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ABOUT THE PROJECT
In the light of the EU 2030 Climate and Energy framework, MUSTEC- Market uptake of Solar
Thermal Electricity through Cooperation aims to explore and propose concrete solutions to
overcome the various factors that hinder the deployment of concentrated solar power (CSP)
projects in Southern Europe capable of supplying renewable electricity on demand to Central and
Northern European countries. To do so, the project will analyse the drivers and barriers to CSP
deployment and renewable energy (RE) cooperation in Europe, identify future CSP cooperation
opportunities and will propose a set of concrete measures to unlock the existing potential. To
achieve these objectives, MUSTEC will build on the experience and knowledge generated around
the cooperation mechanisms and CSP industry developments building on concrete CSP case studies.
Thereby we will consider the present and future European energy market design and policies as well
as the value of CSP at electricity markets and related economic and environmental benefits. In this
respect, MUSTEC combines a dedicated, comprehensive and multi-disciplinary analysis of past,
present and future CSP cooperation opportunities with a constant engagement and consultation
with policy makers and market participants. This will be achieved through an intense and
continuous stakeholder dialogue and by establishing a tailor-made knowledge sharing network.
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1. INTRODUCTION
Ten years ago, concentrated solar power (CSP) was a technology that most people did not know of.
No new capacities had been built for more than 15 years, and only 9 installations with a total of 350
MW installed capacity existed: the Californian SEGS stations, built in the late 1980s (NREL, 2017).
The main solar power competitor – solar photovoltaic – was however also in its infancy, with 6600
MW installed, most of which in cloudy Germany (EPIA, 2014). Given the clear cost advantage of CSP
and the option to equip CSP with thermal storage and produce dispatchable electricity also after
sundown, the scales were deemed to tilt toward CSP and away from PV. In the early 2000s, new CSP
stations were expected to cost the same or less than the last SEGS station, some USD1 0.25 per kWh
or so (Pitz-Paal et al., 2004). At this time, CSP was expected to be the by far cheaper of the solar
power technologies, 33-50% cheaper than PV (e.g. the German feed-in tariff (FIT) was USD 0.380.48 per kWh, or EUR2006 40-52 per kWh).
In 2007, the first new CSP projects – PS10 (Spain) and Nevada Solar One (US) – came online,
triggered by the introduction of new support schemes. In 2008, a downright CSP hype broke out,
and most of the rapidly increasing number of CSP researchers, including me, expected a rapid
expansion of CSP, both for domestic use in desert countries around the world and for export to
neighbouring regions without deserts within their border (see section 4.1). One key to this was the
high cost of PV, leaving CSP the technology with the best technological outlook. Strong learning
effects were expected to maintain this competitive advantage against PV and bring CSP down costs
to USD 0.10-0.15 per kWh by the mid 2010s and to USD 0.05-0.10 per kWh by 2020 (see section
4.3). This cost expectation was adopted as the US government’s official CSP target for 2020 – USD
0.06 per kWh for a new stations – in its SunShot R&D programme (DOE, 2012).
Starting in 2005, the German Aerospace Centre (DLR) published its three CSP studies (Trieb, 2005,
2006, 2007), financed by the German Ministry for the Environment. These studies were later to be
publically known as the Desertec studies (Club of Rome, 2008; Trieb and Müller-Steinhagen, 2008).
With the publication of the DLR studies, the idea of large-scale CSP expansion in deserts for largescale exports of dispatchable CSP to Europe gained political traction in Europe, and especially in
Germany, which was rapidly expanding renewables through its Energiewende policies. In 2009, the
Desertec Foundation was founded, with the aim to support policies for imports of 100 GW
dispatchable CSP from MENA to Europe by 2050 (Club of Rome, 2008; Desertec, 2009). The Desertec
idea was pushed further by the foundation of the Desertec Industrial Initiative (Dii) in 2009, a joint
venture of a number of large, mainly European industrial companies, electricity producers and
financial institutions (Dii, 2009, 2010). Desertec was politically institutionalised by the launch of the
European Union’s Mediterranean Solar Plan in 2008, foreseeing the construction of 20 GW of new
renewable generation capacity in the Mediterranean basin by 2020, of which 10-12 GW CSP, and

1

Throughout the text, we use deflated USD2017, unless stated otherwise.
Lilliestam (2018): Whither CSP?

