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AGENDA

▸ PV Landscape—a brief Introduction 

▸ Technologies 

▸ Markets by Sector & Region 

▸ Global Manufacturing Supply Chain 

▸ Problem Statement 

▸ The Dream 

▸ Aspects of Sustainable PV Manufacturing in the US 

▸ Summary—Conclusions & Opportunities
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PV LANDSCAPE – INDUSTRY

▸ Diverse 

▸ Inhomogeneous & Fragmented 

▸ Different Levels of Maturity 

Different Interests and Preferences 

Talk to focus on Cells & Modules
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PV LANDSCAPE – MODULE & PRODUCTION CAPACITY

5

▸ Global c-Si Capacity ≈ 
200–250GW 

▸ China dominates the 
Production Capacity 
along the entire Supply 
Chain 

▸ FSLR Q1’21 global 
Module Capacity 7.9GW, 
⅓ in the US

Source: FSLR Q4’20 Earnings Call, February 25, 2021 
FSLR Q1’21 Earnings Call, April 29, 2021
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TECHNOLOGY – EFFICIENCY
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C-SI

CDTE

CIGS

PEROVSKITE

C-SI/PEROVSKITE

0 7 14 21 28

Cell (≥1cm2) 
Champion Module 
Production

Source: Green et al., Solar Cell Efficiency Tables (Version 57), Progress in   
 Photovoltaics: Research and Applications, 2021; 29:3–15 
 Manufacturer module data sheets 

≈2.6% ∆R&D–Mfg.

≈7.5% ∆R&D–Mfg. 
Record MLI Module 17.6%; Cell String 18.6%

16.1% Panasonic, 55-Cell Minimodule 802cm2 

No production

▸ Smallest Gap R&D–Production for c-Si & CdTe 

▸ ≈ 2.6–4% 

▸ Representative for Operational Excellence of c-Si and FSLR 

▸ CIGS lacking ‚Critical Mass’ 

▸ Perovskites in early scale up Phase—no actual Production 

▸ No other viable next Technology identified

No Data for Minimodules or Modules

≈4% ∆R&D–Mfg.; IBC; Maxeon 3
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TECHNOLOGY – MODULE MANUFACTURING
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▸ High Level: Poly Si Ingot Si wafer Si cell PV 
Module

TF on glass:  glass in – module out

RTR web coating TF cell PV Module

▸ Module Architecture 

▸ Glass/Backsheet or Glass/Glass or „flexible“ 

▸ Framed or frameless 

▸ Various Cell Interconnect Schemes—Ribbons, Shingled, 
Wire, MLI 

▸ Mostly EVA & TPO/POE as Encapsulant
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MARKETS – MARKET SHARE BY PV TECHNOLOGY
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DESPITE A COST ADVANTAGE COMPARED TO C-SI THE 
TF PV MARKET SHARE IN THE PAST 5 YEARS HAS 
BEEN ROUGHLY CONSTANT AT LESS THAN 5%

Source: Fraunhofer ISE, Photovoltaics Report, September 16, 2020
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FHG-SK: ISE-PUBLIC 

PV Production by Technology 
Percentage of Global Annual Production 

 Production 2019 (GWp) 

 Thin film  7.5 

 Multi-Si   39.6 

 Mono-Si  89.7 

   

Data: from 2000 to 2009: Navigant; from 2010: IHS Markit. Graph: PSE Projects GmbH 2020 

© Fraunhofer ISE 
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FHG-SK: ISE-PUBLIC 

 Production 2019 (GWp) 

    CdTe 5.7 

    a-Si 0.2 

    CI(G)S 1.6 

© Fraunhofer ISE 

Market Share of Thin-Film Technologies  
Percentage  of Total Global PV Production 

Data: from 2000 to 2009: Navigant; from 2010: IHS Markit. Graph: PSE Projects GmbH 2020 
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FHG-SK: ISE-PUBLIC 

 Production 2019 (GWp) 

    CdTe 5.7 

    a-Si 0.2 

    CI(G)S 1.6 

© Fraunhofer ISE 

Market Share of Thin-Film Technologies  
Percentage  of Total Global PV Production 

Data: from 2000 to 2009: Navigant; from 2010: IHS Markit. Graph: PSE Projects GmbH 2020 
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MARKETS – BY APPLICATION – UTILITY-SCALE



Proprietary & Confidential

MARKETS – BY APPLICATION – COMMERCIAL, RESIDENTIAL

▸ Growth in the Rooftop Sector through 2025 is projected at ≈ 11.2% CAGR—as such 
significantly less than the total Growth of the PV Market (≈ 21–25%) 

▸ Despite continuously high Soft Costs, the Rooftop Sector in the US is expected to 
capture almost 40% Market Share 

▸ The Asia-Pacific Region will account for the highest Growth Rate—most noticeably China 
and India 

