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Thin films (TF) of various sorts now represent only 
about 10% of the market, down from 16% in 2009, 
and concentrating photovoltaics (CPV), although 
growing significantly, represent less than 1%. 
Decentralised systems represent approximately 60% 
of the global market, while centralised, utility-scale 
systems represent close to 40%. Off-grid systems, 
which once dominated a much smaller market, now 
account for 1% at most.

In the last few years, the PV module manufacturing 
industry has witnessed a dramatic shift, from 
Europe, particularly Germany, to Asia, mostly China 
and Chinese Taipei.

Table 1: Progress in solar PV markets and installation since 2009

End of 2009 End of 2013  

Total installed capacity 23 GW 135 GW

Annual installed capacity 7 GW 37 GW

Annual investment USD 48 billion USD 96 billion

Number of countries with >1 GW installed 5 17

Number of countries with >100 MW yearly market 9 23

PV electricity generated during the year 20 TWh 139 TWh

PV penetration levels % of yearly electricity consumption

Europe
 z Germany
 z Italy

2.6%
5.3%
7%

Figure 2: PV manufacturing by countries

Source: SPV Market Research (2014), Photovoltaic manufacturer Shipments: Capacity, Price & Revenues 2013/2013, 
Report SPV-Supply 2, April.

KEY POINT: The manufacturing of PV modules shifted from OECD to non-OECD countries over just a few years.
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•  New systems were installed in 2013 at a rate of 100 
megawatts (MW) of capacity per day.  

•  Total installed capacity by early 2014: > 150 GW 
•  Total installed capacity by end of 2014: ~183 GW 
•  Since 2010, the world has added more solar PV 

capacity than in the previous four decades.  
Technology Roadmap: Solar Photovoltaic Energy – 2014 Edition. International Energy Agency. 
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PV Industry Production by Region (2000-2014) 
Global Annual Production 

Data: Navigant Consulting and Paula Mints. Graph. PSE AG 2015 

Photovoltaics Report. Fraunhofer Institute for Solar Energy Systems ISE. Freiburg, 26 August 2015.	
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PV Cell/Module Production by Region 1997-2014 
Percentage of Total MWp Produced 

Data: Navigant Consulting and Paula Mints. Graph: PSE AG 2015 

Photovoltaics Report. Fraunhofer Institute for Solar Energy Systems ISE. Freiburg, 26 August 2015.	
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Global Cumulative PV Installation until 2014 

Data:  IHS. Graph: PSE AG 2015 

Photovoltaics Report. Fraunhofer Institute for Solar Energy Systems ISE. Freiburg, 26 August 2015.	
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Global Cumulative PV Installation by Region 
Status 2014 

The total cumulative 
installations amounted to 
183 GWp at the end 2014. 
 
All percentages are related 
to total global installations, 
including off-grid systems.  

Data: IHS. Graph: PSE AG 2015 

Photovoltaics Report. Fraunhofer Institute for Solar Energy Systems ISE. Freiburg, 26 August 2015.	
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Since the IEA’s original PV roadmap was published 
in 2010, technology has improved and costs have 
fallen more than expected, partly because PV 
systems have been rolled out faster than expected. 
Meanwhile, because of slower progress in carbon 
capture and storage (CCS) and persistent increased 
costs for nuclear power, ETP 2014 envisages lower 
deployment of those technologies between now 
and 2050 than ETP 2012 estimated (IEA, 2014b). 
While the original roadmap set a goal for PV of 
11% of total electricity generation by 2050, this 
roadmap, based on the hi-Ren Scenario of ETP 2014, 
aims for as much as 16%. PV generation would 
contribute 17% to all clean electricity, and 20% of 

all renewable electricity.  In both variants of the 
2DS, global electricity production in 2050 is almost 
entirely based on zero-carbon emitting technologies 
mostly renewables (65% in the 2DS, 79% in the hi-
Ren), in sharp contrast with the unsustainable 6DS 
and 4DS (Figure 5).