9

increased transmission between the southern and northern shores (Paving the Way, 2012; Richter
et al., 2009; Schellekens et al., 2011; UfM, 2013).
In this euphoria, potential problems, including the harsh desert climate, the vast distances between
desert generation sites and consumption regions or the absence of water for cooling in the desert,
were widely seen as easily solvable through technical means, especially high-voltage direct current
(HVDC) power lines and dry cooling. Instead, the political will to expand CSP and, especially in the
case of Europe, the Middle East and North African (MENA) case, the political capacity for the
necessary international cooperation were identified as main obstacles for CSP (Battaglini et al.,
2010; Club of Rome, 2008; Damerau et al., 2011; DOE, 2012; Hinkley et al., 2011; IEA, 2010; IEAETSAP and IRENA, 2013; Lilliestam et al., 2012; Patt et al., 2013; Schellekens et al., 2011; Schellekens
et al., 2010; Trieb, 2004; Trieb et al., 2009b).
This political and industrial optimism regarding CSP in the late 2000s triggered a large increase in
CSP research: of all 4400 CSP-related articles indexed in the Web of Science, 90% were published
after 2009, but the increase has stagnated since 2014, coinciding with the demise of Desertec and
a decrease of policy attention in Europe and the US (see Figure 1). Despite the growth in
publications, CSP remains a minor topic: a search for “photovoltaic”, for example, results 75,000
articles published after 2009.
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Figure 1: Publication record 2000-2018 (May) for the 3480 articles on with the keywords
“Concentrated solar power” (1340), “Concentrating solar power” (1248) and “Solar thermal power”
(1202); some articles use multiple keywords. The 2018 figure is multiplied by 3, as the publications
were counted on 30 April 2018. Source: Web of science.
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This publication profile suggests that at the time of the hype, and in 2006-2012 when the grand
schemes like Desertec and most of the most-cited scientific papers were written (assuming a 2-3year research-and-publish cycle), there was very little empirical evidence of actual CSP performance
and no empirically observable trends. Only a handful of stations had been built since 1990,
suggesting that some prolific and widely accepted expectations of cost development, and the pace
and mode of the upcoming CSP expansion in deserts with long-distance transmission to demand
centres, were at best weakly underpinned by empirical evidence.
Today, there are over 100 CSP stations in operation or under construction, and experience with over
a decade of technology development and usage, so that it is now possible to analyse the
performance of this technology based on empirical data.
In this article, I take stock of the expansion, cost development, and technological and industrial
trends of CSP over the last decade. I compare this to the expectations raised during the CSP hype in
2005-2012 (section 4) and suggest some reasons why these were or were not met (sections 5-8).
The main focus of this paper is an analysis of recent developments in the CSP sector, especially for
the period 2016-today, acknowledging that the period up to 2016 was analysed in Lilliestam et al.
(2017) and Lilliestam et al. (2018), based on an older version of the same dataset. I assess events
and trends and their effect on expansion (section 5), the cost development of global and regional
CSP fleets (section 7), and on the CSP industry (section 8). In section 9, I summarise the findings and
draw conclusions about the status and outlook for the continued expansion of CSP, showing that
for the global expansion of CSP, the outlook is better than ever and the technology may well stand
before its breakthrough, but for the incumbent CSP industry and especially the European industry,
the outlook is bleak.
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2. DATA
This paper is based on a complete dataset for all CSP stations of 10 MWel or larger in operation and
under construction2. The base for the data is the August 2016 version of the csp.guru dataset, which
we updated with new information during January and May 2018. The new data is valid as for 15
May 2018 (csp.guru, 2018). We publish all data on www.csp.guru in its original format, converted
to USD2017 and EUR2017 with the average exchange rate in the year each project became
operational (US Forex, 2018), except for Morocco, for which we use the exchange rate of 31
December of each year (CurrencyConverter, 2018), and GDP deflators from the World Bank; for
projects under construction, we based the currency conversion on 2017 values.
For all analyses, I use data for operational stations and projects under construction. In this, the data
for the operational stations should be considered reliable (see Lilliestam et al. (2017) for an
uncertainty analysis), whereas the data for stations under construction is less certain and may be
subject to change as the projects materialise. In particular the expected completion date for project
under construction is uncertain as projects are often delayed; for example, China recently prolonged
the completion deadline for projects under its support policy by two years, to end of 2020
(SolarPACES, 2018). As with the previous version of the dataset, all data points are, directly or
indirectly, taken from companies involved in each project.
I include data for some stations under development in the dataset, but do not include these projects
in the analysis, as their data and cost figures are uncertain, as are their chances of realisation: for
example, IEA-ETSAP and IRENA (2013) identified 20 GW in construction or under development in
2012; of this, only 10% was operational in 2018. Similarly, Mehos et al. (2009) report 16 projects,
amounting to 4.8 GW, as “under contract” – but only 3 projects (575 MW) were realised, some of
which only partially.