▸ Growth in Europe remains constant 

▸ Commercial Rooftop dominates
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MARKETS – BY APPLICATION – REPLACEMENT (OF OLD) SYSTEMS

▸ In Europe alone, more than 38GW of the PV Systems at > 100kW are more than 8 
Years old—mostly in Germany, Italy, Spain and France 

▸ Module Warranties for these Systems typically 10 Years and many Manufacturers are 
no longer in Business 

▸ Replacement of failed Module w/wo Warranty 

▸ Storm Damage (Wind, Snow, Hail) 

▸ Falling Cost of Capital and lower Component Costs offer Incentives to upgrade or 
replace under performing PV Systems

14

General Company Overview   I  © Suncycle USA 2016 5

Timeline for defects and failures, O&M

As system ages, maintenance challenges become more significant
Short-term: eg infant mortality; installation error; visible damage; snail trails
Mid-term: eg hotspots; contact/soldering failure; cable & wiring failures; 
delamination; initial module handling; O&M related faults; isolated power loss
Long-term: eg galvanic corrosion; encapsulant integrity; broader power loss

Time
1 to 7 years 5 to 10 years 10+ years
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Mid-term

Near-term

Long-termO&M quality may not be 
consistent

O&M effort may increase in 
each phase

Power decline

Quelle: IEA PVPS, 2014
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MARKETS – BY APPLICATION – BIPV
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MARKETS – BY APPLICATION – VIPV
▸ Fossil Fuels to dominate Transportation Sector through 2050 according 

to EIA Forecasts 

▸ Highest Growth Rates of Primary Energy Sources for Gas and Electricity 

▸ Four-fold Rise in Consumption between 2018 and 2050 

▸ Electric Delivery Vehicles and Cars Development 2018–2050 

▸ OECD Countries: 3.5 millions g 169 millions 

▸ Non-OECD Countries: 2.2 millions g 269 millions 

16Source: EIA, International Energy Outlook 2019, September 24, 2019 
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MARKETS – BY APPLICATION – MISCELLANEOUS

17

▸ Niche Markets representative of either 
low Volumes and high Margins or high 
Volumes and low Margins 

▸ Military—e.g. Tent Membranes, foldable 
Modules and Power Packs, UAVs etc. 

▸ Telecommunication—e.g. HALE 

▸ Disaster Response—e.g. Backup Power, 
particularly robust Modules and 
Systems 

▸ Consumer Products—e.g. IoT, Drones, 
Solar Lights, Backpacks etc. 

▸ Sensors—e.g. remote sensing Systems 
for Indoor or Outdoor Applications
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MARKETS – PV’S ROLE IN THE GLOBAL ENERGY MARKET

19Source: IEA 2021, https://www.iea.org/Sankey/ 

2018 WORLD ENERGY MIX; PV MARKET SHARE ≈ 0.96%

PV

energy.gov/solar-office
21 of 

23

Many Challenges for Solar Grid Integration

• Weak grid and Low inertia
• Fast dynamics of IBR
• Variability and uncertainty
• Protection
• Situation awareness
• BTM DER control
• T&D interdependence
• Cybersecurity
• Resilience
• Cost/benefit
• Institutional challenges
• And others …

Variable in time and location 
(CAISO daily renewable profile)

Rapid solar growth 
• ~60% utility-scale
• ~40% distributed

Supply and demand 
Wind/solar meet >60% demand 
sometimes (EIA, CAISO 2019)
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Commercial (behind the meter) PV grid parity in 2017 and 2025 with 75% on-site consumption. Generation-based subsidies (in terms of $/kWh) are excluded.  

MARKETS – GRID PARITY

20

Source: Wang & Barnett, The Evolving Value of Photovoltaic Module Efficiency, Applied Sciences, 9 (2019) 

Appl. Sci. 2019, 9, 1227 2 of 13

Along with the cost reduction of other components in PV systems, the economics of PV electricity
has significantly improved. BloombergNEF expects 24% of worldwide electricity consumption will be
supplied by PV by 2050, when a total of about 7TW PV will be installed (Figure 2, [2]).
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Figure 2. Global electricity generation mix. Note: NEO is short for new energy outlook, which is an
annual publication by BloombergNEF.

Despite the great potential of PV generation, continuous improvement is still needed before
subsidies are eliminated. In industry, the ‘grid parity’ or ‘socket parity’ is defined by comparing
the levelized cost of electricity (LCOE, to be defined) of PV generation and local retail price.
For behind-the-meter applications—for example, commercial PV projects—the realized value of
PV generation depends on the flow of the electricity, unless net metering policy is applied. This is
because exported energy (uploaded to the grid) is usually valued at much lower rates than the retail
rates. Figure 3 shows the commercial socket parity achievement without generation-based subsidies
by country in 2017 and expectation for 2025, assuming 75% on-site consumption ([3]). Although
socket parity will spread to more countries by 2025, there are still regions where subsidies are required
to boost local market development. More analysis on residential socket parity can be found in the
literature [3,4].
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Figure 3. Commercial PV socket parity in 2017 and 2025 with 75% on-site consumption. Note:
Generation-based subsidies (in terms of $/kWh) are excluded in the calculation.
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energy consumption. Coal demand (1.4%) also increased for the second 
consecutive year, following three years of declines. Growth in renewable 
energy (14.5%) eased back slightly relative to past trends although remained 
by far the world’s fastest growing energy source. 

