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|. Executive summary

The photovoltaic (PV) industry has to provide power generation products that are competitive with
conventional and other renewable sources of energy. An international technology roadmap helps to
identify trends and define requirements for necessary improvements. The aim of the SEMI International
Technology Roadmap for Photovoltaic (ITRPV) is to inform suppliers and customers about expected
technology trends in the field of crystalline silicon (c-Si) photovoltaic and to add to discussions on
required improvements and standards. The objective of the roadmap is not to recommend detailed
technical solutions for identified areas of improvement, but to emphasize to the PV community the
need for improvement and to encourage comprehensive solutions to be found. The present, fifth
edition of the ITRPV was jointly prepared by 28 leading international c-Si solar cell manufacturers,
module manufacturers, silicon producers, wafer suppliers, PV equipment suppliers and production
material providers, as well as PV research institutes. The present publication covers the entire PV
value chain from crystallization, wafering and cell manufacturing to module manufacturing and PV
systems. Significant parameters set out in earlier editions are reviewed along with some new ones, and
discussions about emerging trends in the PV industry are reported.

The global PV module production capacity in 2014 is assumed to be approximately 62.7 GW (c-Si:
56.6 GW; thin film: 6.1 GW; the c-Si market has a market share of 90% while the thin-film market has
10%) [0]. Technological developments and trends for c-Si module production capacity are described in
this roadmap. The costs of ownership for c-Si crystallization, wafering, cell and module manufacturing
revealed that despite prices having stabilized since the summer of 2013, the industry focus remains
on reducing the costs per Watt peak (Wp) by improving the efficiency of all resources, materials and
consumables, including silicon, as well as by introducing new technologies to increase module output
power. New technologies have to be implemented without significantly increasing costs per unit, despite
the necessarily more complex manufacturing processes involved. A historic learning rate of above 20%
can be maintained over the next few years by introducing new double- and single-sided contact cell
concepts with improved Si-wafers, as well as improved cell fronts and rear sides and better module
technologies. This will result in standard multi-crystalline silicon (mc-Si) modules with an average
output power of above 290 Wp (60-cell modules) by 2024. The combination of increased cell and
module performance in conjunction with significantly reduced manufacturing costs will support the
reduction of PV system costs and thus ensure the long-term competitiveness of PV power generation.

This roadmap activity will be continued in cooperation with SEMI, and updated information will be
published in the spring of each year to ensure good communication between manufacturers and
suppliers across the value chain. More information is available at www.itrpv.net.
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2. Approach

All topics along the value chain were divided into three areas: materials, processes and products. Data
values were collected from the participating companies and were processed anonymously by SEMI. All
companies jointly agreed to the results being reported in this roadmap publication. Color marking, as
shown in Table 1, is used to describe the maturity of a technology according to different parameters:
green indicates that the technology is in use, yellow means that an industrial solution is known but is
not yet used in mass production, orange means that an interim solution exists, but it is too expensive,
while red indicates that there is no known industrial solution available. All parameters are median
values based on data from recent production line output.

As stated above, the topics are split into three areas: materials, processes and products. We address
issues connected with crystallization, wafers, cells, modules and PV systems for each of these areas
respectively.

Industrial solution exists, and is being optimized in production

Industrial solution is known but not yet in mass production

Interim solution is known, but too expensive or not suitable for production

Industrial solution is not known

Table 1 Color marking to visualize the maturity of technologies.

2.1 Materials

The requirements and trends concerning raw materials and consumables used within the value chain
are described in this section. Replacing some materials will be necessary in order to secure availability,
avoid environmental risks, reduce costs and increase efficiency. Price development plays a major role
in making PV-generated electricity competitive with other renewable sources of energy.

2.2 Processes

New technologies, materials and highly productive manufacturing equipment are required to reduce
production costs. By providing information on key production figures, as well as details about processes
designed to increase cell efficiency and the power output of modules, this roadmap constitutes a guide
to new developments with the aim of supporting their progress. The section on processes identifies
manufacturing and technology issues for each part of the value chain. Manufacturing topics center
on increased productivity while technological developments aim at ensuring higher cell and module
efficiencies.

2.3 Products

Each part of the value chain has a final product. The product section therefore discusses the
development of key elements such as ingots, wafers, c-Si solar cells, and modules and PV systems
over the coming years.

www.itrpv.net




The ITRPV is updated using information provided by manufacturers, R&D institutes and equipment
and material suppliers. Furthermore, the contributors not only represent the whole manufacturing
supply chain but also equally represent the relevant regions for PV manufacturing.

M Suppliers
m R&D Institutes
B Manufacturers

Fig. 0 ITRPV contributors by affiliation to PV value chain.
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3. PV learning curve and cost reduction

It is obvious that cost reductions in PV production processes have to result in price reductions [1]. Fig.
1 shows the price experience curve for PV modules, displaying the average module sales price (in USD/
Wp for 2011) as a function of cumulative module shipments from 1976 to 12/2013 (in MWp) [2]. Module
shipments have been ahead of PV system installations for years [3]. Displayed on a log-log scale, the plot
is approximately linear until the shipment value of 3.1 GWp (representing shipments at the end of 2003)
despite kinks ataround 100 MWp. This indicates that for every doubling of cumulative PV module shipments,
the average selling price decreases with a learning rate (LR) of about 21%. The large deviations from the
LR plot in Fig.1 are caused by tremendous market fluctuations that have taken place since 2003. The first
point below 1 USD/Wp indicates the average module price at the end of 2011 of 0.95 USD/Wp with over 77
GWop shipped. Enormous oversupply between 2011 and 2012 caused a significant price drop to 0.69 USD/
Wp at the cumulated shipment of 110 GWp. The last data point considers the estimated shipment volume
in 2013 of about 39 GWp [3], [4] at the price of 0.72 USD/Wp [2]. The 100 GWp landmark was therefore
clearly exceeded in 2012 [5] and the current cumulated shipped module power is approximately 149 GWp.
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cumulative PV module shipments (MWp)