2.1. Empirical CSP project data
The data is identical to the August 2016 csp.guru data, except where new sources indicate that the
data has changed. As with the previous version, we based our expansion on the SolarPACES
database (NREL, 2018b) from which we took the initial list of additional projects. In addition, we
based the list of Chinese stations on the data released for the feed-in tariff scheme and on output
from CSP plaza (2018a); whereas this source is one of the few that publishes data on Chinese
projects, it also publishes detailed and timely news updates on projects outside of China. Further,
2

We also include the Danish CSP hybrid station Brønderslev although it is probably smaller than 10 MWel,
but as this station seems to be mainly used for district heat generation, there is conflicting information
about its solar share and its electric output.
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we used data from other CSP news portals, including CSP Today and HeliosCSP, or more general
renewables or energy portals, such as NewEnergyUpdate or Bloomberg. In many cases, we also filled
in or confirmed single data points with data directly from the companies involved in the projects.
The DNI values were updated compared to the previous version and all now come from the same
source (SolarGIS, 2018).
The coverage of the new data set is higher than in the past version: for operational stations and
those under construction, we cover 100% or almost 100% of the basic data (e.g. collector
technology, capacity, storage size, developer, owner), 92% or more of economic data (e.g.
investment cost, expected generation; allowing for basic LCOE estimates), and 84% of support
scheme data (e.g. remuneration level, duration).
We use the data as taken from the sources as described above without changes or modifications,
except in a few cases.
The three stations ISCC Dadri, ISCC Duba and Ashalim B are stated to become operational in 2017,
but they were not. We changed their planned operational date to 2018, without having specific
support for this new date. The Chilean station Atacama I (Cerro Dominador) is defined as “under
development”, as construction was halted in 2016 with more than 50% of the station finished,
following Abengoa’s financial difficulties. In May 2018, the new owner EIG signed a deal with a
financing consortium for the finalization of the station. Construction had not yet been restarted,
although the first PV part was finished in 2017 (Eckhouse and Lomrana, 2017; GS energy, 2017).
The construction of Kogan Creek (Australia, 44 MW hybrid) was cancelled in 2016, “due to technical
and contractual difficulties” (CS Energy, 2016). Agua Prieta (Mexico, 14 MW hybrid) was opened in
2017, but then appears to have closed again because it lacked building permit (Mexico daily, 2017);
the EPC Abengoa still lists this project as “under construction” (Abengoa, 2018). Both were removed
from the database. The Stillwater hybrid station was only 2 MW electric and was incorrectly included
in the previous version; we have removed it from the updated data.
SolarPACES reports that SEGS I and II are “currently non-operational”, but does not give a reason or
any indication of how long “currently” is planned to be (NREL, 2018a). We keep SEGS I and II in the
database as, irrespective of their current status, they mark the initial point of the CSP track record.
For some projects, the location was updated as the old coordinates were incorrect, such as Megha
(India). For a few new stations under construction (Yumen Xinneng, Qinhai Gonghe, Rayspower
Yumen, Urad Middle Banner, Gansu Akesai and Hami), we did not find exact coordinates but instead
use those of the nearest city; the listed DNI is for these cities.
For the Chinese projects under construction, the naming of stations is inconsistent across sources.