It is also worth noting that the greater expansion of 
PV is not expected to harm the deployment of solar 
thermal electricity (STE) generated in concentrating 
solar power (CSP) plants; in this year’s update of 
the 2010 STE/CSP roadmap, estimates of STE’s share 
of total electricity generation have barely changed 
(IEA, 2014a).

Vision for deployment

CO2 reduction targets 
from the ETP 2014 
hi-Ren Scenario
PV systems installed by the end of 2013 are 
generating 160 TWh/yr of clean electricity and thus 
avoiding about 140 million tonnes of CO2 per year 
(MtCO2/yr). Annual emissions from the power sector 
would increase from 13 GtCO2 in 2011 to about 
22 GtCO2 in 2050 in the ETP 2014 6DS (IEA, 2014b, 
see Box 3). By contrast, in the hi-Ren Scenario, they 

are reduced to a mere 1 GtCO2 in 2050. Solar PV 
would be responsible for avoiding 4 GtCO2/yr of 
emissions, or 19% of the total power sector emission 
reductions, by 2050, and 20% of cumulative 
emission reductions over the entire scenario period.

Figure 5: Global electricity mix in 2011 and in 2050 in three ETP 2014 scenarios

KEY POINT: in the hi-Ren Scenario, renewables provide 79% of global electricity by 2050,  

variable renewables provide 38%, and PV provides 16%. 
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Figure 7:  Additional CO2 emission reductions due to PV in 2050 

in the hi-Ren Scenario (over the 6DS)

KEY POINT: China alone would account by 2050 for half the global emission  
cuts due to PV deployment.
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Revised solar PV goals
To achieve the goals set out in the hi-Ren Scenario, 
this roadmap considerably increases the PV 
capacity deployment that was envisioned in the 
2010 roadmap. The hi-Ren Scenario now sees a 
deployment of 1 700 GW of PV by 2030 (up from 

870 GW in the 2010 roadmap), and of 4 670 GW by 
2050 (up from 3 155 GW in the 2010 roadmap). This 
represents capacity additions of over 120 GW/yr on 
average, with a 15-year plateau above 200 GW/ yr 
between 2025 and 2040 (Table 3). Including 
repowering, annual installed capacities would be 
185 GW on average.

Table 3: PV capacities by region in 2030 and 2050 in the hi-Ren Scenario (GW)

Year US

Other 
OECD 

Americas EU
Other 
OECD China India Africa

Middle 
East

Other 
developing 

Asia

Eastern 
Europe 

and 
former 
Soviet 
Union

Non-
OECD 

Americas World

2013 12.5 1.3 78 18 18 2.3 0.3 0.1 1.4 3 0.2 135

2030 246 29 192 157 634 142 85 94 93 12 38 1721

2050 599 62 229 292 1738 575 169 268 526 67 149 4674

Notes. Some numbers in this table, especially for 2030, differ from those provided in ETP2014. The ETP model was re-run after the publication 
of ETP 2014 with slightly updated assumptions.

Technology Roadmap: Solar Photovoltaic Energy – 2014 Edition. International Energy Agency. 
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As capital expenditures fall, performance ratios 
increase, and the bulk of PV moves from Europe to 
sunnier skies, the average PV LCOE will continue to 
diminish – and the range of LCOE across countries 
will continue to narrow. The average LCOE of 

new-built, large-scale, ground-based PV plants is 
expected to fall on average below USD 100/MWh 
by 2025, and to gradually reach USD 60/MWh 
(Table 4).

The LCOE of new-built rooftop PV systems will fall 
on average below USD 100/MWh soon after 2030, 
and gradually reach USD 80/MWh (Table 5).

For a given site and irradiation, setting aside 
performance ratio and its evolution over time, the 
most important levers for cost reductions are capital 
expenditures and costs of capital (Figure 12). When 
the weighted average capital cost (WACC) exceeds 
9%, more than half the LCOE represents the burden 
of financing.

