized steel supports are associated with issues such as high weight, corrosion risk (particularly in high-temperature, high-humidity, and high-salinity environments), and elevated maintenance costs.
Stainless steel materials exhibit excellent corrosion resistance, making them particularly suitable for highly corrosive environments such as coastal areas. In response to the specific requirements of offshore photovoltaic supports, some enterprises have successfully developed stainless steel materials with superior corrosion resistance, high strength, and cost-effectiveness. Through optimized alloy composition design, key technological breakthroughs have been achieved in ultra-low carbon-nitrogen smelting, rolling, heat treatment, and pickling of high-chromium stainless steel.
Significant progress has also been made in the development of high-strength steel. By adopting hot-forming technology and incorporating rare earth elements, tensile strengths exceeding 1500 MPa have been achieved. The application of such steel in photovoltaic supports enables a weight reduction of up to 40%, effectively addressing challenges associated with conventional structural steel, such as low strength, high cost, significant pollution, and poor safety performance.
Aluminum alloy materials, known for their lightweight nature, corrosion resistance, and ease of processing, are widely used primarily in distributed and rooftop photovoltaic applications. Aluminum alloy supports are significantly lighter than steel, facilitating transportation and installation. However, their relatively low strength and modulus, coupled with higher costs, limit their application in large-scale ground-mounted power plants.
2.2  Composite Materials
Fiber-reinforced polymer (FRP) composites are emerging as a promising solution in the field of photovoltaic support structures, garnering increasing attention due to their advantages in lightweight properties, high corrosion resistance, and design flexibility. Composed of fiber reinforcements—such as glass fiber, carbon fiber, or basalt fiber—embedded in a polymer resin matrix, these composites offer several notable benefits: low density combined with high specific strength and specific modulus, enabling significant weight reduction in support structures; excellent corrosion resistance, allowing long-term performance under harsh environmental conditions such as acid rain and salt spray; effective electrical insulation, which helps prevent eddy current effects and enhances system safety; and high design freedom, facilitating the molding of complex structural components in integrated forms that reduce the number of connectors. Among these materials, basalt fiber-reinforced polymer (BFRP) stands out as a particularly promising variant. Studies show that, under equivalent loading conditions—including wind, snow, self-weight, and seismic loads—BFRP supports can weigh only about 49.5% of conventional steel photovoltaic supports, thereby substantially reducing weight and lowering transportation and installation costs.
2.3  Novel Materials
In addition to conventional metallic and composite materials, researchers are developing a growing range of novel material systems to address the requirements of specialized application environments. Among these emerging solutions, two categories demonstrate particular promise:
Nano-reinforced plastics represent a significant advancement in polymer engineering. Through the strategic incorporation of carbon nanotubes into plastic matrices, these materials achieve mechanical strength comparable to aluminum alloys while reducing weight by approximately one-third. More importantly, they exhibit exceptional weatherability and corrosion resistance, effectively eliminating the need for additional anti-corrosion treatments and associated costs.
Super weather-resistant steel constitutes another innovative development. Utilizing specialized alloy designs and advanced processing techniques, this steel variant achieves tensile strengths exceeding 620 MPa. This enhanced strength enables lightweight structural designs without compromising stability, leading to both effective cost reduction and significantly improved corrosion resistance performance. These characteristics make it particularly suitable for demanding environmental conditions where both mechanical integrity and long-term durability are paramount.


1. 表2 Performance Comparison Table of Photovoltaic Mounting Materials
	Material Type
	Density (g/cm³) 
	Tensile Strength(MPa)
	Corrosion Resistance
	Relative Cost
	Main Application Scenarios

