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Figure 11: Maximum fatalities from accidents across energy sectors [28]. 

This analysis showed that PV technologies are relatively safer than other energy harvesting 

technologies [28].  
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CHAPTER 3: LITERATURE REVIEW 

3.1 TYPES OF PV TECHNOLOGIES 

 Different types of solar cells are enumerated on the “best Research-Cell Efficiencies” 

chart published by NREL each year. This list of solar cells is reproduced here [16]: 

 Crystalline silicon cells 

o Single crystal (concentrator) 

o Single crystal (non-concentrator) 

o Multicrystalline 

o Thick Si film 

o Silicon heterostructures 

o Thin film crystal 

 Single junction GaAs 

o Single crystal 

o Concentrator 

o Thin-film crystal 

 Multijunction cells 

o Two junction (concentrator) 

o Two junction (non-concentrator) 

o Three junction (concentrator) 

o Three junction (non-concentrator) 

o Four junction or more (concentrator) 

o Four junction or more (non-concentrator) 

 Thin film technologies 
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o CIGS (concentrator) 

o CIGS (non-concentrator) 

o CdTe 

o Amorphous Si:H (stabilized) 

o Nano-, Micro-, Poly-Si 

 Emerging PV 

o Dye-sensitized solar cells 

o Perovskite cells 

o Organic cells (various types) 

o Organic tandem cells 

o Inorganic cells (CZTSSe) 

o Quantum dot cells 

 Some of these technologies are discussed in the following sections. 

 

3.2 EXAMPLES OF LCA OF PV TECHNOLOGIES 

 Following are examples of life cycle assessment (LCA) results obtained for solar cell 

technologies studied. Details can be found in the relevant publication referenced. 

3.2.1 Example 1: Deutsche Solar’s module recycling process 

 LCA has been instrumental in Deutsche Solar’s marketing of their crystalline silicon (c-

Si) PV module recycling technology. Through a life cycle energy analysis, Deutsche Solar 

showed the superiority of manufacturing solar cells from recycled materials compared to virgin 

materials (see Table 4) [29]. According to Deutsche Solar’s analysis, it takes 459 kWh to make 

cells out of virgin materials, while it takes only 196 kWh to make cells from recycled materials. 
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Energy payback time for the non-recycled modules is 3.8 years while for those made from 

recycled wafers is 1.6 years. Other environmental impacts of recycling and thermal-chemical 

treatment of Deutsche Solar’s modules are displayed in Figure 12 [29].  

Table 4: Life cycle energy analysis of PV modules (160 WP) with recycled wafers compared 
to non-recycled wafers [29]. 

 
With Recycling 
(kWh/module) 

Without Recycling 
(kWh/module) 

Wafer Production - 355 

Recycling Process 92 - 

Cell Processing 66 66 

Module Assembly 38 38 

Total 196 459 

 

Figure 12: Impact of Deutsche Solar’s module recycling process [29]. 
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 The LCA summarized that disburden (reduction in negative impact) on the environment 

due to the recycling process is greater than the burden of the recycling process. Clearly, 

Deutsche Solar’s LCA on energy demand proves the recycling method to be a viable approach to 

save energy. 

3.2.2 Example 2: CdTe v. Si rooftop modules 

 Greenhouse gas (GHG) emissions were compared for Si and CdTe rooftop modules [28]. 

It was found that while Si solar modules have a higher efficiency than CdTe modules, Si 

modules generally contribute more to GHG emissions than CdTe modules. The emission 

breakdown is provided in Figure 13. It is evident that the module (as opposed to the balance of 

systems or the frame) is responsible for most of the GHG emissions in both Si and CdTe solar 

cells. Therefore, LCA was used to make fair comparisons between CdTe and Si technology, and 

also to compare the different system components in both Si and CdTe modules.  

 

Figure 13: Impact of Deutsche Solar’s module recycling process [28]. 
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3.2.3 Example 3: Si manufacturing energy demand 

 CdTe and Si solar cell life cycles were compared. LCA results indicated that the reason 

for higher energy demand of the Si solar cell comes from the energy requirement of the 

manufacturing phase of the Si PV module life cycle. The energy used to manufacture Si PV 

modules is more than the energy used to manufacture CdTe PV modules [28]. 

3.2.4 Example 4: Panel configurations 

 Several combinations of solar cell type, panel type, and installation type were studied for 

cell efficiency. All systems relate to a 3 kWP plant. It was found that maximum surface area was 

required for amorphous Si solar cells. Mono-crystalline Si solar cells have the highest efficiency 

among amorphous, polycrystalline, and mono-crystalline solar cells and thus require least 

surface area among the three for generating the same amount of power. Finally, it was found that 

monocrystalline Si modules, laminated, and integrated onto a façade can take up maximum 

energy in its life cycle among the different types studied [30]. 

3.2.5 Example 5: End-of-life options 

 LCA can help us evaluate several end-of-life options for PV modules. For instance, 

recycling solar grade (SoG) Si wastes can save $5.1b/year. However, the recycling process is 

challenging as PV module materials are tightly packed together and it is difficult to separate 

them. Some of the more feasible material separation methods include [31]: 

 Electromagnetic separation  

 Centrifugal separation 

 High temperature re-melting 

 Bubble floatation   