The LCOE projections in this roadmap rest on a 
WACC of 8%. More optimistic assumptions lead 
to lower costs. For example, a WACC of 2.4% to 

2.8% in Germany and 4.7% in high solar irradiation 
countries could reduce the LCOE of PV power plants 
to EUR 55 to 94/MWh (USD 74 to 127/MWh) by 
2020, so that “even small rooftop PV systems will 
be able to compete with onshore wind power and 
the increased LCOE from brown coal hard coal and 
combined cycle gas turbine (CCGT) power plants” 
(Kost et al., 2013). Where solar irradiation is high 
(2 000 kWh/m2/.m-2.y-1), the same study computes 
the LCOE of utility-scale PV at EUR 59/ MWh 
(USD 80/MWh) today, and EUR 43 to 64/MWh 
(USD 58 to 87/MWh) by 2030. 

Table 4:  Projections for LCOE for new-built utility-scale PV plants to 2050 
(USD/MWh) in the hi-Ren Scenario

Table 5:  Projections for LCOE for new-built rooftop PV systems to 2050  
(USD/MWh) in the hi-Ren Scenario

USD/MWh 2013 2020 2025 2030 2035 2040 2045 2050

Minimum 119 96 71 56 48 45 42 40

Average 177 133 96 81 72 68 59 56

Maximum 318 250 180 139 119 109 104 97

Note: All LCOE calculations in this table rest on 8% real discount rates as in ETP 2014 (IEA, 2014b). Actual LCOE might be lower with 
lower WACC.

USD/MWh 2013 2020 2025 2030 2035 2040 2045 2050

Minimum 135 108 80 63 55 51 48 45

Average 201 157 121 102 96 91 82 78

Maximum 539 422 301 231 197 180 171 159

Note: All LCOE calculations in this table rest on 8% real discount rates as in ETP 2014 (IEA, 2014b).

Technology Roadmap: Solar Photovoltaic Energy – 2014 Edition. International Energy Agency. 



23Vision for deployment 

Figure 10: Past modules prices and projection to 2035 based on learning curve

Notes: Orange dots indicate past module prices; purple dots are expectations. The oval dots correspond to the deployment starting in 
2025, comparing the 2DS (left end of oval) and 2DS hi-Ren (right end).

Figure 11: PV investments cost projections in the hi-Ren Scenario

KEY POINT: This roadmap expects the cost of modules to halve in the next 20 years.

KEY POINT: The price ranges of PV systems will narrow, and the average cost will be halved by 2040 or before.
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Technology Roadmap: Solar Photovoltaic Energy – 2014 Edition. International Energy Agency. 
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Annual PV Production by Technology 
Worldwide (in GWp) 

About 47.5* GWp PV module 
production in 2014 

Thin film 

Mono-Si 

Multi-Si 

 Data: from 2000 to 2010: Navigant; from 2011: IHS (Mono-/Multi- proportion: Paula Mints). Graph: PSE AG 2015 

2010 

2005 

2000 

*2014 production numbers reported by 
different analysts vary between 39 and 49 
GWp. We estimate that total PV module 
production is realistically around 45 GWp 
for 2014.  

Photovoltaics Report. Fraunhofer Institute for Solar Energy Systems ISE. Freiburg, 26 August 2015.	
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PV Production by Technology 
Percentage of Global Annual Production 

 Production 2014 (GWp) 

    Thin film  4.4 

    Mono-Si  16.9 

    Multi-Si   26.2 

    Ribbon-Si    0 

Data: from 2000 to 2010: Navigant; from 2011: IHS (Mono-/Multi- proportion by Paula Mints). Graph: PSE AG 2015 

Photovoltaics Report. Fraunhofer Institute for Solar Energy Systems ISE. Freiburg, 26 August 2015.	
  



National Renewable Energy Lab (NREL), Best Research-Cell Efficiencies. 
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National Renewable Energy Lab (NREL), Best Research-Cell Efficiencies. 
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Efficiency Comparison of Technologies:  
Best Lab Cells vs. Best Lab Modules 

Data: Green et al.: Solar Cell Efficiency Tables,(Version 45), Progress in PV: Research and Applications 2015. Graph: PSE AG 2015 

Photovoltaics Report. Fraunhofer Institute for Solar Energy Systems ISE. Freiburg, 26 August 2015.	
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Cost-effective high-
efficiency 1-sun PV 
modules, Wim Sinke, ECN 
Solar Energy, IEA PV 
Roadmap Workshop, 
Paris, 04-02-2014. 
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Historic Trend in Energy Payback Time of Crystalline 
Silicon PV Modules 

Depending on the 
technology and location 
of the PV system, the 
EPBT today ranges from 
0.7 to 2 years. 