Here, we rely on statements from the Chinese FIT programme and on CSP Plaza, but naming is
inconsistent even across documents from the same source. For example, various sources mention
a “Shenzhen Jinfan Akesai” power plant, but it is not in the official list of projects under the FIT, and
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the owner and all technological characteristics are the same as Gansu Akesai, so we assumed it is
the same station. The set of Chinese projects in the current version is consistent with the most
recent progress report of the first batch of CSP projects (CSP Plaza, 2018b) and numerous other
sources. To the best of our knowledge, the list of Chinese stations is complete, but we cannot rule
out that single further projects exist under names that we were unable to find.
Further, the status of the Indian stations Abhijeet, Diwakar and KVK is unclear: they should have
been finished several years ago, but we could find no indications that they were in fact completed.
On the other hand, we found no statements that the projects had been abandoned. We know that
several Indian projects encountered difficulties, among others because the DNI measurements were
incorrect (Sunderasan, 2015; Thakkar, 2014), but we do not know their current status with certainty.
We list these projects as “under construction”, but expecting that one or several may have been
abandoned. We list Gujarat Solar One as operational, despite having contradictory information of
its current status; we consider it unlikely that reports that the station has gone online are incorrect,
as this is a very clear event that is difficult to misinterpret or misunderstand.
In all cases, we include the support level (either feed-in tariff (FIT) or power purchase agreements
(PPA)) as the nominal value in the database. We have not included information of whether this is
inflation or exchange rate adjusted, but given the lack of information on this, we expect that such
arrangements are very uncommon, if they exist at all. However, we have also not included
information of time-of-day dependence of support payments but have some information on this. In
South Africa, KaXu, Khi and Bokpoort do not have a time-of-day bonus, whereas the others receive
higher payments during peak hours (Relancio et al., 2016). For two projects under development
(and hence included in the data but not in the analyses), the PPA for DEWA IV (Dubai) is valid from
4 pm-10 am, whereas the PPA for Aurora covers only 125 MW of the total 150 MW (Lilliestam and
Pitz-Paal, in review).
We estimated the power production of Ashalim A based on average power consumption per
household in Israel and the stated supplied households from Abengoa.
We changed the capacity of the Supcon solar project to 50 MW, as it appears that the first phase
(Supcon Phase 1) is an additional 10 MW to this apparently 50 MW project, costing the full 750
million RMB. Similarly, we changed the costs of Borges Termosolar to €153 million following
comments received on the previous csp.guru dataset.

2.2. Costs and expansion expectations
For the analysis of past expectations for CSP, we gathered scenario data for global CSP expansion
and/or cost projections from 1999-2017 (see Table 1). We excluded scenarios only looking at CSP
expansion in a particular region, as we are interested in the expectations on CSP as a technology,
and not on its role in a specific geographic context. In total, we identified 26 global CSP scenario
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studies, most of which were published 2009-2011 (see Table 1); unless specified otherwise, all
statements regarding expectations refers to this whole set of scenarios. We did not manipulate this
data, but we did linearly extrapolate expansion data between data points (typically decadal) so as
to have yearly data series.

