
Photovoltaic Module Structure Trends

Article Overview

PV module structures are evolving toward higher efficiency, bifacial designs, tandem cells, and enhanced

reliability, with TOPCon, HJT, and perovskite-silicon technologies leading the trend.

Emerging Cell Technologies

The PV industry is seeing rapid convergence of advanced cell technologies. TOPCon (Tunnel Oxide

Passivated Contact) has become a mainstream standard, offering high efficiency and reduced recombination

losses, with innovations like laser-assisted contact formation and rear poly-finger designs borrowed from

back-contact (BC) cells to minimize parasitic absorption and boost performance . Heterojunction (HJT) cells

continue to expand, with a shift from doped amorphous silicon to microcrystalline silicon, improving

efficiency and reducing sensitivity to wafer oxygen content . Back-contact (BC) cells remain highly efficient

but are more demanding in wafer quality . Emerging tandem perovskite-silicon cells are pushing laboratory

efficiencies beyond 34%, with commercial deployment expected around 2026-2027 .

Module-Level Innovations

Bifacial modules are increasingly common, capable of generating 10-20% additional power by capturing

reflected light from the rear side . Half-cell designs are widely adopted to reduce resistive losses and improve

shading tolerance, a practice long established in HJT modules . Edge passivation techniques are being applied

to mitigate defects from wafer slicing, enhancing module longevity . Integration of smart monitoring and

predictive maintenance at the module level is becoming standard, enabling better energy management and grid

services participation .

Reliability and Durability Trends

As module designs evolve, durability challenges have emerged. Thinner glass and new encapsulant

combinations reduce weight and cost but may compromise long-term reliability, leading to issues like cracked

glass, corroded frames, backsheet damage, and potential-induced degradation (PID), . Advanced testing

protocols, such as RETC's Thresher Test, simulate decades of environmental stress, including thermal cycling,

damp heat, mechanical loading, and UV exposure, to identify high-performing modules before deployment .

Market and Efficiency Implications

Commercial module efficiencies are approaching 25%, with laboratory demonstrations exceeding 34% . While

higher-efficiency modules carry a 10-20% price premium, they often provide superior long-term value through

reduced installation costs, smaller space requirements, and better performance under real-world conditions .

Policy pressures and supply chain shifts are also influencing module design, encouraging decarbonization of
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manufacturing and adoption of n-type TOPCon and perovskite technologies .

Key Takeaways

o TOPCon, HJT, and BC cells dominate high-efficiency module production, with tandem perovskite-silicon

cells emerging.

o Bifacial and half-cell modules improve energy yield and shading tolerance.

o Edge passivation and metallization innovations enhance performance and reduce losses.

o Reliability testing is critical as new materials and thinner designs introduce potential failure modes.

o Smart integration and monitoring are becoming standard, supporting grid services and predictive

maintenance. These trends collectively indicate a shift toward higher efficiency, smarter, and more durable PV

modules, enabling broader adoption and improved energy yield in diverse applications .

This review paper provides a comprehensive analysis of solar photovoltaics, covering key aspects such as the

historical

The growing production of bifacial modules, silicon-based heterojunction modules, and, in the future, tandem

structures

The report highlights several technological and market trends: Module efficiencies continue to improve, with

n-type technologies now

Global PV module market outlook According to GlobalData''s Solar PV Modules and Inverters Market Trends

and

The extent to which each of these losses affects the solar-cell or module performance depends on the

properties of

Section 5 outlines the development trends of perovskite solar cells in four aspects - higher efficiency, higher

lifespan, larger size, and

Crystalline silicon solar cells are today''s main photovoltaic technology, enabling the production of electricity

with

In this case, the review focuses on identifying the main factors influencing the efficiency of photovoltaic solar

systems

Maintaining the reliability of photovoltaic (PV) modules in the face of rapidly changing technology is critical

to maximizing solar
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This special report examines solar PV supply chains from raw materials all the way to the

Nearly all types of solar photovoltaic cells and technologies have developed dramatically, especially in the

past 5

The key components of photovoltaic (PV) systems are PV modules representing basic devices, which are able

to operate durably in

Solar photovoltaic (PV) technology is a cornerstone of the global effort to transition towards cleaner and more

Solar PV Module Market size is expected to reach USD 107.29 Bn by 2033, from USD 60.20 Bn in 2026,

exhibiting a

Since the discovery of Photovoltaic (PV) effect, numerous ways of utilizing the energy that can be generated

by the

As the demand for renewable energy surges, solar panels are becoming more accessible for homes and

businesses.

Web: https://morwarreconst.co.za
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