 

Rooftop PV systems 
produce net clean 
electricity for approx. 
95 % of their lifetime, 
assuming a life span of 
30 years or more. 

 

 Data: EPIA Sustainability Working Group Fact Sheet 2011; since 2010: M.J. de Wild-Scholten  2013. Graph: PSE AG 2014 

 

EPBT of multicrystalline PV rooftop 
systems installed in Southern Europe* 

*Irradiation: 1700 kWh/m²/a at an optimized tilt angle 

Photovoltaics Report. Fraunhofer Institute for Solar Energy Systems ISE. Freiburg, 26 August 2015. 



Silicon Solar PV 

•  Crystalline and multi-crystalline 
Si: ~90% of the market 

•  Some thin film PV is Si-based 
as well (a-Si) 

•  Avg. efficiency of commercial 
silicon modules has improved 
in the last ten years by about 
0.3% per year, reaching 16% 
in 2013 

•  Best commercial efficiency 
of c-Si: ~22% (SolarCity) 



https://commons.wikimedia.org/wiki/File%3APolysilicon_compilation.jpg 
https://commons.wikimedia.org/wiki/File%3AComparison_solar_cell_poly-Si_vs_mono-Si.png 

Polycrystalline	
   Single	
  crystal	
  Polycrystalline	
  



Si Wafer Production 

•  Poly-Si feedstock: $67/kg in 2010 to $20/kg in 
2012 (currently ~$17/kg) 

 
Methods to produce Si wafers: 
•  Crystal Ingots + sawing thin wafers. 

–  Lots of waste (kerf) 
–  Standard process for most solar PV cells 

•  Kerf-less technology: 
–  Create wafers directly from molten silicon 
–  Grow thin wafers with a template 
–  Start-ups and research labs exploring this technology 

(1366 Technologies, Solexel, Crystal Solar, 
Fraunhofer Institute for Solar Energy Research). 



http://web.mit.edu/silicon/ 

Does not include balance of systems, installation, etc. 
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c-Si Solar Cell Development  
Wafer Thickness [µm] & Silicon Usage  [g/Wp] 

Data: until 2012: EU PV Technology Platform Strategic Research Agenda, from 2012: c-Si Roadmap ITRPV; 2015. Graph: PSE AG 2015 

 

 Goal to get down to 3 g /W or less. 

Photovoltaics Report. Fraunhofer Institute for Solar Energy Systems ISE. Freiburg, 26 August 2015.	
  



Silicon wafer processing 

•  Polysilicon melted down at temps >2600oF, then let cool to form 
amorphous, poly, or single crystal silicon 

•  Sawing wafers generates a lot of waste Si dust 
•  ~50% of silicon is lost during production 

http://www.norsuncorp.no/en/Topmenu/TechnologyAndinnovation/~/media/NorSun/industry%20domain.ashx?w=708&h=368&as=1 



Kerf-less wafers: basic research 

•  Fraunhofer Institute for Solar Energy Research  
•  Reduce material losses by 50 percent while using 

80 percent less energy 
–  Lower heat (less energy) – 1800oF 

•  Si vapor  Si vapor, flown past a crystalline 
template wafer to orient the Si vapor to become 
crystalline 
–  Gives wafers their final thin shape – no sawing 

needed! 
–  Wafers can be half as thin, reducing the cost of a 

solar cell by 20 percent. 

http://oilprice.com/Latest-Energy-News/World-News/Latest-Innovation-Could-Be-A-Game-Changer-For-Solar-Cell-Manufacturing.html 



Kerf-less wafers: Commercial 
•  Solexel:  

–  21.2% cell efficiency with 35 micron wafer 
–  19% module efficiency 
–  Goal: $0.40/W for modules by 2017. 
–  Negatives – changed entire production line to handle thin wafers 

•  1366 Technologies:  
–  Cast wafers with conventional thickness from molten Si. 
–  ‘Drop-in’ replacement for 60% of photovoltaics market. 
–  17.2 % cell efficiency in customer trials. 
–  Construction of facility in upstate NY to be complete in 2017. 