Fig.1 Learning curve for module price as a function of cumulative PV module shipments.
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4. Cost considerations

Fig. 2 shows the price development of mc-Si modules from January 2010 to January 2014 with separate
price trends for poly-Si, multi crystalline (mc) wafers and cells respectively [6]. The price erosion in
2011/2012 was mainly caused by huge oversupply along the PV value chain, resulting in prices that
were even below the production cost of c-Si modules [7]. The current module price level appears to
be stable and sustainable, with a 28% PV market growth in 2013 (approximately 39 GW) compared to
2012 [8]. The average poly-Si price was approximately 20 USD/kg in January 2014 [6]. This indicates
that the poly-Si price drop has halted due to upcoming demand, and prices have even increased
slightly compared to January 2013. 20 USD/kg represented the total level of costs for top tier suppliers
in 2012 [9]. This resulted in changes to the different cost elements in module production. This is a
drawback for module manufacturing as it has increased pressure to find further cost reductions.

Fig. 3 shows the proportion of costs attributable to silicon, wafer, cell, and module costs. The overall
price level did not change significantly from 01/2013 to 01/2014 but the share of different cost elements
shifted slightly. Increased cell costs were not fully transferred to the module price.
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Fig. 2 Price trends for poly-Si, mc-Si wafers, cells and c-Si modules (Assumption: 44.1 Wafers per kg with ~22.7g/wafer,
average mc-Si cell efficiency 17.3% (4.21 Wp) [6].
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Non-silicon module manufacturing costs are mainly driven by consumables and materials, as discussed
in the c-Si PV module cost analysis in the third edition of the ITRPV. Taking into account that the
expected global PV module production capacity in 2014 of >62.7 GW [4] will still slightly exceed the
global market demand of about 45-55 GW, prices will not compensate for cost increases. Driving cost
reductions in consumables and materials will therefore remain a major task for the industry.

Three strategies will help meet this challenge:

i) Continue to reduce costs per unit along the whole value chain by optimizing usage of installed
production capacity and by the efficient use of Si and non-Si materials,

i) Introduce specialized module products for different market applications (i.e. balance cost-
optimized high-volume products with fully customized niche products), and

iii) Improve module power/cell efficiencies without significantly increasing processing costs.

The latter implies that improvements in efficiency have to be implemented using lean processes,
requiring minimum investments in new tool sets in order to avoid a significant increase in depreciation
costs.

Fig. 3

Comparison of the
proportion of price
attributable to different
module cost elements
between 01/2010, 01/2013
and 01/2014 (1.86, 0.69,
and 0.72 $/W).

Share 01/2010 Share 01/2013 Share 01/2014
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5. 2013 Results

5.1 Materials

5.1.1 Materials — crystallization and wafering

Poly-Si production technologies show a potential for improvement, as discussed in Section 3. We
expect FBR technology to increase its share against Siemens processing, as shown in Fig. 4. Other
technologies such as umg-Si are not predicted to yield significant cost advantages compared to
conventional poly-Si technologies over the coming years.
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Discussions with producers have revealed that major poly-Si quality reductions do not lead to significant
cost reductions. Despite the possibility of using 6N material for p-type mc-Si cells, its application would
not result in cost reductions as the price is not significantly lower than that of 9N [9]. We foresee
that a PV-grade poly-Si quality of between 8N and 9N will be sufficient for current and future p- and
n-type cell concepts, another reason for this being the fact that feedstock purity is not the sole variable
affecting wafer quality.

A significant improvement in cost reductions in the wafering process is expected due to the introduction
of diamond wire sawing, especially for mono wafers. Diamond wire sawing is expected to become
widespread for mono-Si wafering; however, the field is open with regard to mc-Si wafering. Other new
wafer manufacturing techniques, especially kerf-less technologies, are not expected to gain notable
market shares due to the maturity of the established sawing technologies. Fig. 5 shows the expected
share of wafering technologies in volume production. The roll out of diamond wire sawing technology
requires synchronization with cell process development.
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The ITRPV survey also showed that the industry uses various technologies with regards to recycling
various consumables with the aim of continuing cost reductions. However, it will be necessary to
standardize recycling processes to further decrease the production costs of wafer slicing both with
regard to the necessary purification level and sufficient costs of ownership. While silicon carbide
recycling is already used in numerous fabs, the re-usage of silicon, slurry and other consumables
needs further development.
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Material savings can be achieved by using thinner wafers or reducing kerf loss.

The main driver of kerf loss is the core wire diameter, as shown in Fig. 6. More sophisticated wire
management and control is needed to implement thinner wires in mass production. At the same time,
kerf loss can be reduced using smaller particle and diamond sizes. Diamond wire processes use bigger
particles and there is therefore great potential to develop processes using smaller diamond sizes.
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If we take into consideration all factors in kerf losses (wire core diameter, grit size and sub-surface
damage), the overall kerf-loss reduction potential is higher for diamond wire processes, as shown in
Fig. 19.

