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          Preface
 
          In September 2015, the United Nations adopted its Sustainable Development Goals,1 the blueprint to achieve a better and more sustainable future for all. The decision was directly followed by the 2015 Climate Change Conference in Paris sending a clear signal for a worldwide energy transition towards renewables, a transition to take place long before the total consumption of fossil and nuclear resources and timely before catastrophic climate change.
 
          Photovoltaic (PV) electricity generation is developing into a major global player in our future energy supply scenarios, enabled by a cost-reduction momentum not foreseen 20 years ago even by most optimistic PV supporters. Recent studies find generation costs for PV electricity in the range of 2–6 ct(€)/kWh, depending on the size and location of the power plant. The cost learning curve will keep progressing since many innovations are well underway in all parts of the value chain. PV modules are the key components for every PV power plant from tiny roof-top systems of a few kilowatts to plants in the gigawatt range which may demand millions of modules. Modules are required to efficiently, safely, and sustainably convert solar irradiance into electric power over a service life of decades. For such long operational times, reliability is the dominating property of a product.
 
          The first part of this book addresses crystalline silicon, wafer-based module reliability. It gives an overview on the very important topic of module reliability which is crucial for the long-term operation and also for the investments in PV systems. It describes analytical methods for module and material characterizations, relevant loads for PV modules, and the design of accelerated aging tests adapted to PV module technology. This is followed by a description of how reliability tests for materials and modules can be developed. The relevant international standards for type approval and safety testing of modules and materials are described, as well as their meanings and limitations. In the end, methods for degradation modeling and service life prediction are introduced.
 
          The second part of the book addresses the very important topic of sustainability of PV modules, which is especially crucial for renewable energy products. An overview on sustainability assessment methods is given as well as insights on the influences of the different components of PV systems on the sustainability of PV electricity. Methods to determine the ecological inventory of the different steps of the value creation chain, from basic materials to recycling, are presented. The part ends with a short overview on certification and legislation measures addressing sustainability.
 
          The authors would like to thank their colleagues in different institutions for many valuable discussions and generous contributions to this book from their various R&D projects. Karl-Anders Weiß would like to thank all coauthors and proofreaders for their willingness to support the new edition of the book and the longtime cooperation and friendship this project is built on.
 
         
      
       
        
          Symbols and units
 
          
                    
                  	α 
                  	1/m 
                  	Absorption coefficient 
  
                  	α 
                  	° 
                  	Angle 
  
                  	A 
                  	m2 
                  	Area, cross section 
  
                  	A 
                  	1 
                  	Absorptance 
  
                  	β 
                  	° 
                  	Angle 
  
                  	d 
                  	m 
                  	Diameter, distance, layer thickness 
  
                  	E 
                  	W/m2 
                  	Irradiance 
  
                  	E 
                  	J 
                  	(Electric) energy 
  
                  	Eλ 
                  	W/m3 
                  	Spectral irradiance 
  
                  	FF 
                  	1 
                  	Fill factor 
  
                  	H 
                  	MJ/m2 (kWh/m2) 
                  	Irradiation (1 kWh = 3.6 MJ) 
  
                  	I 
                  	A 
                  	Current 
  
                  	Kτα 
                  	1 
                  	Incidence angle modifier 
  
                  	L 
                  	m 
                  	Edge length 
  
                  	AM 
                  	1 
                  	Air mass 
  
                  	n 
                  	1 
                  	Refractive index or counting index 
  
                  	P 
                  	W 
                  	Power 
  
                  	PR 
                  	1 
                  	Performance ratio (of PV module or PV power plant) 
  
                  	QE 
                  	1 
                  	Quantum efficiency 
  
                  	R 
                  	1 
                  	Reflectance 
  
                  	r 
                  	Ω 
                  	Sheet resistivity 
  
                  	ρ 
                  	Ω⋅m 
                  	Electrical (volume) resistivity 
  
                  	T 
                  	1 
                  	Transmittance 
  
                  	T 
                  	°C, K 
                  	Temperature in degree Celsius or in Kelvin as indicated 
  
                  	V 
                  	V 
                  	Voltage 
  
                  	v 
                  	m/s 
                  	Velocity 
  
                  	w 
                  	m 
                  	Width 
 
            

          
 
          
            Subscripts
 
             
              	a

              	
                activation

 
              	AC

              	
                Alternating current

 
              	beam

              	
                Beam or direct (irradiance, irradiation)