In terms of why the growth in energy demand was so strong: a simple model 
provides a way of gauging the extent of the surprise in this year’s energy 
data. The model uses GDP growth and oil prices (as a proxy for energy prices) 
to predict primary energy growth at a country level and then aggregates to 
global energy. Although very simple, the framework is able to explain much 
of the broad contours in energy demand over the past 20 years or so. 

This framework predicts that the growth in energy demand should have 
slowed a little last year, reflecting the slightly weaker economic backdrop 
and the strengthening in energy prices. Instead, energy demand picked up 
quite markedly.

Digging into the data further, it seems that much of the surprising strength in 
energy consumption in 2018 may be related to weather effects. In particular, 
there was an unusually large number of hot and cold days across many of 
the world’s major demand centres last year, particularly in the US, China 
and Russia, with the increased demand for cooling and heating services 
helping to explain the strong growth in energy consumption in each of 
these countries. 

In the US, unusually, there was an increase in both heating and cooling 
days (as defined by the National Oceanic and Atmospheric Administration); 
in past years, high numbers of heating days have tended to coincide with 
low numbers of cooling days or vice versa. As a result, the increase in the 
combined number of US heating and cooling days last year was its highest 
since the 1950s, boosting US energy demand.

Energy in 2018: an unsustainable path

The Statistical Review of World Energy has been providing timely and 
objective energy data for the past 68 years. In addition to the raw data, the 
Statistical Review also provides a record of key energy developments and 
events through time.

My guess is that when our successors look back at Statistical Reviews 
from around this period, they will observe a world in which there was 
growing societal awareness and demands for urgent action on climate 
change, but where the actual energy data continued to move stubbornly 
in the wrong direction. 

A growing mismatch between hopes and reality. In that context, I fear 
– or perhaps hope – that 2018 will represent the year in which this 
mismatch peaked.

Key features of 2018
The headline numbers are the rapid growth in energy demand and carbon 
emissions. Global primary energy grew by 2.9% in 2018 – the fastest growth 
seen since 2010. This occurred despite a backdrop of modest GDP growth 
and strengthening energy prices. 

At the same time, carbon emissions from energy use grew by 2.0%, 
again the fastest expansion for many years, with emissions increasing by 
around 0.6 gigatonnes. That’s roughly equivalent to the carbon emissions 
associated with increasing the number of passenger cars on the planet 
by a third. 

What drove these increases in 2018? And how worried should we be?

Starting first with energy consumption. As I said, energy demand grew 
by 2.9% last year. This growth was largely driven by China, US and India 
which together accounted for around two thirds of the growth. Relative to 
recent historical averages, the most striking growth was in the US, where 
energy consumption increased by a whopping 3.5%, the fastest growth 
seen for 30 years and in sharp contrast to the trend decline seen over the 
previous 10 years.

The strength in energy consumption was pretty much reflected across 
all the fuels, most of which grew more strongly than their historical 
averages. This acceleration was particularly pronounced in natural gas 
demand, which increased 5.3%, one of its strongest growth rates for 
over 30 years, accounting for almost 45% of the entire growth in global 

Group chief economist’s analysis
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Certain Alternative Energy generation technologies, which became cost-competitive with conventional generation technologies several years 
ago, are, in some scenarios, approaching an LCOE that is at or below the marginal cost of existing conventional generation technologies

Source: Lazard estimates.
(1) Represents the marginal cost of operating, fully depreciated coal and nuclear facilities, inclusive of decommissioning costs for nuclear facilities. Analysis assumes that the salvage value for a 

decommissioned coal plant is equivalent to the decommissioning and site restoration costs. Inputs are derived from a benchmark of operating, fully depreciated coal and nuclear assets 
across the U.S. Capacity factors, fuel, variable and fixed operating expenses are based on XppeU and loZeU qXaUWile eVWimaWeV deUiYed fUom La]aUd¶V UeVeaUch. 

(2) The subsidized analysis includes sensitivities related to the TCJA and U.S. fedeUal Wa[ VXbVidieV. PleaVe Vee page WiWled ³LeYeli]ed CoVW of EneUg\ CompaUiVon²Sensitivity to U.S. Federal 
Ta[ SXbVidieV´ foU addiWional details.
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▸ PV competitive even compared to depreciated Coal-fired Generation Assets 

▸ Continued Cost Reduction over the past Decade coupled with Increased 
Efficiency and lower Cost of Capital resulted in a 10x Drop of PV LCOE

Copyright 2018 Lazard 

This study has been prepared by Lazard for general informational purposes only, and it is not intended to be, and should not be construed as, financial or 
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior consent of Lazard.