Consumables such as crucibles, graphite parts, slurry and sawing wires provide opportunities for cost
reduction in crystallization and wafering. We foresee that prices will also be affected by the cost of these
goods and price reductions of between 5% and 10% per year, as shown in Fig. 7, seem possible.
The increasing share of diamond wiring means that the price level of diamond wires will need to reach
25% of today’s price by 2023.
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5.1.2 Materials — cell processing

The Si wafers account for approximately 57% of the cell price today, as shown in Fig. 3. Reducing the
as-cut wafer thickness would result in a more efficient use of silicon.
Wafer thickness reduction has the following technological implications:

i) improved wafer sawing technologies + reduced kerf loss and Total Thickness Variation (TTV),
ii) innovative handling concepts,

i) new high eta cell concepts suitable for thinner wafers,

iv) new interconnect and encapsulation technologies at module level.

Wafer and cell manufacturers would like to reduce the thickness of wafers to cut costs. Fig. 8 shows
the expected trend of mass-produced thin as-cut wafers. Former roadmaps have not materialized as
predicted due to lower market prices for wafers. Instead of using thinner wafers to reduce production
costs, cost-effective thicker wafers were used, thereby reducing the breakage on production lines. The
pressure to use thinner wafers to further decrease costs will increase due to the expected tight wafer
market situation [3]. Fig. 8 also shows the cell thickness limits of current module technologies, with tool
suppliers and R&D institutes predicting a more pronounced reduction for alternative interconnection
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technologies, e.g. for rear-side contact cells. The wafer thickness requirements of cell producers will
meet the targets of wafer suppliers until 2017/2018. Following that, reductions will continue but the
rate at which this happens shall depend on the material and technology (e.g. PERC) used. R&D
institutes and tool manufacturers are making preparations to be ahead of industry demands. Wafers in
the current standard format (156x156 mm?2) will remain standard until 2023; larger wafers (210x210
mm?) are not expected to appear in production in the near future.

225 H

Fig. 8
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175 4 minimum as-cut wafer
150 A thickness in mass
production of solar
3 125 1 cells and minimum cell
= 100 1 thickness in module
75 A manufacturing.
50 -
25 A
| | B |

2013 2014 2016 2018 2021 2024

—— Avg. wafer thickness multi + mono

—&— Minimum wafer thickness

—&— Maximum wafer thickness

—o— Limit of cell thickness in current module technology
—@— Limit of cell thickness in alternative module technology

Metallization pastes/inks containing silver (Ag) and aluminium (Al) are the most process-critical and
expensive materials used in current cell technologies aside from the wafer itself. Paste consumption
therefore needs to be reduced. Fig. 9 shows our estimations for reducing the silver that remains on
a 156x156 mm2 cell after processing. Compared to the last edition of the ITRPV, reductions have
increased substantially and only 100 mg is deposited on cells today. New developments in pastes
and screens enabled this reduction, which clearly shows the reaction of suppliers to the needs of cell
manufacturers. The average price of silver of 690 USD/kg in February 2014 resulted in costs of 7 USD/
cell (0.0167 USD/Wp), or about 10% of the non-Si cell price, as shown in Fig. 2. This is one third of
the assumed total costs for last year. Because the price of silver is expected to remain high, following
the recommendations laid out in this roadmap for reducing silver consumption is therefore mandatory
if further cost reductions are to be achieved.
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As an alternative to the reduction of silver consumption at the cell manufacturing level, silver should
be replaced on a large-scale basis by a more cost-effective material. Copper (Cu) is the intended
substitute. The expected introduction of Cu into mass production is not expected to start before 2018
in any significant volume. This delay with respect to the assumptions of the fourth edition of the ITRPV
is mainly due to the big progress in screen printing! Before the introduction of alternative metallization
techniques, technical issues in reliability and adhesion have to be resolved. Appropriate equipment and
processes also need to be available. Screen printing will remain a widespread metallization technology.
Plating technologies are expected to obtain a wider share in metallization technologies in the long run,
as shown in Fig. 9.

Pastes containing lead are restricted according to legislation that came into force in 2011 under the
EU Directive on the Restriction of Use of Hazardous Substances (RoHS 2). This restriction affects
the use of lead and other substances in electric and electronic equipment (EEE) on the EU market.
It also applies to components used in equipment that fall within the scope of the Directive. PV panels
are excluded from RoHS 2, meaning that they can contain lead and do not have to comply with the
maximum weight concentration thresholds set out in the Directive.! PV's exclusion from the Directive
will remain in force for the next few years — a review of RoHS 2 should take place by mid-2021 at the
latest.? Cell manufacturers should tread carefully, however: the exclusion in question is limited to PV
panels installed in a defined location for permanent use (i.e. power plants, rooftops, building integration
etc). Should the component in question also be useable in other equipment that is not excluded from
RoHS 2, e.g. to charge calculators, then the component must comply with the Directive’s provisions.

1 Article 2(i) of the RoHS Directive [2011/65/EU] excludes “photovoltaic panels intended to be used in a system that is designed,
assembled and installed by professionals for permanent use at a defined location to produce energy from solar light for public,
commercial, industrial and residential applications” from the scope of the Directive.