 
              	Bulk

              	
                Referring to the material volume, without interfaces

 
              	cell

              	
                Referring to the cell

 
              	DC

              	
                Direct current

 
              	diff

              	
                Diffuse (irradiance, irradiation)

 
              	e

              	
                Electron

 
              	eff

              	
                Effective

 
              	enc

              	
                Encapsulant

 
              	ext

              	
                External

 
              	f

              	
                fitted

 
              	glob

              	
                Global (irradiance, irradiation)

 
              	h

              	
                Hydrolisis

 
              	int

              	
                Internal

 
              	m

              	
                measured

 
              	max

              	
                maximum

 
              	mod

              	
                PV module

 
              	MPP

              	
                Maximum power point

 
              	OC

              	
                Open circuit

 
              	ox

              	
                oxidized

 
              	P

              	
                Production

 
              	PD

              	
                Photodegradation

 
              	plant

              	
                PV power plant

 
              	POA

              	
                Plane of the array

 
              	red

              	
                reduced

 
              	ref

              	
                reference

 
              	res

              	
                residual

 
              	SC

              	
                Short circuit or solar constant

 
              	STC

              	
                Standard testing conditions

 
              	T

              	
                Thermal

 
              	Tm

              	
                Thermomechanical

 
              	TIR

              	
                Total internal reflectance

 
              	U

              	
                Usage

 
            
 
           
