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General Trends in Materials for PV Modules
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General Trends in Materials for PV Modules
Quick Review on Module Architecture
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Source: Trina Solar



General Trends in Materials for PV Modules
China PV Industry Association on Wafer Sizes

• G: Full Square

• M: Chamferd Corner

• G12R & G12 will remain

• No adaptation in 

module sizes to be 

expected in the near 

future
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Source: https://english.www.gov.cn/news/202502/27/content_WS67c01568c6d0868f4e8f018b.html



General Trends in Materials for PV Modules
Current Module Sizes

• Width: 

1134 mm (new std)

• Length:

1772 to 2382 

(2464) mm

• No issue in 

Germany since 2m² 

rule is obsolete
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Source: https://www.infolink-group.com/energy-article/solar-topic-trends-prospects-for-rectangular-module



General Trends in Materials for PV Modules
Number of Busbar

• Round wire is standard 

for both side contacted 

cells

• ZBB or 0BB technology 

will gain traction in the 

future
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Source: ITRPV Report 2025

Evolution of Busbar Design for Solar Cells (Source: PV-Magazine.com)



General Trends in Materials for PV Modules
Front and Rear Covers

• Glass is a major cost contributor 

in module manufacturing.

• Glass-Glass configuration is 

about 55% market share 

(increasing)

• Framed modules are standard

• Frame width reduced to 30mm

• Frameless only used in special 

applications
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Source: ITRPV Report 2025



General Trends in Materials for PV Modules
Glass Thickness

• Glass thickness is secondary

• Glass thoughening is the most 

relevant process:

• HSG: Heat Strengthened Glass

• TTG: Thermally Toughened Glass 

(also calles safety glass)

• Dominant glass thickness:

• Glass-glass → 2 – 2.5 mm

• Glass-foils → 3.2 mm
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Source: https://doi.org/10.52825/pv-symposium.v1i.1237 



General Trends in Materials for PV Modules
Encapsulant Materials
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• Encapsulant is a major cost 

contributor in module 

manufacturing.

• EVA has still considerable market 

share due to cost efficiency.

• Pure POE and EPE (EVA/POE mix) 

will dominate due to higher 

reliability.

• EPE is gaining market share mainly 

due to price and properties
Source: ITRPV Report 2025



General Trends in Materials for PV Modules
Encapsulant Materials - EPE

• EPE is a co-extruded film of EVA 

and POE

• Quality control for EPE is 

important and still not fully 

solved (Gel Contest Test)

• Process window is smaller to fit 

both EVA and POE
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Source: S. Lust et al., EUPVSEC 2023: 10.4229/EUPVSEC2023/3DO.19.3



General Trends in Materials for PV Modules
Module Interconnection Technology
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Source: ITRPV Report 2025

• Infrared-based soldering 

with lead (SnPb) coated 

wire remains standard.

• PV Modules are still 

excluded from RoHS, but 

lead-free approaches 

are gaining market 

share.



General Trends in Materials for PV Modules
Module Interconnection Technology
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• The expected trend for wire 
diameter is to go from 260 um 
(in 2024) down to 200 um in 10 
years.

• Cu-wires and shingling 
technologies are required to be 
compatible with larger cell 
formats and thinner cells (95 –
140 um).

• Low-temperature and 
adhesive-based approaches 
have an inherent advantege 
due to lower thermal stresses.Source: ITRPV Report 2025



General Trends in Materials for PV Modules
Bifaciality

• Bifacial module market 

share keeps growing

• Bifacial gain is relevant 

in all utility scale 

configuration
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Source: ITRPV Report 2025



General Trends in Materials for PV Modules
Bifaciality – Applications & Gains

Ignacia Devoto / Module Manufacturing – Advanced / IBC4EU & EMPOWER Workshop 2025

R Kopecek; J Libal, Bifacial Photovoltaics 2021: Status, Opportunities and Challenges, Energies
2021, 14, 2076. DOI: 10.3390/en14082076

Bifacial Gain Range:

1 – 30% 

R. Kopecek, J Libal, Towards large-scale deployment of bifacial photovoltaics, Nature Energy 3 (6) 2018, 443-446



Alternative/Innovative 
Manufacturing Processes for PV Modules
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Manufacture of PV modules with busbarless cells
Process 1: Smart Wire Connection Technology (SWCT)

• Technology:

• 18 micro-wires are robotically positioned in parallel 
and held in place by a transparent foil in an 
interwoven pattern

• This foil-wire assembly (FWA) is based on TPO and 
also corresponds to the encapsulation material of 
the module

• Technology patented by Meyer Burger

• Advantages:

• Strong adhesion

• High conductivity

• Disadvantages:

• Pre-fabrication of the FWA

• EL testing only possible after lamination
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SWCT (Source: SolarTech Universal Brochure 2020)



Manufacture of PV modules with busbarless cells
Process 2: Integrated Film Covering (IFC)

• Technology:

• Polymer (pre-curing or skin) film is used to pressure 
ribbons onto cells for pre-interconnections

• Depending on cell technology can be used on one or 
both sides

• Ohmic contact is formed during lamination (soldering)

• The skin film is independent of the encapsulant layer of 
the module

• Advantages:

• Strong adhesion

• No welding process required

• Disadvantages:

• Skin film required

• EL testing only possible after lamination
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Schematic of IFC process (Source: nxxnsolar.com)



Manufacture of PV modules with busbarless cells
Process 3: Conductive + Insulating adhesive (ECA+NCA)

• Technology:

• Gum printing: dispensing/printing a ECA-NCA pattern

• Ribbon placing: positioning of wires on wet paste

• Pre-curing: UV pre curing of NCA to handle string

• Skin film: placing skin film to maintain wire position during lamination

• Lamination: after applying encapsulant layers the ECA and NCA are fully cured 
during lamination. Skin film melts first and help wires to maintain position while 
ECA/NCA is curing.

• Advantages:

• Simple process

• No welding required

• Disadvantages:

• Insufficient mechanical adhesion

• High precision requirements for dispensing
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Insulation pad
ECA pad/dot
NCA pad/dot
Finger
Wire

Schematic representing ECA+NCA process for IBC technology



Manufacture of PV modules with busbarless cells
Process 4: Soldering/welding + Insulating adhesive

• Technology:

• Ribbons soldered onto solar cells while 
simultaneously applying non-conductive 
adhesive to mechanically reinforce the bond

• Typically, IR infrared is used to solder and UV 
light is used to cure the NCA

• This approach does not require a load-bearing 
skin film

• Advantages:

• No need for load-bearing film

• Strong adhesion

• Disadvantages:

• High precision requirements for dispensing
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Representation of a busbarless HJT Module (Source: HUASUN) 



Towards XBC technology

• Back-contact (XBC) technologies 

are gaining ground, with forecasts 

showing potential to overtake HJT 

and reach up to 35% market 

share by 2029
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Towards XBC technology

• Back-contact (XBC) technologies 

are gaining ground, with forecasts 

showing potential to overtake HJT 

and reach up to 35% market 

share by 2029

• Historically, IBC has always been 

considered the efficiency leader 

among the commercially offered 

modules. In May 2024, AIKO 

introduced its Comets series with 

24.2% efficiency.
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Manufacture of PV modules for IBC cells
Process 1: Conductive backsheet solution

• Technology:

• Interconnects IBC cells by placing them onto a metal-
patterned polymer backsheet (typically a Cu-based 
laminate) so that during lamination, the cell rear 
contact pads bond directly to the conductive traces

• Advantages:

• Reduced serial resistance losses (conductive foil vs 
wires) allows higher power output

• Allows for the interconnection of thin cells (~120 um)

• Increase aesthetics due to lack of front wires

• Disadvantages:

• Cell to foil alignment must be precise (tens of microns)

• Complex and costly fabrication of conductive foil

• Difficulties of reworking

• Some design are patented (e.g., ECN, Sunpower)
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Bennett, I. J. et al. IEEE 7th World Conference on Photovoltaic Energy Conversion (2018). Doi:10.1109/PVSC.2018.8547995.