2 Article 24 of the RoHS Directive [2011/65/EU] requires an evaluation and possible revision of the Directive, including its scope,
by 22 July 2021.
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5.1.3 Materials — modules

Module add-on costs are heavily influenced today by material costs. Both improvements in module
performance, as shown in section 5.3, as well as reductions in material costs, are required to reduce
module add-on costs. Approaches to improve performance include the reduction of optical losses,
e.g. the absorption and reflection of front cover glass and the reduction of interconnector losses.
Approaches for reducing material costs include:

i) reducing material volume, e.g. material thickness,
ii) replacing expensive materials,
iii) reducing waste material.

To improve the transmission of the front cover glass, the use of antireflective- (AR-) coated or surface-
structured glass has become common in recent years. Increasing the transmission over the relevant
range of the solar spectrum requires further optimization of antireflective coatings and glass surface
structures matched to module applications and the material used (e.g. solar cells). Increases in module
performance by up to 2% can be expected, as shown in Fig. 10.
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Furthermore, the transmission of encapsulant materials in the UV-range of the spectrum can be
significantly improved by shifting the UV cut-off to lower wavelengths in order to use the improved blue
response of advanced cell structures (e.g. low-doped and selective emitters) effectively.

Fig. 11 shows the trend for reducing the thickness of the front-side glass, encapsulant and backsheet.
Reducing the thickness of glass to 2 mm requires new solutions for mechanical stabilization if used
in a single glass module design. However, if used in a double glass module, even two 2 mm thin
glass sheets should provide sufficient mechanical stability to avoid the use of additional stabilization

www.itrpv.net 15




structures. In recent years the industry has made significant progress in both cost-effectively producing
hardened glass with a thickness even below 2.5 mm and making this product available on the market.
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Identified consumables in module production such as frames, backsheets, encapsulants,
interconnectors and junction boxes have contributed more or less equally to the distribution of costs.
All materials should therefore have an equal impact on ongoing efforts to reduce module manufacturing
costs. Fig. 12 shows an example of the reduction of material used in module framing.
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Based on the recent ITRPV survey, the portion of module frames made from aluminum remains the
norm. However, from 2018 the share of frames constructed from plastic or other alternative metals will
increase by up to 20% by 2024.
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In order to maintain quality levels, including for thinner cells, solar cells used for module assembly
should be free of microcracks. The majority of the contributing companies test all their products during
the manufacturing process. There is an agreement among the contributors to offer Potential Induced
Degradation (PID) resistant cell and module concepts.

However, there is no industry-wide accepted and applied definition of microcracks, nor is there a
standardized test method either for microcracks or PID testing. A common (standardized) agreement
would certainly reduce testing costs. As a suggestion, the ITRPV authors propose, for PID testing on a
module level, using the test procedures as described by the draft of the future IEC standard 62804 on
PID until a final standard has been established. This would eliminate “excessive testing”.

5.2 Processes

5.2.1 Processes — manufacturing

Increasing the throughput of the crystallization process is possible by changing the common sizes
of the ingots. Figures 13 and 14 show the increase in ingot mass for casted silicon materials and for
Czochralski (CZ) monocrystalline silicon (mono-Si) respectively, as predicted by the roadmap. The
overlap of the arrows indicating the different generations shows that today G6 ingoting with masses of
up to 1,000 kg is already in production. Multicasting furnaces are expected to jump from G6 to G8;
nevertheless, bypassing G7 may be a challenge from a technical point of view.

The size and prices of graphite parts in G8 dimensions will be critical. Mechanical stability issues for
G8 crucibles may lead to increased thicknesses, which will have a negative influence on the cycle
time. This could eat up the cost advantages gained from more efficient crucible utilization. The only
advantage of G8 is its better crucible/load ratio. One kg of silicon still requires the same energy to
be molten and cooling times might be increased due to the large ingot mass needed to avoid strong
thermal gradients.

Some drastic changes in endurance design are needed in order to achieve this. Although constantly
improved furnace features such as active cooling during the casting process and furnace sizes have
driven advanced casting materials (e.g. mc-Si, monolike-Si and High-Performance mc-Si (HPmc-Si)),
different furnace generations are not yet available. The switch to G8 is not expected to take place in
mass production before 2020.

In comparison, CZ technology offers similar productivity improvement by increasing crucible volume,
placing active cooling features close to the ingot and using the crucible for at least two ingots by
recharging while cooling the ingot. These technologies have not yet been implemented and can lead
to approximately 30% cost reductions in CZ production. Combined with the n-type cell-efficiency
advantage, CZ-mono remains a strong competitor against mc-silicon. Furthermore, CZ has the capability
to use new crucible materials which may change the situation completely in favour of CZ.

www.itrpv.net 17
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According to economies of scale, the productivity of tools needs to be improved by increasing the yield
and throughput of a production line, resulting in the reduction of labor costs and tool costs per product.

Fig. 15 shows further potential for improving processes and material usage in crystallization and wafering.
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The trend towards continuous improvement in tool productivity is driven by the switch to a higher
generation of furnaces for casted silicon materials, as indicated in Figures 13 and 15, and CZ technology
(22" to 24" or larger) which has additional potential through increased pulling speeds, multiple use of
the crucible and a switch to n-type technology.

A large installed multi-capacity base has led to the market being flooded with cheap multi-modules
which hide the improvement potential of CZ.