          
            Abbreviations
 
             
              	AR

              	
                Antireflective

 
              	AES

              	
                Auger electron spectroscopy

 
              	AFM

              	
                Atomic force microscopy

 
              	AM

              	
                Air mass

 
              	AS

              	
                Antisoiling

 
              	ASTM

              	
                American Society for Testing and Materials

 
              	B2B

              	
                Business to business

 
              	B2C

              	
                Business to customer

 
              	BOM

              	
                Bill of materials

 
              	BOS

              	
                Balance of System

 
              	BST

              	
                Black standard temperature

 
              	CB

              	
                Certification body

 
              	CdTe

              	
                Cadmium telluride

 
              	CED

              	
                Cumulated energy demand

 
              	CIE

              	
                Commission Internationale de l’Ecleirage

 
              	CIS

              	
                Copper indium selenide

 
              	c-Si

              	
                Crystalline silicon

 
              	CPV

              	
                Concentrating PV

 
              	CTE

              	
                Coefficient of thermal expansion

 
              	CTM

              	
                Cell to module

 
              	DH

              	
                Damp heat

 
              	DIN

              	
                Deutsches Institut für Normung – German Standardization Organization

 
              	DKE

              	
                Deutsche Kommission Elektrotechnik – German Electrotechnical Commission

 
              	DMA

              	
                Dynamic mechanical analysis

 
              	DoC

              	
                Degree of cross-linking

 
              	DSC

              	
                Differential scanning calorimetry

 
              	DUT

              	
                Device under test

 
              	EDX

              	
                Energy-dispersive x-ray spectroscopy

 
              	EL

              	
                Electroluminescence

 
              	EN

              	
                European standard

 
              	EoL

              	
                End of life

 
              	EPBT

              	
                Energy payback time

 
              	EQE

              	
                External quantum efficiency

 
              	EU

              	
                European Union

 
              	EVA

              	
                Ethylene-vinyl acetate

 
              	FIT

              	
                Feed in tariff

 
              	FL

              	
                Fluorescence

 
              	FT-IR

              	
                Fourier-transformation infrared spectroscopy

 
              	FRBG

              	
                Freiburg, Germany

 
              	FU

              	
                Functional unit

 
              	G

              	
                Global irradiation

 
              	GC

              	
                Gran Canaria

 
              	GEC

              	
                US Green Electronics Council

 
              	GIS

              	
                Geographical information system

 
              	GPP

              	
                Green Public Procurement

 
              	HF

              	
                Humidity freeze

 
              	IAM

              	
                Incidence angle modifier

 
              	IEC

              	
                International Electrotechnical Commission

 
              	InGaAs

              	
                Indium gallium arsenide

 
              	ILCD

              	
                International Reference Life Cycle Data System

 
              	IQE

              	
                Internal quantum efficiency

 
              	IR

              	
                Infrared

 
              	ISO

              	
                International Standardization Organization

 
              	LCA

              	
                Life cycle assessment

 
              	LCIA

              	
                Life cycle impact assessment

 
              	LVD

              	
                European low-voltage directive

 
              	MDG

              	
                Millennium Development Goal

 
              	ML

              	
                Mechanical load

 
              	mono-Si

              	
                Monocrystalline silicon

 
              	MPP

              	
                Maximum power point

 
              	MQT

              	
                Module quality test

 
              	MST

              	
                Module safety test

 
              	NEC

              	
                National Electric Code

 
              	NEG

              	
                Negev desert, Israel

 
              	NMOT

              	
                Nominal module operating temperature

 
              	NOCT

              	
                Nominal operating cell temperature

 
              	OTR

              	
                Oxygen transmission rate

 
              	PEF

              	
                Product environmental footprint

 
              	PA

              	
                Polyamide

 
              	PE

              	
                Polyethylene

 
              	PET

              	
                Polyethylene terephthalate

 
              	PID

              	
                Potential-induced degradation

 
              	PL

              	
                Photoluminescence

 
              	POA

              	
                Plane of array

 
              	POE

              	
                Polyolefin elastomers

 
              	poly-Si

              	
                Poly- or multicrystalline silicon

 
              	PP

              	
                Polypropylene

 
              	PV

              	
                Photovoltaic(s)

 
              	PVB

              	
                Polyvinyl butyral

 
              	PVDF

              	
                Polyvinylidene fluoride

 
              	PVF

              	
                Polyvinyl fluoride

 
              	QA

              	
                Quality assurance

 
              	RH

              	
                Relative humidity

 
              	SAM

              	
                Scanning acoustic microscopy

 
              	SD

              	
                Standard deviation

 
              	SDG

              	
                Sustainable developments goal

 
              	STC

              	
                Standard testing conditions

 
              	TC

              	
                Temperature cycling

 
              	TCO

              	
                Total cost of ownership

 
              	TF

              	
                Thin film

 
              	TMF

              	
                Thermomechanical fatigue

 
              	TOW

              	
                Time of wetness

 
              	TPSE

              	
                Thermoplastic silicone elastomer

 
              	TPT

              	
                Backsheet laminate with layers Tedlar-PET-Tedlar

 
              	UFS

              	
                Environmental Research Station on the mountain Zugspitze, Germany

 
              	UN

              	
                United Nations

 
              	UV

              	
                Ultraviolet

 
              	vis

              	
                Visual

 
              	WEEE

              	
                Waste electrical and electronic equipment directive

 
              	WST

              	
                White standard temperature

 
              	WVD

              	
                Water vapor diffusion

 
              	WVTR

              	
                Water vapor transmission rate

 
              	YI

              	
                Yellowness Index
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          1 Introduction
 
        

         
          Karl-Anders Weiß 
            
            

          
 
        
 
         
          Photovoltaic (PV) modules directly convert solar radiation into electrical energy at appropriate voltage and current levels. The discovery of the photoelectric effect is credited to the French scientist Alexandre Edmond Becquerel. He built an electrolytic cell in 1839 that was able to deliver electric power when exposed to light. More than a century later, in 1954, Daryl Chapin, Calvin Fuller, and Gerald Pearson developed a silicon-based PV cell at Bell Laboratories, reporting efficiencies of up to 6% [1]. In the 1960s, the potential of PV modules to supply energy in remote applications attracted growing interest, for example, for lighthouses or offshore navigation signals, where utility grid connection or alternate energy sources were more expensive. The oil crisis of 1973 triggered research and development in alternative energy resources worldwide and also enhanced the support for research in PV. In 1975, the US government started a series of procurement activities that accelerated technology and testing development for PV modules. It also led to the development of adapted tests and further also to the development of type approval standards in the frame of the International Electrotechnical Commission. At the very beginning, encapsulated modules with glass covering appeared on the market, followed by the first laminated modules using polyvinyl butyral (PVB) as an encapsulant and a polyester film as a rear cover. The latter design, using the front cover as a rigid support, became and still is the predominant module design. In the late 1970s, Tedlar was introduced as a backsheet material. In the early 1980s, ethylene-vinyl acetate (EVA) became the predominant encapsulation material. Since then the basic module design has not been changed.
 
          In the 1990s, Germany launched a substantial PV program to implement 1,000 roof systems (“The 1,000 Roofs Programme”), to be followed by a 100,000 roof program in 1999. These programs contributed to make grid-connected PV a recognized and important candidate for renewable electricity supply of reasonable scale. Japan and California also announced PV support schemes in the 1990s.
 