Beaucarne, G. et al. Energy Procedia 55, 444–450 (2014).

Build-up of a module for back-contact cells using CBS (Bennett et al.)

4 cells module using CBS without solder mask and organic 
solderability preservative (OSP) finish (Beaucarne et al.)



Manufacture of PV modules for IBC cells
Process 2: Light-Transmitting Conductive Substrate (LTCS)

• Technology:

• LTCS is a transparent, electrically conductive laminate place at 
the read side of (bifacial) IBC cells that simultaneously 
transmits light and provides patterned conductive paths for 
rear contacts

• LTCS implementations use glass or polymer films coated or 
patterned with a transparent conductive layer (TCO)

• Advantages:

• Bifacial ready

• Integrated interconnection & encapsulation

• Potential for high conductivity with good light transmission

• Compatibility with thin cells

• Disadvantages:

• Conductivity vs transparency tradeoffs

• Manufacturing complexity and costs

• Patterning/alignment tolerances

• Reliability of the TCO
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Module using the LTCS technology (Source: IBC4.eu)



Manufacture of PV modules for IBC cells
Process 3: 3D Multi-Ribbon Interconnection

• Technology:

• The 3D multi-ribbon fabric consists of a polymer-based 

encapsulant foil with integrated solder-coated metal ribbons

• The foil acts as a carrier and separates two layers of metal 

ribbons, providing electrical insulation

• The busbar ribbons are stitched through the polymer-based 

foil and overlap with the cell-to-cell ribbons, establishing a 

third interconnection dimension (floating point)

• Advantages:

• Can be tailored for various metallization designs and cell sizes

• Potential cost reduction due to less manufacturing steps

• Disadvantages:

• Preparation of the foil is not yet industrial ready and is 

complex

• Low-melting point alloys are required to match encapsulant
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R.Van Dyck et al.,  Progress in Photovoltaics, 2021, vol 29, p 507-215 (DOI: 10.1002/pip.3390)

A schematic overview of the design of the interconnection fabric (R. Van Dyck et al.).

Metal ribbons incorporated in an encapsulant foil using the hybrid stitch-weave 
method (R. Van Dyck et al.).



Towards Low Temperature Approaches
• 🔥 Thermal Sensitivity of Materials – Both HJT and perovskite cells use 

temperature-sensitive layers (e.g., amorphous silicon, transparent 
conductive oxides, and perovskite films) that can degrade or lose 
performance if exposed to conventional soldering or sintering 
temperatures (>150 °C).

• Preservation of Passivation and Interfaces – High temperatures 
can damage passivating layers and interfacial quality, leading to higher 
recombination losses

• Compatibility with Flexible and Lightweight Substrates – Low-
temperature processes enable integration on flexible polymers or thin 
glass.

• 🌍 Reduced Energy Consumption and Environmental Impact – Lower 
processing temperatures reduce manufacturing energy demand and 
carbon footprint
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Manufacture of PV modules for Temperature Sensitive Cells
Process 1: thermoplastic and electrically conductive coated wire
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Marten et al., Solar Energy Materials and Solar Cells, 2024, vol 273 (DOI: 10.1016/j.solmat.2024.112966) 

• Technology:

• A thin copper wire is extrusion-coated with a 

thermoplastic polymer (such as EVA or PA-based 

compounds) loaded with silver particles.

• During module assembly, the TECC wire is placed 

onto cell busbars or pads.

• Under moderate temperature and pressure (typically 
below 180 °C), the thermoplastic softens and flows, 
creating mechanical adhesion (bonding the wire to the 
cell surface), and electrical conduction (via the silver-
filled polymer layer).

• Once cooled, the polymer solidifies, producing a strong, 
conductive, and flexible joint.



Manufacture of PV modules for Temperature Sensitive Cells
Process 2: Shingling (overlapping) approach

• Technology:

• The solar cell is laser-cut into multiple 

narrow strips.

• Each strip overlaps the next one 

slightly (like roof shingles).