Fig. 16 shows that diamond wire sawing throughput is expected to grow steadily over the next few
years, along with the expected appearance of new tools and processes accelerated by the introduction
of this technology to market. Slurry-based wire sawing will continue to improve its throughput over
the next few years, but new developments such as structured wires show promising and significant
throughput improvements.
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Continuous improvement and increasing the efficiency of installed equipment are the main goals for
the industry over the next few years. Mechanical yield loss in cell production is expected to decrease to
1% by 2021. Considering the continuous reduction of wafer thickness, this remains a challenging task
for suppliers of cell manufacturing equipment.

Optimizing productivity is essential in order to remain cost competitive. Increasing the throughput of
the equipment to achieve maximum vyield figures is therefore a suitable way to reduce tool-related
costs per cell. To match the throughput in a cell production line both front-end (chemical and thermal
processes) and back-end (metallization and classification) processes should have equal capacity.
Table 2 summarizes the expected throughput of cell production equipment, with synchronized front-
end and back-end throughput processes anticipated by 2024.

Metallization tools with throughputs at 3200 wafers per hour are currently available on the market.
Further improvements in this field depend strongly on progress in screen printing technology that is
currently focused on smaller line width and reduced paste consumption.

To discuss this topic in more detail, two scenarios are considered. The standard one reflects the
evolutional optimization approach which is suitable for batch as well as in-line equipment (the
evolutionary scenario). The progressive scenario also enables in-line or cluster line layouts but combines
this with fairly new automation concepts and potentially increased process throughput. Both scenarios
are based on substantial improvements through new tools which are necessary to reduce depreciation
and labor cost. More optimistic forecasts in previous editions were offset by the current investment
cycle. No new “high throughput” equipment has been installed on a large scale in mass production.
Manufacturers are currently focusing on continuous process improvements and the upgrading of
existing machinery.

Single tools with increased throughput in chemical and thermal processing can be implemented,
especially in cluster lines as replacements or upgrades. New tool concepts for the next investment
cycle can now be implemented on a small scale.

Front-end [wafer/h] Single line back-end [wafer/h]

(chemical + thermal) (metallization + classification)

Evolutional Progressive Evolutional Progressive

scenario scenario scenario scenario

2014 3600 3800 3000 3200
2016 3800 4000 3200 3700
2018 4600 5400 3600 4300
2021 5400 6600 4000 6000
2024 6200 7200 5400 7200

Table 2: Expected throughput of production tools. Front- and back-end tool throughput is expected to be 1:1 by 2024.
All numbers are to be seen as minimum requirements for a high-end production environment.

Increasing the system throughput is one suitable way to reduce tool costs per cell. Fig. 17 shows
the expected reduction of investment for new cell fabs per MWp as a result of improvements in
manufacturing technologies and equipment. This data is based on input from participating cell
manufacturing companies. The figures we asked for could be interpreted in two ways as the costs
are in correlation to cell efficiency. This number could be optimized by reducing investment costs per
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system while keeping current cell technology, or by continued efforts to increase cell efficiency through
steady investment. Both ways are feasible as the most important KPI in PV industry is USD/Wp.
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In order to reduce floor space, and hence the costs of module manufacturing, equipment should
occupy less floor space and achieve higher throughput (see Fig. 18). This should be possible by
combining continuous improvement and new developments, particularly for interconnection and
encapsulation processes. For the latter process, new encapsulant materials with shorter processing
times are desirable. For the interconnection process, a significant improvement is expected after 2015
with the arrival of new interconnection technology and back-contacted cell concepts. As tool throughput
in module production increases, the relative number of operators relative to line output will decrease.
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5.2.2 Processes — technology

Alongside the need to improve production elements, cell efficiency should also improve but at an
even faster rate due to heavy price pressures (see Section 1). In the following passages we identify the
process parameters that are required to achieve this improvement.

One essential requirement from a cell production point of view is the reduction of Total Thickness
Variation (TTV). The TTV of the wafers should not exceed 10% of the wafer thickness and this must be
achieved at no additional cost.

Another challenging parameter is the kerf loss from slurry-based and diamond wire-based technologies,
as shown in Fig. 19. Kerf loss must decrease in order to achieve reductions in wafer thickness and
silicon consumption. Additional cost savings are expected by the introduction of diamond wire sawing
processes as discussed in 5.1.1. Comparing the predictions of wafer thickness and kerf loss trends
beyond 2018, it is unclear whether it is economically feasible to have higher kerf loss than wafer
thickness values.
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Both solar cell recombination losses on the front and rear sides and crystalline silicon bulk material
have to be reduced in accordance with high efficiency cell concepts. The recombination currents
JObulk, JOfront, JOrear, indicating the recombination losses in volume on the cell’s front and rear sides,
are a reasonable way to describe recombination losses [10]. Figures 20a and 20b show that all
recombination currents need to be reduced.
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Recombination currents can be measured as described in literature [11], or they can be extracted from
the IV curve if the other JO components are known. Rear-side recombination current values below 200
fA/cm? cannot be attained with an Al Back Surface Field (BSF). Since 2012, several new cell concepts
using rear-side passivation with dielectric layer stacks have been introduced to production (PERC
technology). Al203 is the layer mostly used for this purpose and it is currently beginning to be used in
mass production lines. There is a large deviation between trends for mainstream cell producers and
R&D perspectives. In Fig. 20b such trends reflect the use of a-Si heterojunction technologies which
have demonstrated excellent surface passivation and therefore contribute to the dramatic reduction of
JO front and rear sides.
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Various dielectric materials and corresponding types of machinery are available on the market. However,
the cost of ownership of this equipment is not optimized. The predictions made in earlier editions of the
ITRPV have proved to be accurate, as can be seen in Fig. 20a.