          The German feed-in-tariff scheme issued in 2001 boosted PV mass production and led to tremendous cost reductions and market growth (Fig. 1.1). In the meantime, PV became more and more competitive compared to other electricity generation technologies and reached grid parity in many regions. It is one of the important sources for electricity supply now, and is expected to be even more in the future.
 
          
            [image: ]
              Fig. 1.1: Development of the production of PV modules since 2000, including monocrystalline, multicrystalline, and thin-film technologies. Source: PSE Projects GmbH.

           
          In terms of 2019 market share and installations, wafer-based crystalline silicon (c-Si) accounts for almost 95% of the produced PV capacity. Looking at the installed capacity, c-Si accounts for more than 90% of the total PV installations worldwide. The remaining share is mostly thin-film PV, which comprises mainly cadmium telluride (CdTe) and copper indium selenide (CIS) technologies. Market developments, especially the extreme reduction of prices for c-Si modules have to be mentioned, since this was the main driver for the reduction of PV electricity generation costs, having increased the relative market share of c-Si modules in recent years (Fig. 1.2).
 
          
            [image: ]
              Fig. 1.2: Development of market share of PV module technologies since 1980, including monocrystalline, multicrystalline, and thin-film technologies. Source: PSE Projects GmbH.

           
          The first part of this book deals with wafer-based c-Si module reliability. Since growth of the market can be seen in almost every country and region worldwide, additional questions related to reliability due to specific local requirements pertaining to climatic or operational loads have to be addressed. We give a general overview on loads affecting the reliability of PV modules, including characterization methods to measure effects. Further chapters give insights into testing of materials and modules as well as certification and service life prediction methodologies.
 
          
            1.1 Module technology
 
            PV modules contain a number of components and materials (Fig. 1.3), and specific wording is used to describe these parts. Here, a short explanation and definition is given to avoid misunderstandings related to the content of the book. More detailed descriptions of PV module technologies can be found in the literature, for example, in “Photovoltaic Module Technology” by Harry Wirth.
 
             
              	
                (1) Glazing: Front part of a PV module is transparent to lead incident sunlight to PV cells. Usually made from low-iron solar glass, there are also modules with polymeric glazing. Glazing usually also gives dimensional stability to the module. Typical thickness is 3–4 mm, in glass–glass modules sometimes <3 mm.

 
              	
                (2) and (4) Encapsulation: Transparent polymeric material connects/glues all components of the module laminate. Predominant material is EVA copolymer but there are also other materials used such as ionomers, PVB, polyolefins, or silicones. Thickness is typically 400–500 µm in front of cells and 400–500 µm between cells and backsheet.

 
              	
                (3) PV cells: Active semiconductor component in module generating electricity from incident sunlight. It can be made of different semiconductor materials, but here we focus on cells made from multicrystalline or monocrystalline silicon. The size typically varies between 156 × 156 mm2 and 210 × 210 mm2 (6″ cells) but can differ, and the trend goes to larger cells. Cell thickness is typically of 150–180 µm.

 
              	
                (5) Backsheet: It is the material at the rear side of the module providing electrical insulation and protection against climatic impact; typically made of polymeric materials, it is often produced as laminated or coextruded multilayer films. Used materials are polyethylene terephthalate (PET), polyamide (PA), polyvinyl fluoride (PVF), polyvinylidene fluoride (PVDF), polyolefins (PO), or other polymeric materials. The films usually have a thickness of 250–350 µm. Glass is also used as a material for the rear side of PV modules in glass–glass module types (for materials, see Glazing).

 
              	
                (6) Interconnectors: The metallic wires are used to electrically connect the cells and lead the generated electricity out of the modules. Typically, cells are connected by two to eight wires; there are also connection technologies with even more wires (multiwire) with different diameters of wires, depending on the number of wires. Wires are usually made of copper with tin coating. Thicker wires connecting several strings and carrying higher currents are usually called bus bars. The electrical connection is also shown in Fig. 1.4.

 
              	
                Frame: Especially glass–backsheet modules usually contain a frame of aluminum profiles to enable mounting. Glass–glass modules are usually produced without an additional frame. The module laminate (components (1)–(6) in Fig. 1.3) are glued in the frame usually using silicone or adhesive tape. The basic design is shown in Fig. 1.4.