• The overlapping regions are bonded 

with a conductive adhesive that 

provides both electrical connection 

and mechanical attachment.
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• Advantages:

• Eliminates/reduces cell gaps (↑active area)

• Reduces shading and resistive losses due to the 
absence of busbars.

• Improved aesthetics (BIPV).

• Higher mechanical flexibility (VIPV).

• Enhanced shading tolerance.

• Disadvantages:

• Requires laser cutting and edge passivation.

• Costs are driven by ECA costs

• Some major shingling methods are patented

Klasen, N., Mondon, A., Kraft, A. & Eitner, U. Shingled Cell Interconnection: A New Generation of Bifacial PV-Modules. SSRN Journal (2018) doi:10.2139/ssrn.3152478.

ECA



Manufacture of PV modules for Temperature Sensitive Cells
Process 3: StickyTape approach
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Industrial PV Modules
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Current Commercial Modules
PERC, TOPCon, HJT & IBC
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PERC 22+%
BF: 0.7+

TOPCon 23+%
BF: 0.80+

HJT 23+%
BF: 0.90+

IBC 24+%
BF: 0.75+



Current Commercial Modules
Highest Efficient Commercial PV Modules April 2025

• 3x XBC with 24%+

• 2x HJT with 23%+

• 3x TOPCon with 23%+

• Reference → PERC with 21.5 – 22%
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Testing Industrial PV Modules
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Module quality test (MQT) sequence
in IEC 61215 standard
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Module quality test (MQT) sequence
in IEC 61215 standard
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Module quality test (MQT) sequence
in IEC 61215 standard
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Module quality test (MQT) sequence
in IEC 61215 standard

Ignacia Devoto / Module Manufacturing – Advanced / IBC4EU & EMPOWER Workshop 2025



Module quality test (MQT) sequence
in IEC 61215 standard
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Module quality test (MQT) sequence
in IEC 61215 standard
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Module quality test (MQT) sequence
in IEC 61215 standard
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Cost of Ownership for PV Module Manufacture
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Moduole COO – Assumptions

Module: 144 half cells with glass/glass configuration

Scenario: TOPCon module made in China using cells and BOM from China
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• Cell cost: 0.038 USD/Wp
• Cell efficiency (TOPCon) 24.5%
Pvinsights.com 2025-10-15 – cells purchased from China

• Glass: 1.9 USD/m2
• Encapsulant: 1.6 USD/m2
• Frame: 11 USD/module

• Total module BOM (w/o cells): 39 USD/module

CAPEX depreciation:
• process equipment: 5 years
• facility and utilities: 10 years:
• building: 20 years

• Electricity price (for module fab): 0.06 USD/kWh
• Floor cost for building: 1000 USD/m2

Labor cost: 
• Operator: 19,000 USD/year
• Technician: 25,000 USD/year
• Engineer/supervisor 30,000/39000 USD/year

• Teams required for 24/7 production: 4

Cell to module Pmpp loss: 2%

Module Pmpp (144 half cells, M10) : 572 Wp/module



Module COO – Total Module Cost
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Total module COO
(cost of ownership):

• 11.5 USDct/Wp  (66 USD/module)

• Cells: 
3.9 USDct/Wp (22.5 USD/ module)

• BOM (w/o cells):
6.9 USDct/Wp (39 USD/ module)



Module COO – Module Bill of Materials Cost Share
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Module BOM (w/o cells):

6.9 USDct/Wp (39 USD/ module)

Main cost items (except for cells):

1. Al frame
2. Glass
3. POE
4. Junction box



Main Takeaways
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Summary – Three Main Takeaways

1) Module technology develops evolutionary

• Sizes, materials and technology are further developed, no 
disruptive changes

• For all technologies, reliable products can be found

2) Bifacial nPV is the new emperor

• TOPCon and HJT are used for utility scale. Quality is 
good when the process is under control.  

3) BC is at the moment entering utility scale as well 

• Bifacial BC will dominate the market form 
2027/2028. Bifaciality will reach 80%.
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