Reductions of JObulk originate from improvements in the crystallization process (see also 5.3). The
introduction of improved casted silicon materials (e.g. HPmc-Si, monolike-Si) has led to reduced bulk
recombination currents. The JObulk trend from an R&D perspective (Fig. 20b) is extremely low, showing
that high material quality is needed when considering cell architecture with the aim of achieving very
high efficiencies in line with the low JO front and rear sides.

Nevertheless, casting/crystallization processes have to be improved in order to get to stable levels
at and below 150 fA/cm?2 for JObuik. The switch to n-type cell concepts would enable a significant
reduction of JObulk but this requires major adjustments to the cell process (such as doping with Boron)
or even a switch to new cell concepts.

One parameter that influences recombination losses on the front surface is emitter sheet resistance.
Recommendations made in earlier ITRPV editions to increase emitter sheet resistance have been
implemented. The predicted values for n-type emitters are shown in Fig. 21. Increased sheet resistances
of 100 Ohm/square are in production with and without selective emitters and will become standard.
Higher sheet resistances, however, will require further improvements in contact formation. If a selective
emitter is used, sheet resistance shall refer only to the lower doped region, whereas JOfront includes all
relevant front-side parameters (emitter, surface, contacts).
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Front metallization is a key process in the production of c-Si solar cells. New front-side metallization
pastes enable the contacting of low-doped emitters without a significant reduction in printing process
quality.

A reduction in finger width is needed without significantly increasing finger resistance. Furthermore,
the contact with a shallow emitter needs to be reliably established. One possible way to achieve these
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goals is to use a selective emitter structure, preferably without increasing processing costs. Fig. 22
shows that finger widths of around 65um are currently in production. This is much less than predicted
in the fourth edition of the ITRPV. Reducing the finger width increases efficiency, but a trade-off has
to be found to follow the roadmap for silver reduction as discussed in 5.1.2. Different approaches to
improve printing quality are possible. Single print technology is currently the mainstream technique
used, followed by double printing. Double printing requires an additional printing step and good
alignment. A third, more robust technology, the dual print, separates the finger print from the bus bar
print, enabling the usage of bus bar pastes with less silver. The expected share of these technologies is
shown in Fig. 23. An additional front-side print requires either an upgrade of existing printing lines or the
elimination of printing steps at the rear side. Both approaches would require investment. Substituting
the bus bar would enable even smaller finger widths but this requires upgraded module interconnect
technologies. It is therefore not certain which technology will dominate screen printing beyond 2018.
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As screen printing will remain widespread over the next few years, improvements in screen technology
and the printability of pastes are needed to achieve the finger width reduction discussed above. Finger
widths below 50pum require more precise, robust screens or new approaches like stencils that are
widely used in the semiconductor industry. Stencil printing is expected to be introduced into mass
production for front-side printing around 2016.

The replacement of silver printing by copper plating (mainly due to costs) is expected to be further
delayed due to the encouraging improvements in screen printing as discussed in 5.1.2.

It is important that alignment precision improves, especially for the front contact. Using current screen-
printing technology, approximately 30um-20um can be achieved, as shown in Fig. 22. More complex
cell structures expected to appear by 2015 require an alignment accuracy of more than 10um.

It is crucial to obtain as much power out of the assembled solar cells as possible. A good parameter
expressing this is the cell-to-module power ratio, defined as module power divided by cell power
multiplied by the number of cells (module power/(cell power x number of cells)). This ratio is currently
at around 99% for multicrystalline silicon cell technology (acidic texturing) and about 97% for
monocrystalline silicon cell technology (alkaline texturing), as shown in Fig. 24.
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As can be seen from Fig. 24, the cell-to-module power ratio is predicted to exceed 1.0 for both modules
with acidic-textured (multicrystalline) and alkaline-textured (monocrystalline) cells. This means that
eventually the power of the finished module will exceed the power of the cells used in the module. This
effect is made possbile by further improving light management within the module in order to redirect
light from active module areas on to active cell areas. The introduction of new interconnection and
encapsulation technologies (e.g. narrower ribbons, encapsulants with improved UV-performance) will
result in further improvement, enabling further power gains.
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The junction box is the electrical interface of the module to the system. We expect that the internal
electrical interconnection currently performed by soldering/clamping will be replaced by welding
starting from between 2015 and 2017. The mounting of the junction box to the back side of the module
is expected to be carried out using silicone. The maximum reverse current will increase from 20 A to
25 A. A trend towards “smart junction boxes” is visible, but their implementation on a bigger scale
in mass manufacturing will depend on the definition of the respective manufacturers. Junction box
types such as DC/DC converters, microinverters (DC/AC) or integrated power-off switches will depend
on the market requirements with regards to installations. Another long-term trend to be expected on
a system level is the trend towards an increase of the system voltage from 1000 V to 1500 V, which
should become visible from 2018 onwards. The increase in system voltage is an important measure
to reduce resisitive losses and/or BOS costs by reducing the required diameter of the interconnection
cables within a PV system.