 
              	
                Junction box: The junction box is mostly glued to the rear side of the module or at the edge of the module at the position where the bus bars exit the module laminate. In Fig. 1.4, this position can be seen in the lower part of the picture where the bus bars meet in the black area. In the junction box, the bus bars are connected to the cables. The junction box is typically made of polymeric materials, and it provides electrical insulation for the live parts.

 
            
 
            
              [image: ]
                Fig. 1.3: Cross section of the laminate of a typical PV module. The marked components are described further. Source: Harry Wirth.

             
            
              [image: ]
                Fig. 1.4: Schematic of the electrical connection of a PV module and cross section showing the connection of module laminate and frame. Source: Harry Wirth.

             
           
          
            1.2 Terminology
 
            To ensure that the descriptions and explanations in the book are easy and clear to understand, the major terms are defined further, as they are used throughout the book.
 
             
              	
                Reliability: Reliability is the likelihood that a product will not fail within a specific time period. This is a key element for users/owners/stakeholders that need the product to work without fail.

 
              	
                Service life: Service life is the total time of operation of a product. It can end due to technical reasons (e.g., failure and degradation) or due to economic decisions (e.g., replacement by a more efficient product, high costs for maintenance, and end of contract).

 
              	
                Sustainability: Sustainability describes the avoidance of the depletion of natural resources by a product in order to maintain an ecological balance. Usually, it is given as a comparison of different products or scenarios and rarer as absolute values. It contains a lot of parameters describing the impact of a product on the environment.

 
              	
                Climatic data and climatic loads are the major influence for degradation processes and thus also influencing reliability. There is typically a correlation between the ambient climatic conditions (the weather) and the specific loads for the sample. To make it easier to discuss climate-related loads, the following terms are used with the described meaning in this book:

 
              	
                Macroclimate: Macroclimate shows the climatic conditions in the surrounding of the sample, which is also called ambient climate. This includes the typically measured weather data like irradiation, temperature, humidity, precipitation, wind speed, and direction in outdoor operation.

 
              	
                Microclimate: Microclimate is the climatic load at a very specific position, for example, in or on a piece of material. These loads can differ clearly from the macroclimate even if they are correlated. For example, the temperature of a sample under irradiation is usually higher than the ambient temperature; humidity on the infinitesimally small layer of air close to the surface of the sample is also lower than in the ambient conditions. For the estimation and calculation of (material) degradation processes, the microclimate describes the relevant load conditions. This is of special importance if natural (outdoor) and accelerated aging effects are compared.

 
            
 
           
        
 
      
      
        
        
 
         
          Part I: Crystalline silicon module reliability
 
        
 
         
           
             
              2 Market-related topics of reliability
 
            

             
              Karl-Anders Weiß 
                
                

              
 
            
 
             
              Photovoltaic (PV) systems became a major source for electricity supply on the global scale as the impressive graphs in Chapter 1 show, and in many areas, PV is no longer supported by subsidies or other legal measures since it can economically compete with other (classically fossil) sources even without subsidies. The basic difference of renewable energy systems – from the economic point of view – to fossil-driven power plants is that the share of operational costs is almost negligible for the renewable systems since they do not “use” any kind of fuel that has to be purchased. Therefore, the cost of the produced electricity is mainly influenced by the initial investment, and the operational costs are of much lower influence than for classical power plants. Over the lifetime of a power plant, the cost of the produced electricity is calculated as follows:
 
               (2.1)costkWh=∫0tltPtdt∫0tltCosttdt 
              
 
              so the electricity costs are simply defined by the total yield of the power plant over the lifetime tlt divided by the total costs over the lifetime. Thus, to reduce electricity costs, the following basic possibilities are available:
 
              
                	 
                  reduction of costs (e.g., by optimizing purchasing or financial measures);


                	 
                  increased power P0;


                	 
                  reduction of degradation dP/dt; and


                	 
                  increased lifetime tlt.


              
 
              Two of these variables are directly linked to reliability, and this clearly shows the relevance of reliability for economic decisions. To optimize the economy of a PV system, which can be directly transferred to a PV module, there is a triangle system linking conflicting goals (Fig. 2.1). When one thinks of increased performance and improved durability, naturally higher costs are assumed, whereas reduced costs together with high initial performance lead to reduced durability. So, in short, the three parameters cannot be optimized individually without influencing the others. An integral optimization is required. For such optimization effects and processes, the influencing reliability and durability have to be known and understood, and reasonable testing is required.
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                  Fig. 2.1: Triangle of influencing factors for economy of PV electricity: performance, durability, and cost.
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