Table 1: Data sources for scenarios and projections of future CSP expansion and costs.
(Trieb, 2004)
(Hinkley et al., 2011)
(Hayward et al., 2011)
(IRENA, 2012)
(IEA, 2010)
(IEA, 2014)
(Enermodal, 1999)
(Trieb et al., 2009b)
(Turchi et al., 2010)
(Turchi, 2010)
(Kolb et al., 2011)
(Pitz-Paal et al., 2004)
(EIA, 2010)
(Sargent & Lundy, 2003)
(Lako, 2010)
(Bedilion et al., 2010)
(Hernandez-Moro and MartínezDuart, 2013)
(Viebahn et al., 2008)
(Greenpeace and ESTELA, 2016)
(Greenpeace et al., 2015)
(Greenpeace et al., 2012)
(Greenpeace et al., 2009)
(Greenpeace and EREC, 2008)
(Greenpeace, 2005)
(Greenpeace, 2003)
(IEA, 2008)
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3. METHOD: COST DEVELOPMENT
To assess the cost development of CSP, I describe the development path of the levelised costs of
electricity generation and of the investment costs; when the number of stations is sufficient (here:
³6), I also develop learning curves for the investment cost. I do this both for CSP as a whole and for
different technologies (tower/trough/Fresnel) or storage configurations. I exclude hybrid stations
from the cost analysis as the solar-specific costs and solar share of the expected generation are
often unknown, but include them in the capacity growth analyses. For the LCOE, I base the analyses
on the generation-weighted yearly average costs of all CSP stations that became operational (or is
expected to become operational) in each year. The investment costs are unweighted yearly
averages.

3.1. Learning curves: investment cost development
Learning curves describe how costs develop as a function of cumulated production. Typically,
learning rates are positive, meaning that costs decrease over time, mainly via efficiency
improvements and/or scale effects in manufacturing, construction or in operation and maintenance
level (del Río and Kiefer, 2018; Lilliestam et al., 2018). The learning curve is expressed as

Equation 1

𝑪𝒄𝒖𝒎 = 𝑪𝟎 𝒏𝒃 ,

where Ccum is the cost per unit as a function of cumulative output, C0 the cost of the first unit, n the
cumulative output and b is the experience index; for each doubling of cumulative capacity, the costs
decrease by the learning rate (Neij et al., 2003)
Equation 2

𝑳𝑹 = 𝟏 − 𝟐𝒃 .

I use the damped least-squares method (the Levenberg-Marquardt algorithm) to fit the learning
curves to the empirical data. The data points are the total investment cost for the entire station,
converted to USD2017.

3.2. Levelised cost development
In the policy debate and in most scientific scenarios, the LCOE is often used as a measure of a
technology’s economic performance, and I do so too (in addition to the investment costs and
learning rates). Importantly, the LCOE says nothing about the value or quality of the electricity, for
example its possible function as baseload or balancing power (Mehos et al., 2016; Trieb et al., 2015).
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Nevertheless, LCOE holds more variables than the learning rate – which ignores production
efficiency gains, which may reduce LCOE at the expense of higher investment costs – so that LCOE
remains a key metric to assess how the costs of a technology develops over time; it is also a main
metric for policy-makers and their assessments of which technologies to support. Hence, I use it
here as a complement to the learning rates and the development of investment costs.
The LCOE is calculated as
𝑰𝒕3𝑶&𝑴𝒕

Equation 3

𝑳𝑪𝑶𝑬 =

𝒕
∑𝒏𝒕9𝟏 (𝟏3𝒓)
𝑬𝒕
(𝟏3𝒓)𝒕

,

where It is the annuity on investment expenditures for year t, assuming the same expenditures each
year over the lifetime n (standard assumption: 25 years), O&Mt are the operation costs (1.5% of the
investment cost per year), Et is the expected yearly generation, and r is the weighted cost of capital3
(5%, except where stated otherwise) (Labordena et al., 2017; Lilliestam et al., 2017). The actual
O&M costs are usually lower for larger projects, so that this method may overestimate the costs of
large stations by a few percent (IEA, 2010). This discount rate is relatively low, reflecting the fact
that all stations were built in relatively low-risk economic schemes (feed-in tariffs or long-term
power purchase agreements); the assumed rate is similar to the SunShot studies, which use 5.5%
(DOE, 2012) and 4.4% (Mehos et al., 2016).