Solar PV versus Peaking and Wind versus CCGT—Global Markets(1)
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Solar PV and wind have become an increasingly attractive resource relative to conventional generation technologies with similar generation 
profiles; without storage, however, these resources lack the dispatch characteristics of such conventional generation technologies 

Source: Lazard estimates.
(1) Equity IRRs are assumed to be 10% for the U.S., 12% for Australia, Japan and Northern Europe and 18% for Brazil, India and South Africa. Cost of debt is assumed to be 6% for the U.S., 

8% for Australia, Japan and Northern Europe, 14.5% for Brazil, 13% for India and 11.5% for South Africa. 
(2) Low end assumes crystalline utility-scale solar with a single-axis tracker. High end assumes rooftop C&I solar. Solar projects assume illustrative capacity factors of 21% ± 28% for the U.S., 

26% ± 30% for Australia, 26% ± 28% for Brazil, 22% ± 23% for India, 27% ± 29% for South Africa, 16% ± 18% for Japan and 13% ± 16% for Northern Europe. 
(3) Assumes natural gas prices of $3.45 for the U.S., $4.00 for Australia, $8.00 for Brazil, $7.00 for India, South Africa and Japan and $6.00 for Northern Europe (all in U.S. $ per MMBtu). 

Assumes a capacity factor of 10% for all geographies. 
(4) Wind projects assume illustrative capacity factors of 38% ± 55% for the U.S., 29% ± 46% for Australia, 45% ± 55% for Brazil, 25% ± 35% for India, 31% ± 36% for South Africa, 22% ± 30% 

for Japan and 33% ± 38% for Northern Europe. 
(5) Assumes natural gas prices of $3.45 for the U.S., $4.00 for Australia, $8.00 for Brazil, $7.00 for India, South Africa and Japan and $6.00 for Northern Europe (all in U.S. $ per MMBtu). 

Assumes capacity factors of 43% ± 80% on the high and low ends, respectively, for all geographies. 

Levelized Cost ($/MWh)

Solar PV(2)

versus 
Gas Peaker(3)

Wind(4)

versus 
Combined Cycle 

Gas Turbine(5)

$40
$152

$39
$139

$43
$158

$70
$247

$80
$231

$60
$225

$71
$192

$80
$181

$29
$41

$26
$40

$34
$49

$39
$78

$58
$70

$54
$69

$53
$67

$42
$60

$170
$206

$141
$188

$131
$211

$196
$307

$219
$291

$168
$283

$213
$238

$262
$229

$56
$74

$50
$69

$73
$79

$64
$129

$109
$108

$84

$96
$103

$64
$95

$0 $50 $100 $150 $200 $250 $300 $350

LCOE v12

U.S.

Australia

Brazil

India

South Africa

Japan

Northern Europe

LCOE v12

U.S.

Australia

Brazil

India

South Africa

Japan

Northern Europe

Solar PV WindGas Peaker CCGTUnsubsidized LCOE 

9

Copyright 2018 Lazard 

This study has been prepared by Lazard for general informational purposes only, and it is not intended to be, and should not be construed as, financial or 
other advice. No part of this material may be copied, photocopied or duplicated in any form by any means or redistributed without the prior consent of Lazard.

Solar PV versus Peaking and Wind versus CCGT—Global Markets(1)
L A = A R D ¶ S  L E V E L I = E D  C O S T  O F  E N E R G Y  A N A L Y S I S ² V E R S I O N  1 2 . 0

Solar PV and wind have become an increasingly attractive resource relative to conventional generation technologies with similar generation 
profiles; without storage, however, these resources lack the dispatch characteristics of such conventional generation technologies 

Source: Lazard estimates.
(1) Equity IRRs are assumed to be 10% for the U.S., 12% for Australia, Japan and Northern Europe and 18% for Brazil, India and South Africa. Cost of debt is assumed to be 6% for the U.S., 

8% for Australia, Japan and Northern Europe, 14.5% for Brazil, 13% for India and 11.5% for South Africa. 
(2) Low end assumes crystalline utility-scale solar with a single-axis tracker. High end assumes rooftop C&I solar. Solar projects assume illustrative capacity factors of 21% ± 28% for the U.S., 

26% ± 30% for Australia, 26% ± 28% for Brazil, 22% ± 23% for India, 27% ± 29% for South Africa, 16% ± 18% for Japan and 13% ± 16% for Northern Europe. 
(3) Assumes natural gas prices of $3.45 for the U.S., $4.00 for Australia, $8.00 for Brazil, $7.00 for India, South Africa and Japan and $6.00 for Northern Europe (all in U.S. $ per MMBtu). 