	Hot-dip Galvanized Steel

	7.85
	340-500
	Medium

	Low

	Large-scale Ground Power Stations

	Aluminum Alloy

	2.7
	200-300
	Good

	Medium

	Rooftop Distributed Power Stations


	Stainless Steel

	7.90
	500-700
	Excellent

	Medium-High

	Coastal, High-Corrosion Environments


	Ultra-High Strength Steel

	7.85
	≥1500
	Good

	Medium

	Various Environments


	BFRP Composite

	1.8-2.1
	≥722
	Excellent

	Medium-High

	Coastal, Water-based and other Corrosive Environments



3  Development Trends of Photovoltaic Mounting Systems
Photovoltaic mounting technology is undergoing rapid development across multiple dimensions, with predominant trends encompassing intelligentization and digitalization, weight reduction and strength enhancement, adaptation to diversified application scenarios, as well as environmental sustainability and green development.
3.1  Intelligentization and Digitalization
As a pivotal development direction in the field of photovoltaic mounting systems, intelligent tracking technology utilizes integrated sensing, control, and actuation components to achieve high-precision solar trajectory tracking, thereby significantly enhancing irradiance utilization and power generation efficiency. Contemporary advanced systems further incorporate artificial intelligence and big data analytics, enabling the formulation of dynamic optimal tracking strategies based on weather forecasts, grid load conditions, and operational data to achieve global optimization of energy yield.
Concurrently, digital operation and maintenance technologies are progressively becoming standard features in photovoltaic power plants. Through sensors deployed at critical nodes, these systems enable real-time monitoring of structural stress states, vibration characteristics, and environmental loads on support structures, facilitating structural health diagnosis and predictive maintenance while effectively improving operational safety and reliability. The application of digital twin technology allows the construction of precise digital replicas of mounting systems in virtual environments, providing data-driven insights and theoretical foundations for system design optimization and operational decision-making through multi-scenario simulations.
3.2  Lightweight and High-Strength Design
[bookmark: _Ref148175248]Driven by the dual objectives of reducing transportation and installation costs while expanding application boundaries, lightweight design and high-strength performance have become central focuses in the material and structural engineering of photovoltaic mounting systems. Through the adoption of ultra-high-strength materials and structural topology optimization techniques, significant weight reduction has been achieved without compromising mechanical performance.
Composite materials represent a critical pathway toward lightweighting. For instance, basalt fiber-reinforced polymer (BFRP) supports weigh only about 49.5% of conventional steel structures, while nano-reinforced plastic supports are one-third lighter than aluminum alloys. These materials not only exhibit excellent specific strength and corrosion resistance but are also well-suited for rooftop distributed photovoltaic systems and power plants in complex terrains, effectively reducing structural loads and foundation requirements.
Lightweighting also substantially enhances installation efficiency. For example, BFRP supports, with a self-weight only one-quarter that of steel, eliminate the need for heavy lifting equipment and enable rapid manual installation, thereby contributing to lower overall construction costs.
3.3Adaptation to Diverse Application Scenarios
With the continuous expansion of photovoltaic application scenarios, support systems are rapidly evolving toward specialization and customization. 
Flexible support systems are particularly suitable for composite applications such as "aquavoltaics" and "agrivoltaics" in undulating terrains. Their excellent terrain adaptability minimizes earthwork excavation and ecological disruption, facilitating the synergistic development of photovoltaic power generation alongside agricultural and aquacultural activities.  
In floating photovoltaic systems, traditional polyethylene floaters face challenges such as low strength and susceptibility to aging. Novel floaters utilizing fiber-reinforced composites offer lightweight, high-strength properties, corrosion resistance, and electrical insulation that prevents eddy currents, significantly enhancing the safety and durability of floating PV installations.
Building-integrated photovoltaics (BIPV) require support systems that simultaneously provide structural functionality and architectural aesthetics, driving the ongoing evolution of mounting solutions toward modular, integrated, and lightweight designs.
3.4 Environmental Sustainability and Green Development
Amid the global transition toward low-carbon development and increasing environmental awareness, the pursuit of green and sustainable photovoltaic (PV) mounting systems has become an industry-wide consensus. Eco-friendly support structures not only contribute to reducing environmental impacts throughout their lifecycle but also hold the potential to enhance market competitiveness through policy incentives.
Key development pathways include the application of recyclable materials—such as recyclable aluminum alloys and composites—to minimize resource consumption and environmental footprint; longevity-oriented design that extends service life by improving material weather resistance and structural durability, thereby reducing replacement frequency and resource waste; and the adoption of green manufacturing processes that employ low-carbon production technologies to cut energy consumption and carbon emissions during fabrication.
In regions with stringent environmental regulations, such as Europe and North America, green mounting systems have already demonstrated considerable market potential. With the global advancement of dual-carbon goals, environmentally sustainable PV support structures are poised to become a mainstream technological pathway in the near future.
4 Challenges and Countermeasures
Despite significant technological advancements in photovoltaic mounting systems, a range of technical and market challenges persist, necessitating the implementation of targeted countermeasures for resolution.
4.1 Technical Challenges
Wind resistance design represents a critical technical challenge for photovoltaic support structures, particularly for flexible mounting systems. Due to their low stiffness, light self-weight, and large spans, flexible systems are significantly influenced by wind effects, necessitating precise wind load analysis and specialized anti-wind design. Countermeasures include: conducting in-depth investigation of wind load characteristics through wind tunnel tests and computational fluid dynamics (CFD) simulations; developing wind-resistant design methodologies and control strategies tailored to flexible supports; and optimizing structural forms and layout configurations to mitigate wind-induced responses.