3

We use the WACC and the discount rate as synonyms
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4. EXPECTATIONS FROM PAST PROJECTIONS AND STUDIES
4.1. Growth
Common to all scenarios is the expectation that a rapid and global expansion is immanent, spreading
from Europe and the US to emerging countries over time, as the technology matures and becomes
ready for less developed markets.
Across all 14 global CSP expansion studies, the median expected global CSP capacity for 2018 is 23.6
GW (10/90 percentiles: 14-31 GW, see Figure 2), growing to 29 GW by 2020 and 138 GW by 2030
(65-190 GW). Following the optimistic atmosphere at the time, the median expectation exceeds 400
GW (180-880 GW) CSP by 2050; this is comparable to the current European (500 GW) and US (780
GW) peakload (EIA, 2012; ENTSO-E, 2015). In the analysis here, I have excluded baseline scenarios
so that all data refers to scenarios in which CSP is supported and pushed into the market. The
median expected growth is impressive: 2.7 GW/year in the 2010s, corresponding to almost half the
installed CSP capacity in 2018, increasing to 12-15 GW/year from 2025.
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Figure 2: Projected global CSP expansion from 14 studies (27 scenarios) published 2003-2016.
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In most projections, CSP grows rapidly and immediately in all desert regions. In the IEA (2010)
scenario, for example, many desert countries reach 5% CSP share by 2020, and regions without
domestic or nearby solar sites also see first CSP imports before 2020: the US outside the southwest
and Europe import CSP to satisfy 3% and 1%, respectively, of their 2020 electricity demand. By midcentury, sunny countries like Australia, Chile, South Africa and Mexico satisfy 40% of their electricity
consumption with CSP. Because CSP is widely perceived as ready for deployment, this expansion is
expected to start immediately, after the rapid “adoption of suitable incentives for CSP in sunny
countries” (IEA, 2010; Mehos et al., 2009; Trieb, 2006; Trieb et al., 2009a).
This expansion was expected to happen on the very best sites in all deserts, especially in the US,
Middle East, India and Africa (Greenpeace et al., 2009; IEA, 2010). Indeed, the potential for CSP is
so large that most models and potential assessments exclude sites of less than 2000 kWh/m2/year
direct normal irradiance (DNI; e.g. (Greenpeace and ESTELA, 2016; IEA-ETSAP and IRENA, 2013;
IRENA, 2012; Labordena et al., 2017)). Others set the threshold even higher (e.g. 2200 kWh/m2/year
in (Mehos et al., 2009); this study still finds the potential in the US alone to be 27,000 TWh/a, or
135% of the global electricity demand.