Assumes a capacity factor of 10% for all geographies. 
(4) Wind projects assume illustrative capacity factors of 38% ± 55% for the U.S., 29% ± 46% for Australia, 45% ± 55% for Brazil, 25% ± 35% for India, 31% ± 36% for South Africa, 22% ± 30% 

for Japan and 33% ± 38% for Northern Europe. 
(5) Assumes natural gas prices of $3.45 for the U.S., $4.00 for Australia, $8.00 for Brazil, $7.00 for India, South Africa and Japan and $6.00 for Northern Europe (all in U.S. $ per MMBtu). 

Assumes capacity factors of 43% ± 80% on the high and low ends, respectively, for all geographies. 
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3. FROM MOUNTAINS 
AND OCEANS TO SKY

In the original New Lens Scenarios, we explored two possible ways the 21st 
century could unfold, taking several pressing global trends and issues and using 
them as “lenses” through which to view the world.

Mountains and Oceans provided a detailed 
analysis of current socio-political trends and 
their possible trajectories into the future, with 
Mountains more government-led with a top-
down approach and Oceans more bottom-up 
with a market-driven outcome.

The Sky scenario brings further to the surface 
the emerging possibility of better multi-lateral 
collaboration to tackle climate and air-quality 
issues. In this regard, it combines the most 

progressive elements of both Mountains and 
Oceans. This collaborative approach has been 
seen in previous real-life incarnations, such as 
in the Montreal Protocol on ozone-depleting 
substances, but true long-term international 
co-operation and a willingness to combine 
national self-interest with the differing interests of 
other nations has generally eluded society as a 
lasting trend. Nevertheless, the Paris Agreement 
is built on such a model, albeit with a strong 
element of peer review and challenge.

Leadership to create a shared vision was an 
essential element of the Paris Agreement, as 
demonstrated through bilateral agreements 
between several heads of government in the 
two years before the final negotiation. But so, 
too, was listening and responding to those 
most at risk from climate change, such as the 
Alliance of Small Island States (AOSIS) with 
its deep concerns in relation to sea level rise. 
Responding to these concerns, a “high ambition 
coalition” emerged in Paris and was responsible 
for the incorporation of a stretch goal within the 
Paris Agreement to limit warming to 1.5°C.

These developments introduce the notion of a 
framework for resolution of global issues within 
which various scenarios could be positioned. 
That framework is not solely dependent on 
trends such as technological change, which 
features at an accelerated or even breakneck 
pace in almost any 21st century story, but 
is born out of long-term self-interest and the 
way society listens and reacts to the issues of 
the day. 
 

SHELL SCENARIOS COMPARED – WORLD ENERGY-RELATED CO2 EMISSIONS
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GLOBAL ELECTRICITY DEMAND GROWING AT TWICE 
THE RATE OF ENERGY DEMAND 
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In the Stated Policies Scenario, global power sector investment totals $20 trillion over the
period to 2040, on average this is 20% higher than annual spending from 2010 to 2018. The
power sector represents 50% of total energy supply investment worldwide and includes
spending on new power plants, transmission and distribution lines, as well as
refurbishments and upgrades.

In the Sustainable Development Scenario, power sector investment is nearly $1.2 trillion
per year on average to 2040, some 60% higher than recent spending levels. In this scenario,
power sector investment accounts for two-thirds of total energy supply investment,
compared with almost half today. Annual spending on renewables doubles.
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▸ IEA 

▸ PV currently < 1%; ≈ 7.5–10% (2030) resp. 12–20% (2040) 

▸ PV expected to be largest primary source of energy by 2035

Source: Shell, New Lens Scenarios, March 2013 & 
Scenarios Sky, March 2018 

▸ Shell 

▸ PV dominates by the end of the 
century
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Despite its environmental impact, coal remains the most 
economic energy-security backstop for power generation, 
at least until mid-century. From that time, the increasing 
incidence of extreme weather events leads to sufficient 
international agreement on climate policy to drive 
significant investments in CCS and to put the brakes on 
coal. With the advance of CCS, global growth in coal 
demand returns again by 2050, as newly developing 
countries enter their most energy-intensive phase of 
development. In the absence of supportive policy  
regimes, nuclear power struggles to grow in  
most countries. 

Rising prices and demand promote continuing 
strong growth in renewable energy. Biofuels become 
increasingly significant in sectors like mobility where  
there is a continuing reliance on liquid fuels because  
of the lack of credible alternatives. In other sectors, 
renewable resources that need large-scale or popular 
consent – such as wind farms and geothermal energy 
schemes – continue to face opposition. 
 