5.3 Products

Currently, the wafers used for crystalline silicon solar cell manufacturing are dominated by casted
materials, which achieved a market share in 2014 of more than 60%. However, this market share will
eventually shrink to 50%, at which point it will have an equal share with mono Si (prediction for 2024
50% for each material type). Simply distinguishing between mono-Si and mc-Si, as was the case in the
past, will no longer be sufficient. The c-Si materials market will diversify, as shown in Fig. 25.

The appearance of high performance (HP) mc-Si shows the high potential of casted silicon. Due to its
excellent performance, this material is expected to replace conventional mc-Si, as shown in Fig. 25.
The market growth of monolike-Si predicted in the third edition of the ITRPV had to be revised due to
the technology’s lack of maturity.

The roadmap predicts a clear shift from p-type to n-type mono-Si within the mono-Si material market.
N-type casted material (including mc-Si, HPmc-Si and monolike-Si) is predicted to not achieve a
significant market share. This prediction is related to the segregation coefficients of n-type dopants,
which lead to a significant change in wafer resistivity from the bottoms to the tops of casted blocks. In
mono crystalline silicon materials this effect can be greatly reduced through the continuous feeding of
dopants and silicon.

The cost and therefore the price of mono wafers is expected to be about 20 to 30% higher than the
cost of casted HP mc-Si wafers. Furthermore, n-type wafers are expected to be more expensive than
p-types, at least until 2018. This makes it difficult to predict if the share of high efficiency n-type mono
crystalline silicon will materialize as forecast in Fig. 25.
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In light of responses to our enquiry concerning the future shape of mono-Si solar wafers, we expect
a trend towards full-square mono-Si wafers which should result in a market share of 30% from 2018
onwards. This means the vast majority of mono wafers will stay pseudo-square-shaped.

As can be seen from Fig. 26, which shows the expected average stabilized efficiencies in state-of-the-
art mass production lines for double-sided contact and rear contact cells on different wafer materials,
there is still great potential for all technologies to improve their performance. For n-type materials,
including back contact cells which are also predominantly based on n-type wafers, significantly higher
efficiencies are expected than for p-type cells. Furthermore, the expected efficiency increase over time
is noticeably higher for n-type cells, leading to an efficiency advantage of 2.5% to 4.5% absolute over
p-type cells by 2024.
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Fig. 27 shows the corresponding development of module power for typical 60-cell modules with 156 mm
cells considering the cell efficiencies shown in Fig. 26 and the cell-to-module power ratio trend shown
in the previous section (Fig. 24). Acidic texturing is assumed for mc-Si and HP mc-Si, while alkaline is
assumed for mono and mono-like Si material. For mono wafers, pseudo-square wafers with diagonals
of 200-205 mm were assumed.

It should be noted that for modules with high efficiency back contact cells, which are not yet available
on 156 mm wafers, the module power values given in Fig. 27 represent equivalent values for better
comparison with double-side contact technologies.
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As can be seen from Fig. 27, modules based on HPmc-Si are expected to reach module powers of
above 300 W, with n-type mono performances in the range of 360 W predicted by 2024.
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The current edition of the ITRPV predicts a mainstream market for double-sided contact cell concepts
— within this market, new approaches like rear-side passivated PERC cells will gain significant market
share, as can be seen in Fig. 28. Additionally, heterojunction (HIT/HJT) cells are expected to gain a
market share of up to 10% by 2024. The last edition of the ITRPV’s forecast for rear-side contact cells
has been reduced by one-third, to slightly over 20% this time around.

Furthermore, it is expected (see Fig. 28) that an increasing number of cells will be light-sensitive on
both sides and hence will be bifacial cells. Our research predicts that starting from 2014 the percentage
of bifacial cells will steadily increase to a value above 15% by 2024. Since not all bifacial cells will be
integrated in bifacial type modules with transparent backsheets or double glass, the proportion of
bifacial modules will be smaller than for cells.

In Fig. 29 some important module trends are depicted. Our research shows that a strong increase in
market share can be expected for double glass modules in which the backsheet is replaced by a glass
pane. We predict that by 2024 roughly 60% of all c-Si modules will be double-glass modules. This
trend is enabled by the increased availability of 2 mm hardened front-cover glass panes. Another main
driver is the trend towards longer module lifetimes and increased long-term stability, which can be
realized by using a double-glass design.
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Furthermore, it is expected that by 2021 about 20% of ¢-Si modules will be frameless (see Fig. 29).
However, this requires the development of cost-effective alternative edge protection and mounting
technologies.
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With regard to module sizes, it is becoming increasingly clear that the market will be split into different
applications: 60-cell modules, large modules (72 and 80 cells) for utility scale applications with a
market share of 20% and 10% respectively in 2024, and special sizes for niche markets (e.g. 32,
36 and 48 cells) may account for up to 10% of the market share by 2024 (see Fig. 30). Today’s
mainstream modules (60 cells) are expected to retain a high market share of around 60% in 2024.

All participating companies agree that PID-free modules are mandatory. However, the industry needs to
agree upon a unified testing method that is easy to use. Discussions on such testing procedures have
not yet reached a conclusion, as discussed in Section 5.1.3.

