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Abstract: Over the last two decades, grid-connected solar photovoltaic (PV) systems have increased
from a niche market to one of the leading power generation capacity additions annually. In 2018,
over 100 GW of new PV power capacity was added. The annual PV capacity addition in 2018 was more
than the total cumulative installed PV capacity installed until the mid of 2012. Total installed PV power
capacity was in excess of 500 GW at the end of 2018. Despite a 20% decrease in annual installations,
China was, again, the largest market with over 44 GW of annual installations. Decentralized PV
electricity generation systems combined with local battery storage have substantially increased
as well.

Keywords: renewable energies; photovoltaic (PV); energy challenge; policy options; technological
development; market development; battery storage

1. Introduction

The urgent need for a de-carbonization of the power sector was stressed again during the 24th
session of the Conference of the Parties (COP24) meeting in Katowice, Poland in December 2018.
In 2015, the average CO2 emission per kWh of electricity was about 506 g globally [1]. The World
Energy Outlook 2017 New Policy Scenario of the International Energy Agency (IEA) predicts that those
emissions should decrease to 325 g CO2/kWh by 2040. The situation looks somewhat better in Europe.
There, the emissions per kWh of electricity should decrease form 344 g CO2/kWh in 2016 to roughly
150 g CO2/kWh in 2040. However, such a decrease is still not sufficient for the necessary reduction of
CO2 emissions. To honor the Paris Agreement, a maximum of 65 g CO2/kWh is allowed [2]. The only
scenario that meets this requirement is the Sustainable Development Scenario. Under this scenario the
emissions from electricity production in Europe have to decrease to 45 g CO2/kWh.

The crucial role of solar photovoltaics (PVs) to achieve this goal in a cost-effective manner was
outlined in a number of 100% renewable energy source (RES) scenarios. Solar PV power generation has
the potential to increase from about 600 TWh (2.4%) in 2018 to 6300 TWh (22%) in 2025, and surpassing
40,000 TWh (up to 70%) in 2050 [3]. To achieve such ambitions, the corresponding PV power capacities
have to increase from slightly more than 500 GW at the end of 2018 to more than 4 TW by 2025, and to
21.9 TW by 2050 world-wide. This requires a growth of the annual market from slightly over 100 GW
in 2018 to a few hundred GW thereafter.

Over the last two decades, the growth dynamics of PV deployment has changed from government
driven incentive programs to market driven investment decisions. Besides the financial aspects and
changing political framework conditions, the rapid growth was made possible by thorough technology
achievements. Major achievements in material and solar cell research, and progress in manufacturing
technology, have made the transition possible. Environmental and health concerns over the use of
fossil energy sources, the increased volatility and upward pressure of fossil energy prices, and the
commitment of many countries to the Paris Agreement are all adding momentum to it.
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2. Photovoltaic Solar Cell Production

Reports of global solar cell production in 2018 vary between 110 GW and 120 GW. As more and
more companies go private, manufacturing data collection gets more complicated. In addition, there is
no common reporting format. Only a few companies report production figures, whilst others report
shipment or sales figures. This explains the considerable uncertainty in this data.

Manufacturing data for this communication were collected through public stock market reports,
commercial market reports, as well as through personal contacts. The different data sets were then
compared, and this resulted in an estimate of 113 GW produced in 2018 (Figure 1). This corresponds to
an annual increase of about 7% compared to 2017.

Production Statistics Uncertainties:

• Solar cell or thin film module production data are reported by a few companies only.
• Products in stock, but produced in the previous year, can be included in shipment data.
• The report of “solar products” in the shipment figures, which is often used, in general does not differentiate

between the different products like wafers, cells, or modules.
• The risk of double counting has increased with the major uptake of original equipment manufacturing (OEM).
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Figure 1. World photovoltaic (PV) cell/module production from 2005 to 2018.

Solar system hardware prices have declined by over 80% over the last two decades. Over the
last 10 years the Levelized Cost of Electricity (LCoE) benchmark has decreased by over 75% to USD
69/MWh. These developments were made possible by the rapid increase of countries embracing
solar energy, and the rapid growth of the PV manufacturing industry in China after 2005. However,
the consequence was not only a massive market growth, but a severe price pressure, which resulted in a
major consolidation in the PV manufacturing industry [4]. Despite a significant number of bankruptcies
and low profit margins in the manufacturing part of the PV value chain, there is a significant number
of new market entrants.

One of the fastest growing companies is Tongwei Solar. The company was set up just six years
ago in 2013 as part of the Tongwei Group. The latter is a private company that has its core business
in agriculture and new energy. In 2011, Tongwei Group and the Xinjiang Government agreed on an
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integrated PV strategic cooperation project. This project included the setup of a 50,000 ton solar-grade
polysilicon plant, a 3 GW manufacturing capacity for solar wafers and solar cells, and last but not least,
5 solar power plants. In 2018, Tongwei Solar reported an increase of its annual production capacity to
80,000 tons of polysilicon, and 12 GW for solar cells and solar modules. With a polysilicon production
of about 17,000 tons and solar cell shipments of 3.85 GW, the company has already ranked 6th for both
products in 2017 [4].