These conditions favour distributed solar PV becoming  
a leading source of primary energy in the global 
economy. From its position today as the 13th largest 
energy source worldwide, it grows rapidly, reaching 
fourth place behind oil, gas, and coal by 2040,  
and continuing to the number one position in 2100.  
The sun rises to create solar energy dominance  
in the global system.

The rise of solar is due, in part, to public pressure  
that leads governments to prioritise it in the electricity  
‘merit order’. Grid integration is accommodated  
by more variable running of other forms of electricity 
generation through the day – notably hydro-electricity, 
where it is available, but otherwise gas, coal, and 
biomass. As the scale builds, regulators are forced  
to pass on these higher grid-balancing costs to power 
consumers. In turn, this encourages end-users to develop 
local solutions to even out their daily energy supply  
and demand. While some focus on batteries and  
others start to store energy as hot water, certain household 
appliances, like fridges and washing machines, provide 
the capability to link with a household solar PV supply. 

Small communities build co-operative solar networks, 
providing further balance in supply and demand patterns. 

Balancing the grid over the day is one thing. Balancing  
it over the seasons is altogether more challenging for solar 
PV. At the temperate latitudes of many OECD countries, 
80% of solar PV electricity is generated in the summer 
months. Local electrolysis and storage of hydrogen 
becomes a key part of the solution, particularly when 
combined with its industrial use. Given the difficulty  
of high-level international policy co-ordination,  
this proves more practical than plans put forward  
for continental scale electricity grids.

So while richer nations are earlier adopters of solar PV,  
it is in many of the emerging countries, that it thrives 

LONG LIQUIDS AND THE RISE OF SOLAR
Energy in Oceans continues on its recent path, with  
a combination of exploration success and technology 
advances, supported by increasing oil prices.

The improved capability to drill in ever harsher 
environments enables access to deeper water and 
the Arctic; enhanced oil recovery techniques become 
increasingly viable; fracking and drilling technologies 
allow the development of light tight oil and liquid-rich 
shales in those rock formations that prove to be attractive. 
The high oil price environment and increased technical 
capability to produce extra-heavy oil in places like 
Canada, Venezuela, Russia, and Kazakhstan unlock  
the potential for these resources.

In Oceans, the countries that produced more than 75% 
of current global oil production in 2012 find their share 
increasing even further. OPEC countries hold the majority 
of low-cost growth potential, and increase recovery 
further with more expensive technology. However, 
such developments are initially limited by geopolitical 
instability and a resulting underinvestment  
in most OPEC countries. 

In time, OPEC’s spare capacity buffer is eroded,  
and markets adapt to higher price volatility and  
new commercial and strategic stock management.  
In the longer term, sufficient stability returns to OPEC  
for investment to pick up, but the stretch to meet  
strong demand growth keeps prices high, enabling  
the development of the higher-cost conventional  
and resources plays outside OPEC. 

By the 2030s, the US has seen a steady decrease in 
imports in overall oil volumes, partly because of the 
increase of supply and partly because of fuel efficiency 
standards. Rising prices have helped moderate demand. 
There are, however, significant misalignments between 
the growing significance of liquid rich shales and the 
configuration of refineries and pipeline systems, so that 
imports and exports of refined products or crude oil are 
still required. Price shocks still transmit to North America, 
and there remains a national interest in the stability of the 
global energy system for wider foreign policy reasons.

The production of natural gas continues to grow,  
building on developments in North America.  
However, the great expectations so many held for  
the development of tight/shale gas and CBM globally  
are not fully met as developments prove too difficult  
or economically recoverable volumes too low.

OVERVIEW AND FOREWORD INTRODUCTION NEW LENSES FOR A NEW ERA MOUNTAINS OCEANS
REFLECTIONS ON DEVELOPMENT  

AND SUSTAINABILITY
CONCLUDING REMARKS TABLES AND TIMELINE OCEANS

BACK 11 / 12 NEXT 

Oceans

Resources for the Future10

Global demand for electricity surges as the power mix changes rapidly. In most 
outlooks, wind, solar, and natural gas provide the bulk of new capacity, while coal 
remains roughly flat or declines (Fig. 8). 

Figure 8. Global Electricity Generation by Fuel

Across all scenarios, global electricity generation ranges from 34,000 terawatt-hours 
(TWh) to 49,000 TWh in 2040. The Shell Sky and the Equinor Renewal scenarios have 
the highest levels of generation in 2040, while the US EIA has the lowest projection, 
partly because it reports net generation while others use gross generation. The di!erence 
between net and gross generation is, on average, roughly 5% for OECD nations.13 

Coal provided 39% of global electricity in 2015, but its share declines across all 
outlooks by 2040. In absolute terms, coal generation grows by up to 46% under the 
IEA CPS and 38% under IEEJ, while growing 9% under the IEA NPS. Natural gas 
provided 23% of global electricity generation in 2015, and its share grows under most 
scenarios, though not under those with Ambitious Climate policies. In absolute terms, 
gas-fired generation increases under all scenarios other than the IEA SDS. Under other 
Ambitious Climate scenarios from Equinor and Shell, natural gas generation grows by 
24% and 61%, respectively, while BNEF projects growth of just 6% through 2040. 