Durability and reliability present another major technical challenge, especially under harsh environmental conditions. Addressing these issues involves: developing new materials with enhanced weather resistance, such as super weather-resistant steel and high-performance composites; improving surface treatment technologies and anti-corrosion measures; and establishing more accurate service life prediction models and structural health monitoring systems.
Structural connections and system integration also pose technical difficulties. Corresponding solutions include: developing efficient and reliable connection techniques and joint designs; promoting modular and standardized designs to improve system integration; and researching smart connection technologies that enable real-time monitoring of load conditions and structural status.
4.2Cost and Economic Challenges
The photovoltaic mounting industry faces significant cost pressures, primarily driven by volatile raw material prices and intensifying market competition. Core materials such as steel constitute over 50% of production costs, with their price fluctuations directly impacting profit margins. Concurrently, overcapacity in low-end manufacturing has triggered homogeneous price competition, further compressing enterprises' profitability. To address these challenges, multiple strategies are being implemented: structural optimization and manufacturing process improvements effectively reduce material consumption while enhancing production efficiency; economies of scale achieved through standardized design and mass production lower unit costs; vertical integration along the industrial chain stabilizes raw material supply and reduces procurement expenses; and technological innovation combined with product differentiation enhances value-added features, enabling companies to transcend low-end price competition.
5  Conclusions and Prospects
As a critical component of photovoltaic power generation systems, the technological development of photovoltaic mounting structures directly influences the advancement of the entire PV industry. This paper systematically reviews the structural typologies, material systems, current research status, and development trends of PV mounting systems, while also analyzing prevailing technical challenges and corresponding countermeasures.
Based on the current research landscape, photovoltaic mounting technologies have evolved into three major structural systems—fixed mounts, tracking systems, and flexible supports—along with three primary material categories: metallic materials, composites, and novel materials. Tracking systems are experiencing growing market penetration due to their significant enhancement of power generation efficiency, while flexible supports have emerged as a research focus owing to their adaptability to complex terrains. Composite materials, recognized for their lightweight, high-strength, and corrosion-resistant properties, are attracting increasing scholarly and industrial attention.
In terms of development trends, photovoltaic mounting systems are advancing rapidly toward intelligentization, lightweight design, functional diversification, and environmental sustainability. Key areas of future technological competition will include intelligent tracking systems, digital operation and maintenance technologies, lightweight material engineering, multifunctional integration, and green manufacturing practices.
Future advancements in PV mounting technology will increasingly emphasize system integration and lifecycle optimization. This approach will shift the focus from initial investment costs to comprehensive consideration of operational maintenance expenses and energy generation revenue, aiming to maximize value across the entire lifecycle. Furthermore, as PV application scenarios continue to diversify, specialized support systems tailored for specific environments and unique requirements will become a critical direction for technological innovation.
Against the backdrop of global "dual-carbon" objectives, photovoltaic power generation is poised for expanded development prospects. As the structural "skeleton" of PV systems, mounting technology will continue to innovate and evolve, playing a vital role in advancing global energy transition and sustainable development.
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