Overall, there are still new capacity announcements, which will increase the total manufacturing
capacity significantly. The rational for these expansion plans are the expectations of an annual 40
to 50 GW market in China, a continuation of market growth in India, and new markets in Africa,
the Middle East, and South America. Further manufacturing cost reductions are expected through
Manufacturing 4.0 factories, improved solar cell efficiencies, and reduced material consumption along
the whole cell and module manufacturing process. PV manufacturers with older production equipment
are suffering the most as they have to compete with new entrants, which have the advantage of a lower
manufacturing capital expenditure (CAPEX) and higher efficiency products. For example, CAPEX in
2018 for a polysilicon plant with an annual production capacity of 10,000 tons has decreased by 90%,
compared to the USD 1.5 billion in 2006–2007. Electricity represents about 20% to 40% of wafer and
polysilicon production costs; therefore, the industry is looking for manufacturing sites with the lowest
costs. This can be seen in China. The country’s northwestern and southwestern regions have attracted
major investments in new manufacturing plants for polysilicon and wafers due to the fact that power
prices can be up to 90% lower than in the Eastern coastal regions [5].

The overall number of jobs in solar photovoltaic electricity will significantly increase in line
with the expanding PV markets. However, most of the jobs will be downstream in the value chain.
The main reason for this development is the increasing implementation of manufacturing 4.0 with a
low workforce for solar cell and module manufacturing.

3. Solar PV Electricity generation and Markets

Since 2009, the weighted benchmark levelized costs of electricity (LCOE) for non-tracking
crystalline silicon PV systems has decreased from about USD 225/MWh in the first half of 2009
to USD 60/MWh in the second half of 2018 [6,7]. This corresponds to a reduction of almost 75% over
the last decade.

Actual electricity generation costs from photovoltaic systems depend on various factors like solar
radiation, type of system, fixed operation and maintenance (O&M) costs, as well as finance conditions,
which can differ significantly from country to country. In the second half of 2018, the range of LCoE for
non-tracking systems varied between USD 38/MWh and USD 147/MWh, and between USD 41/MWh
and USD 83/MWh for 1-axis tracking systems [7].

The prices for Power Purchase Agreements (PPA) can be even lower, especially in sunnier regions
of the world with low financing costs. An example of the importance of stable and low-cost financing
conditions is the result of the PV tender in Senegal, where the projects will be financed under the
International Finance Corporation (IFC)-backed Scaling Solar initiative [8]. In April 2018, Senegal’s
Commission de Régulation du Secteur de l’Electricité (CRSE) announced the tender results to build
two 60MW solar PV plants. The winning bids were EUR 38.026/MWh and EUR 39.83/MWh (USD
43.28/MWh and USD 45.33/MWh).

Despite a decrease of investments in solar energy to USD 130.8 billion (−24%), the annual
installations modestly increased, by about 10%, to 109 GW in 2018 (Figure 2) [9]. The reasons for the
decline were the lower capital costs for solar photovoltaic systems on the one side, and a decline of the
PV installations in China by roughly 20%, compared to 2017, on the other side.

Most, but not all, market analysts expect a larger growth rate in 2019. New installations are
forecasted to be between 107 GW and 140 GW [9,10]. The IEA’s Renewable Energy Market Report 2018
forecasts a new photovoltaic power capacity between 575 and 720 GW that will be installed globally
between 2018 and 2023 [11].
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Market Statistics Uncertainties:

• Some statistics report system hardware installations, others report the actual connection to the grid or
the start of electricity delivery. Missing grid capacities or administrative reasons have a major impact on
the later.

• The installation figures in this communication report the physical installation of the PV system.
• Capacity figures can either be reported in nominal DC peak power (Wp) under standard test conditions

(1000 W irradiance, air mass 1.5 light spectrum, and 25 ◦C device temperature) or utility peak AC power.
In some statistics, both capacities are sometimes mixed, e.g., Eurostat.

• PV capacity figures in this communication are nominal DC peak power (Wp) for reasons of consistency.
• Not all countries have official PV capacity statistics, system installations, nor sales statistics.
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Figure 2. Annual photovoltaic installations from 2010 to 2019 (data source: [12–14], and own analysis).

At the end of 2018, China was home to roughly one-third of global installed PV capacity (about
180 GW). The European Union was second with about 23% (or 117 GW), followed by the United States
of America with 12% (or 63 GW) (Figure 3).