Non-hydro renewables grow dramatically across all scenarios. Even the most 
bearish projection (US EIA) shows their share more than doubling from 7% in 
2015 to 15% in 2040. Under the IEA NPS and BNEF (an Evolving Policies scenario), 
renewables respectively account for 26% and 41% of generation, while Ambitious 
Climate scenarios reach between 47% and 61% of electricity by 2040. 

Figure 8 
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MARKETS – THE PV TERAWATT CHALLENGE
▸ Starting Scenario: 

▸ 2018 480GW installed PV Capacity 

▸ 2019 + 115GW installed PV Capacity—cumulative 594GW 

▸ 2020 + 127GW installed PV Capacity—cumulative 721GW 

▸ 2020 PV Modul mfg. Capacity ≈ 210–260GW (i.e. ≈ 100% Overcapacity), yet 2020–2023 Capacity Expansion 
Announcements at > 200GW 

▸ Assumption: 

▸ By 2022/23 installed PV Capacity is expected exceed 1 TW 

▸ By 2030 3–10 TW 

▸ Conclusion: 

▸ At least a 2-fold Increase of Module mfg. Capacity is required by 2030 

▸ It is reasonable to expect mfg. Capacity to grow by a Factor of 4–8x 

24

2030 Target 
(TW)

CAGR (%) 2030 Estimated Total Installed Annual 
Production Capacity (TW/y)

3 15 0.5

5 21 1.0

8 27 1.9

10 29 2.5
Source: Nancy M. Haegel et al., Terawatt-scale photovoltaics: Trajectories and challenges, Science 356 (2017)
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MARKETS – MODULE COST

▸ Module Costs key Driver for PV Market Growth 

▸ ≈ ⅓ of System Costs (US, Utility-Scale) 

▸ 16–45% residential Rooftop

25Source: SEIA, https://www.seia.org/solar-industry-research-data 
Fraunhofer ISE, Photovoltaics Report, November 14, 2019
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FHG-SK: ISE-PUBLIC 

Average Price for PV Rooftop Systems in Germany  
(10kWp - 100kWp) 
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MANUFACTURING – SUPPLY CHAIN

27

▸ c-Si Module Cost in SE Asia 
≈ ¢20–23/W 

▸ US and Europe presently 
with insignificant PV 
Manufacturing Capacity 

▸ China dominates the entire 
Supply Chain 

▸ 72% Poly 

▸ 95% Ingot 

▸ 99% Wafer 

▸ 80% Cells 

▸ 75–80% Modules
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FHG-SK: ISE-PUBLIC 

PV Module Production by Region 1997-2019 
Percentage of Total MWp Produced 

Data: Up to 2009: Navigant Consulting; since 2010: IHS Markit. Graph: PSE Projects GmbH 2020 

© Fraunhofer ISE 

Source: Fraunhofer ISE, Photovoltaics Report, September 16, 2020

Source: DOE/SETO, April 2021
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MANUFACTURING – KEY MODULE MANUFACTURERS
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▸ 8 of the top 10 Module Suppliers are Chinese 

▸ c-Si: the US has 6% of global Poly, 0% Ingot, 0% Wafer, 0% Cell 
Capacity; ≈ 15 Module Assembly Companies with ≈ 4GW Capacity 

▸ The leading TF PV Supplier is FSLR with ⅓ of its Capacity in the US



WHAT & WHY
PROBLEM STATEMENT
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PROBLEM STATEMENT

▸ The new Administration 
wants to:  

▸ Decarbonize the Economy 
by 2050—Carbon Pollution-
free Electricity by 2035 

▸ Create „good-paying“ Jobs 

▸ Reduce the Trade Deficit 
with China/SE Asia 

▸ Strengthen Energy 
Independence and Grid 
Resilience
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PROBLEM STATEMENT

▸ Yet, 

▸ we are importing > 
98% of our Cells & 
Modules 

▸ are over-reliant on low-
paying Jobs 

▸ have PV System Costs 
3–3½x those of 
Australia, China, or 
Germany

31

Source: DOE/SETO, NREL, April & May 2021
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PROBLEM STATEMENT – ASPECTS OF SUSTAINABILITY
▸ Jobs & Labor Standards 

▸ In the US we employ about 230,000 Workers in the 
PV Industry, only 34,000 in PV Manufacturing 

▸ Adding 10GW of Manufacturing Capacity would 
create about 62,000 new, direct Manufacturing Jobs 
and about 75,000 indirect Manufacturing Jobs 

▸ Detention, Re-education, and Forced Labor of 
Muslims in the Xinjiang Region are well documented 