The electrical power class sorting of the cells delivered to the module manufacturers will continue to
be at 0.1W per class.
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6. PV Systems

Due to the significant reduction of PV module prices over the last few years, balance of system (BOS)
costs have become a crucial factor in overall system costs and hence the levelized cost of electricity
(LCOE). In Figures 31 and 32 we show the relative development of BOS costs for large systems greater
than 100 kWp in Europe, the USA and Asia. It should be noted that no “soft costs”, such as costs for
permits or financing, are included as these costs can vary greatly from country to country. Excluding
such soft costs, the distribution of BOS costs as well as their development over time is expected to be
very similar for Europe and the USA.
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As can be seen from Fig. 32, the overall trend of BOS cost reductions of about 30% in 10 years is
expected to apply to Asia as well as to Europe and the USA. However, the distribution of inverter, wiring,
mounting and ground cost components is noticeably different; indeed, the share of wiring and ground
costs in Asia are higher by a factor of two compared to the other two continents.
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As a key component of energy production, the levelized costs of electricity LCOE are of paramount
importance when comparing different renewable and non-renewable technologies for electricity
generation. In order to demonstrate the potential of PV power generation we calculated the LCOE in
USD for large PV Systems under different insolation conditions (see Fig. 33). As the actual system
price is highly dependent on the location of the system, we assumed 1,400 USD/kWp in 2013 for our
calculation, which is typical for large scale systems in Southern Europe. Taking into account the trends
of BOS and module costs depicted in Fig. 31 and Table 3 (next section) respectively, the system costs
will reduce to values below 830 USD by 2024.
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As can be seen from Fig. 33, LCOE values of between 0.05 and 0.10 USD, depending on the insolation
level, are already feasible today. Considering the system price trend expected by the ITRPV, PV
electricity costs in the range of 0.03 to 0.07 USD/kWh are predicted by 2024. It should be noted that
the LCOE, besides depending on the system price and the insolation level, is strongly influenced by
financing conditions and the usable life of the system. For our calculations we have assumed a usable
system life of 25 years. However, it is expected that with the progress in module technology as outlined
in the ITRPV, the life of a system can reach 30 years and more, which would allow LCOE levels to be
reduced even further. This clearly makes PV-power generation a cost-competive clean energy source
which will play a major role in worldwide energy supply.
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7. Outlook

Summarizing all improvements discussed in the present roadmap, the key trend seems to relate to
improvements in c-Si PV module production costs. The fourth edition of the roadmap discussed several
future cost scenarios. A combination of increasing Wp and cost reduction per piece is the most likely
scenario for the future of PV.

Table 3 lists the predictions of the fourth edition and the results of a combined scenario of the avarage
module Wp development of 60-cell double-sided contact c-Si cell module types as shown in Fig. 27
(Avg. WP increase) and unit cost reductions (Cost reduction).

Significant cost per unit reductions are expected over the next few years due to the measures described
in sections 5.1 and 5.2.

The price level of June 2012 (0.83 USD/Wp) represents the average cost level of non-Chinese PV
manufacturers [7].1t was assumed that the avarage cost of 12/2012 was, at 0.73 USD/Wp, still above
the average module price at that time (see Fig. 2). Furthermore, it was assumed that the worldwide
industry average module manufacturing cost in the fourth quarter of 2013 was 0.64 USD/Wp. The
costs for 12/2014 to 12/2024 are calculated as a combination of Avg. WP increase and cost reduction.
Taking all of this into account, we are able to calculate the ITRPV cost trend.

Annual shipment volumes were estimated to be 39 GW in 2013 and c. 50 GW in 2014 as stated in
[3] and [4]. For the years beyond 2014 an annual growth of between 60 and 70 GWp per year is
considered, implying an ongoing positive shipment volume development as predicted in [11]. These,
however, are much more conservative than the predictions made in [6].

The ITRPV cost trend is plotted in Fig. 34 together with the historic learning curve.
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(Scenario 3) ($/Wp) 0.83 | 0.80 | 0.73 - 0.67 - 0.55 - 0.46 - 0.38
Avg..Wp increlase ) ) 3% 3% ) 3% ) 4% ) 5% ) 5%
(period to period)

Cost reduction o o o o o o
(period to period) - - 6% 6% - 8% - 10% - 10% - 10%
ITRPV cost trend 0.83 | 0.73 | 0.64 | 0.58 - 0.52 - 0.45 - 0.38 - 0.33

Table 3: Comparison of different cost scenarios based on the actual ITRPV predictions.
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Fig. 34 Learning curve of module price as function of the cumulative PV module shipments with historic data and the ITRPV
cost trend shown in Table 3.

The future cost reductions of c-Si modules will cause a shift in the c-Si based PV system cost structure
[12] and will therefore enable a sustainable cost reduction for those systems.

Table 3 shows that the industry could reduce costs faster than assumed in the fourth edition of the
ITRPV in 2013. The reduction of costs per Wp will be supported by an increase in the Wp/module in
parallel with unit cost reductions. The resulting learning rate of 23.5% as shown in Fig. 34 is slightly
ahead of the historic learning rate. An increase of module shipments would result in a slight reduction
of the learning rate. The ITRPV cost trend assumption shows that the PV industry has begun the
process of “learning” once again after the turbulences of recent years. The PV industry can therefore
provide power generation products that are competitive with conventional and other renewable sources
of energy.

This roadmap was based on data collected from leading international PV manufacturers along the
c-Si value chain, PV equipment suppliers, production material providers, and PV institutes in 2013.
An annual update of this information is planned. Topics such as wafer thickness require cooperation
between tool suppliers, cell manufacturers and other entities along the value chain. A download of the
current issue of this document and information about how to get involved in the roadmap activity are
available on the website at www.itrpv.net.
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