Africa: Africa has vast solar resources, and the electricity generation from solar photovoltaic
systems can be twice as high in large parts of Africa compared to Central Europe. Despite these
advantages, solar photovoltaic electricity generation is still limited. Solar home systems (SHS) or solar
lanterns were the main applications until the end of the last decade. The statistics for these applications
are extremely imprecise, or even non-existent. Major policy changes have occurred since 2012, and the
number of utility-scale PV projects, which are in the planning or realization stages, have increased
considerably. In 2018 about 1.6 GW of new PV capacity was installed. The main markets were Egypt
(>600 MW), Algeria (>200 MW), and Rwanda (180 MW).

Total African (documented) operational PV power capacity was close to 4.5 GW by the end of
2018. For 2020, the targeted capacity is currently in excess of 10 GW.
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Figure 3. Cumulative photovoltaic installations from 2010 to 2019 (data source: [12–14], and
own analysis).

Asia and Pacific Region: Despite the 20% decrease in new photovoltaic electricity system
installations in China, the market remained almost stable due to significant market increases in
Australia, India, and South Korea, as well as market uptakes in a number of countries in the Middle
East and Southeast Asia. With over 44 GW, China was, again, the largest market, followed by India
with almost 11.7 GW, Japan with over 6.7 GW, and Australia at 3.8 GW. For 2019, a slight increase to
about 80 GW could be possible under stable policy conditions.

European Union: On 14 June 2018, the negotiators from the Commission, the European
Parliament, and the Council reached a political agreement regarding the increase of renewable energy
use in the European Union [15]. The new, renewable energy target for the EU for 2030 was set at 32%.
However, this target is only binding for the EU as a whole, not on Member State levels. The revised
renewable energy directive, which included a review clause by 2023 for an upward revision of the
EU-level target, was published on 21 December 2018 [16].

After its peak in 2011, when PV installations in the EU accounted for 70% of worldwide
installations, six years of market decreases and stagnation followed [17]. This trend was finally
reversed when the PV market in the European Union increased almost 50%, from about 6 GW in 2017
to 8.8 GW in 2018. The increase was due to stronger than expected markets in Germany (3.1 GW),
the Netherlands (1.4 GW), France (>1 GW), and Hungary (>0.5 GW).

In November 2018, the European Commission published its Vison for 2050, A Clean Planet for All,
which outlined that the use of renewable energy sources has to exceed 60% by 2050 to reach an average
increase of 1.5 ◦C, or net zero emissions [18]. To meet the EU’s new energy and climate targets for 2030,
Member States were required to prepare and submit by the end of 2018 a National Energy and Climate
Plan (NECP) for the period from 2021 to 2030.

Americas: Markets in North and South America increased by over 25% and added about 17.5 GW
of new solar photovoltaic power in 2018. The three largest markets were the USA (11.4 GW), Mexico
(2.5 GW), and Brazil (1.5 GW). The number of countries embracing solar photovoltaic energy in Central
and South America is increasing, and six countries had a PV market larger than 100 MW in 2018.
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4. Conclusions

There is a general consensus amongst investment and energy analysts that solar photovoltaic
energy will continue to grow faster than the overall energy demand in the coming years. Various
industry associations, as well as Bloomberg New Energy Finance (BNEF), the European Renewable
Energy Council (EREC), the Energy Watch Group with Lappeenranta University of Technology (LUT),
Greenpeace, and the International Energy Agency have all published scenarios showing the possible
growth of PV power capacity [19–23]. In Table 1 the numbers of the different scenario studies are
compared. An interesting development can be observed looking at the IEA scenarios, which show a
significant increase from the 2016 to 2018 scenario. However, IEA expectations are still at the lower end.

Table 1. Projected evolution scenarios of the world-wide cumulative solar electrical capacities
through 2040.

Year 2018
[GW]

2020
[GW]

2025
[GW]

2030
[GW]

2040
[GW]

Actual Installations 516 - - - -
Greenpeace (reference scenario) - 332 413 494 635

Greenpeace (advanced [r]evolution scenario) - 844 2000 3725 6678
LUT 100% RES Power Sector - 1168 3513 6980 13,805

BNEF NEO 2018 - 759 1353 2144 4527
IEA New Policy Scenario 2016 - 481 715 949 1405
IEA 450 ppm Scenario 2016 * - 517 814 1278 2108

IEA New Policy Scenario 2018 * - 665 1109 1589 2540
IEA Sustainable Development Scenario 2018 * - 750 1472 2346 4240

Note: * 2025 value is interpolated, as only 2020 and 2030 values are given.

With forecasted world-wide new installations between 270 and 310 GW in 2019 and 2020, only the
100% RES Power Sector scenario for 2020 is out of reach [9]. Global solar electricity production in 2018
was around 600 TWh and could reach 1000 TWh (or 4%) by 2020.
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