▸ US Law bans Imports of Goods produced with 
Forced Labor, yet PV Cells and Modules from 
Xinjiang are still imported 

▸ Environmental Standards 

▸ ≈ 72% of Solar Grade Poly Silicon are made in China, 
≈ 45% in Xinjiang Province; 100% based on Coal 
generating Capacity 

▸ Air, Water and Soil Pollution from PV Production in 
China are well documented 

▸ The only „green“ Investors know is the „mighty Dollar“

32

Source: World Resource Institute, Greenpeace, NDRC, company 
filings, 2016



Facts About Dreaming

www.sleephealthfoundation.org.au        |        Raising awareness of sleep health

1 We all dream every night
Our brains are active throughout the night. But after we
wake up, we often don’t remember much about our
dreams.

2 We dream most vividly during
Rapid Eye Movement (REM)
sleep

Some of our sleep has vivid, structured thoughts - or
dreams. These occur during a stage of sleep that is called
REM sleep. REM sleep occurs in short episodes across each
night each about 90 minutes apart. Our longer dreams are
in the morning hours.

3 We are specially wired not to
act out our dreams

During REM sleep many of our muscles relax completely
and this prevents us acting out our dreams. If this system
doesn’t work properly we may try to act out our dreams,
especially if the dreams involve strong emotions.

4 Many dreams are bizarre
because part of our brain
shuts down

When we are awake the front part of our brain controls
how we make sense of the world. This shuts down during
dreaming. Because of this, the dreaming brain puts
together ideas that normally do not go together.

SHF-FactsAboutDreaming-0112  25/1/12  4:46 PM  Page 1

THE DREAM
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THE DREAM
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(AS A SOLAR SCIENTIST) I HAVE A 
DREAM TOO. A DREAM OF A CLEAN 
ENERGY FUTURE WHERE EVERY 
AMERICAN HAS THE CHANCE TO 
PARTICIPATE IN THE CLEAN ENERGY 
ECONOMY, WHERE WE RESPECT OUR 
PLANET AND OUR CITIZENS, AND 
VALUE THE ROLE ENERGY PLAYS IN 
OUR LIVES.



POLICY
SUSTAINABLE 
DOMESTIC MFG.
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THE DREAM – CURRENT US POLICIES – TARIFFS

▸ Section 201:  

▸ Cells & Modules 

▸ 2018–2022 (?), Y1 30%, Y2 25%, Y3 20%, Y4 18% 

▸ 2.5GW of imported Cells excluded through Y3 

▸ TF & (initially) Bi-Facial PV excluded 

▸ Section 301: 

▸ Cells, Modules & other Components 

▸ 2018–?, 25% in addition to 201 Tariffs

36

Source: DOE/SETO, April 2021



Proprietary & Confidential

THE DREAM – DOMESTIC MODULE MANUFACTURING

▸ At ≈ 4GW Capacity Domestic Module Assembly from imported Cells is competitive 

▸ We have ≈ 30GW of PV Grade Poly Silicon Capacity 

▸ If we were to establish Ingot, Wafer & Cell Capacity at ≥ 5GW, we could be 
competitive 

▸ Repatriating the remaining PV Module Supply Chain further enhances the 
Administration’s Goals

37
Source: NREL, May 2021
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THE DREAM – POLICY PROPOSALS
OPPORTUNITIES TO REESTABLISH DOMESTIC 
MANUFACTURING CAPACITY 
A NEED FOR LONG-TERM VISION TO SECURE 
STRATEGIC INDUSTRIES—SUCH AS PV 

▸ A Combination of Policy Tools will be necessary to „spur“ private 
Investment across the full PV Supply Chain AND sustain a US Solar 
Manufacturing Industry 

▸ Production Tax Credits-for all Segments of the Supply Chain 

▸ 48C Manufacturing Capacity Investment Tax Credit 

▸ Federal Procurement—not Domestic Content (incompatible to WTO), but 
e.g. CO2 footprint 

▸ Increased Federal R&D Investment 

▸ ITC Extension

38



CONCLUSIONS & 
OPPORTUNITIES

SUMMARY
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SUMMARY & CONCLUSIONS

▸ It isn’t too late, we do’t need a revolutionary, new Technology; but 

▸ The Window of Opportunity is closing fast 

▸ It is challenging to compete with China/SE Asia on established, 
commoditized c-Si Technology (p-type PERC), instead 

▸ We need to focus on, and accelerate deployment of advanced, 
low-cost, highest Efficiency c-Si Technologies (n-type IBC, HJT, 
TOPCon, BJ) and TF PV Technologies 

▸ Long-term, consistent Policy is a Necessity to establish 

▸ A domestic Market big enough to entice Investment at all 
Levels of the Supply Chain, and to 

▸ Enable sustainable domestic Manufacturing

40
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