4.2. Technology choices
Three different types of CSP technologies are ready for commercial deployment: parabolic trough,
power tower and Fresnel (technologies described in order of decreasing technological maturity).
These have largely the same properties in terms of storage possibilities and power blocks and differ
mainly in the temperature of the collected solar energy and the way they collect it: through long
parabolic mirrors (trough) or several flexible flat mirrors on a single axis (Fresnel), or through a large
number of individual flat mirrors aimed at a central receiver (tower) (IEA, 2010). Past studies agree
that the trough technology is the most mature, but towers are often seen as likely to catch up and
perhaps surpass troughs as the dominant technology, because of their higher temperatures and
lower parasitics, especially for high solar multiples and large storages, leading to higher efficiency
(Trieb et al., 2015). Fresnel is interesting especially because its long flat mirrors are simpler, and
potentially cheaper, to manufacture and operate than parabolic trough mirrors or the myriad of
heliostats of tower stations (IRENA, 2012). In addition to an anticipated shift away from troughs, a
development to larger units is expected, so as to trigger economies of scale and reduce costs O&M
(IEA, 2010).
The key advantage of CSP over other renewables is that it can be equipped with thermal storage
and produce power on demand (IEA, 2009). A common finding then, and still today, is that wind
power and PV may be cheaper on an LCOE basis, but CSP can produce a higher and more valuable
quality of power; even with continued radical learning in the PV and battery fields, CSP will likely
remain the cheapest dispatchable renewable option for at least a decade (Jorgenson et al., 2014;
Mehos et al., 2015; Mehos et al., 2016; Schmidt et al., 2017). Although the expectation that CSP
Lilliestam (2018): Whither CSP?
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stations can be made fully baseload capable (e.g. (Richter et al., 2009; Trieb, 2005, 2006)) has been
disproven – only a fleet of dispersed, interconnected stations with large storages can, and not in all
deserts (Labordena and Lilliestam, 2015; Pfenninger et al., 2014) – its dispatchability is “what makes
CSP unique” and potentially attractive (DOE, 2014; Lilliestam et al., 2018). Some researchers have
shown that adding storage to a CSP configuration hardly affects the LCOE, as the utilisation of
components increases with the higher capacity factor (Khosla, 2008; Lilliestam et al., 2012; Mehos
et al., 2016), suggesting that this is its specific market niche: by adding storage, it seems possible to
increase the market value of CSP without increasing its LCOE. Hence, there is an expectation that
CSP will be equipped with increasingly large storages at an increasing rate to leverage this
competitive advantage (Club of Rome, 2008; DOE, 2012; Trieb, 2006; Trieb et al., 2009a).
The unavailability of water in arid regions for washing mirrors and – especially – for cooling is
frequently named a serious obstacle for CSP expansion. Hence, the general expectation is that CSP
must rely on dry cooling to be feasible. Indeed, numerous studies suggest that the additional cost
of dry cooling is small, and often over-compensated as the technology allows CSP to be built in drier
and sunnier places (Bracken et al., 2015; Carter and Campbell, 2011; Damerau et al., 2011; DOE,
2012; Patt et al., 2013; Pitz-Paal et al., 2004; Trieb et al., 2015).
Because of the long distance between good generation sites in deserts and the large cities, HVDC
was expected to play a main role in CSP expansion, connecting remote desert sites to the large
demand centres (e.g. (IEA, 2010; IEA-ETSAP and IRENA, 2013; Lilliestam et al., 2012)). Hence, for CSP
to take off, “it is especially important to build a network of HVDC lines to transmit electricity from
CSP stations in sunny regions to less sunny regions with large electricity demand” (IEA, 2010; Trieb
et al., 2015; Trieb et al., 2016). In many cases, international (e.g. Europe-MENA) or regional (southwestern – north-eastern US) trade was seen as a prerequisite for large-scale CSP. Especially in
Europe, where CSP was (and still is) often viewed through Desertec lenses, large-scale CSP is
generally discussed as an option for which very long HVDC lines crossing both the Sahara and the
Mediterranean Sea are necessary (Hess, 2018a, b; Schellekens et al., 2011; Trieb et al., 2015; Williges
et al., 2010). There, it was also widely expected that CSP will be expanded in international
cooperation schemes, especially between EU and Maghreb countries. These deals would take the
form of a fixed price, either through a case-specific and long-term PPA deal between countries or
through the inclusion of imported solar power in national (importer country) feed-in tariffs (IEA,
2010; Schellekens et al., 2010).

4.3. Cost
Past CSP scenarios expected that CSP would approach cost competitiveness for peak load in the late
2010s: the mean expected LCOE was USD 0.13 per kWh in 2015, and USD 0.07 per kWh in 2020 (see
Figure 3). All scenarios level out at USD 0.03-0.08 per kWh by 2040-2050, with an average of USD
5.5 per kWh. The SunShot 2020 aim (USD2012 0.06 per kWh by 2020) is thus about the same as the
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2050 expectation; yet, SunShot reports that than half the targeted cost reduction had been achieved
in 2013 (SunShot, 2015), and that in 2015 a new CSP tower station would cost USD2015 0.12 per kWh
(Mehos et al., 2016).

Figure 3: Historical projections of CSP LCOE (for 2010-2050). Note that the scale is in Euro. The 2015
EUR/USD exchange rate was 1.11.