•  “While 1366 plans to initially be a wafer supplier, Solexel is 
attempting to replicate a larger part of the supply chain. This 
can be a dangerous proposition, and many analysts cite such 
an approach as a factor in the failure of “string ribbon” PV 
wafer and module maker Evergreen Solar.” 

http://www.pv-magazine.com/archive/articles/beitrag/the-disruptive-potential-of-thin-and-kerfless-wafers-_100016427/86/?tx_ttnews
%5BbackCat%5D=248&cHash=4cb9a5153dd6d10526f35c9ff676c161#axzz3p8Cavqwh 
http://www.greentechmedia.com/articles/read/1366-Technologies-to-Build-250MW-Direct-Silicon-Wafer-Factory-in-Upstate 



Back contacted solar cells: basic research 
•  Fraunhofer Institute for Solar Energy Research  
•  Back and front contacted solar cells. 

–  Full-area passivated back contact. 
–  No complex cell structures or patterns. 

•  TOPCon (Tunnel Oxide Passivated Contact) 
–  Intermediate passivation layer of tunnel oxide of 1-2 nm thick 

allows the charge carriers to "tunnel" through it.  
–  Then a thin coating of highly doped silicon is deposited over the 

entire layer of ultra-thin tunnel oxide 
–  Enables majority charge carriers to pass and prevents minority 

carriers from recombining 
–  This novel combination of layers allows electrical current to flow 

out of the cell with nearly zero loss 
•  Efficiency of 25.1% 

http://www.energyharvestingjournal.com/articles/8429/new-world-record-for-both-sides-contacted-silicon-solar-cells 



SolarCity new commercial panels 

•  Rooftop solar panel, with a module efficiency ~22%. 
•  “The silicon-based bifacial PV cell combines n-type 

substrates, copper electrodes, thin-film passivation 
layers, and a tunneling oxide layer that yields high 
conversion efficiencies.” 

•  Production will begin this month at the firm's 100-
megawatt pilot facility 

•  Most of the new solar panels will be produced at 
SolarCity’s 1  -gigawatt factory in upstate New York.  

•  Full production will be 9,000 – 10,000 solar panels per 
day at full capacity. 

•  Plans: “tens of gigawatts per year” over the next 
decade.  

•  Goal: ~$0.55/W for a module 

http://www.greentechmedia.com/articles/read/Is-SolarCitys-New-PV-Module-the-Worlds-Most-Efficient-Rooftop-Solar-Pane 



Conclusions (?) 

Silicon will continue to dominate the solar PV 
market 
 
Question: what types of Si-based cells will 
dominate? 
 
At least 5 years before we get a sense of which 
of these technologies may be most cost-
effective for mass production 
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Commercial module efficiencies 
History + long-term projections (simplified estimates) 

Cost-effective high-efficiency 1-sun PV modules, Wim Sinke, ECN Solar Energy, IEA PV Roadmap 
Workshop, Paris, 04-02-2014. 
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~current price 
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Tandem thin film cells on Si 

“The rapid cost decline of c-Si, however, opens 
the door for mass-production of high-efficiency tandem 
cells, where TF would be deposited on c-Si wafers. 
Reviewing a broad range of material options – “III-V” 
alloys, chalcogenides and perovskites – and relevant 
production processes, Green et al. (2013) suggest that 
Si wafer-based tandem cells could represent a very 
cost-effective long- term combination. Such cells would 
probably be best used under 1-sun or low 
concentration with simplified tracking devices. “ 

Technology Roadmap: Solar Photovoltaic Energy – 2014 Edition. International Energy Agency. 