To achieve such LCOE reductions, both high learning rates and rapid growth are needed. In most
studies, CSP learning rates of 10% are considered realistic (e.g. (Greenpeace et al., 2009; HernandezMoro and Martínez-Duart, 2013; IEA, 2010, 2014; IEA-ETSAP and IRENA, 2013), with deviations from
7.5% (Lako, 2010) to 15% (Hayward et al., 2011; Williges et al., 2010). This is within the range of the
few empirical studies available for CSP – time series based exclusively on the costs of the SEGS
stations – which estimated 10%±5% (Neij, 2008). As investment costs, other than LCOE, vary greatly
depending on the storage size, it is not meaningful to describe “the investment cost” of CSP; most
scenarios expect long-term investment cost decreases by ¼-1/3 by 2020 and ½ by 2050 compared
to their various “today” dates.

4.4. Industry and jobs
A main argument for the expansion of CSP has been (and remains) the large number of new jobs
and the future-oriented new industry that may arise from CSP industry development, especially for
the developing regions in MENA (Lilliestam and Patt, 2015) and for Europe (Caldés et al., 2009).
Economic and industrial development in North Africa was part of the rationale for both the
Mediterranean Solar Plan and Desertec (Desertec, 2009; Lilliestam and Hanger, 2016); grants under
South Africa’s tendering scheme are based to 30% of the local economic development, especially
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job-creation and local manufacturing (del Río, 2016; Eberhard, 2014). For this reason, the jobcreation of projects is regularly disclosed in the SolarPACES database (NREL, 2017).
The expected gross job-creation is substantial: Greenpeace et al. (2009), for example, expects
13,000-200,000 CSP jobs by 2020 and 1.2-2 million jobs by 2050, whereas SunShot expects the
permanent CSP workforce in the US to grow from 4500 in 2010 to 63,000 in 2030. Of these jobs,
about 1 job/MW is permanent in O&M whereas the rest is temporary during the construction phase
(DOE, 2012). Komendantova and Patt (2014) expected 0.7-1.5 direct jobs (planning and
construction) and 1.3-4.6 indirect jobs (materials and component manufacture) per MW CSP built
in North Africa, with the lower and upper ranges representing 100% and 0%, respectively,
manufacturing done in North Africa. Trieb et al. (2015) find, through meta-analysis of several
empirical studies for South Africa and MENA, that the direct employment during component
manufacturing is 4 jobs/MW, 10 jobs/MW in construction, and 0.8 jobs/MW in O&M. With an
expected expansion pace of on average 5 GW/year 2010-2030, this would correspond to about
70,000 permanent jobs in manufacturing/construction and 75-93,000 permanent O&M jobs by
2030.
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5. GLOBAL CSP EXPANSION
5.1. Market development and capacity growth
In May 2018, 84 CSP stations larger than 10 MW were operational in 11 countries, with another 23
projects (including 3 hybrids) under construction in 7 countries (see Figure 4).

7Uough oS. (67)
7oweU oS. (8)

)Uesnel oS. (3)
7Uough Fon. (10)

8.6. (15 oSeUating)

7oweU Fon. (8)
)Uesnel Fon. (1)

6Sain (48 oSeUating)

Figure 4: Locations of the 84 operating CSP stations (including 6 hybrids) and 22 of the 23 stations
under construction (including 3 hybrids); 1 Chinese project under construction is missing, as I found
no coordinates.

The global operational CSP capacity was 5.2 GW (see Figure 5), up from 490 MW 10 years earlier,
with an expected generation of 14.3 TWh/a, and with another 1.7 GW currently (May 2018) under
construction. The current CSP fleet is less than ¼ of the 23.6 GW expected in past projections, and
the expansion pace remains less than ¼ of that expected, but the technology continues to grow,
albeit slowly.
The CSP expansion happened in four distinct phases, each characterised by a geographical scope, a
particular policy setting, and with distinct changes in the industry structure.
In the first phase, the 9 SEGS stations were built in the Californian desert by the company Luz in
1984-1990, under PURPA, a PPA scheme based on avoided costs (which in California included
external costs) of additional fossil fuel generation. As the natural gas price fell in the late 1980s, the
PURPA tariffs fell too, and in the aftermath of this, Luz failed to finance further projects under
construction and went bankrupt in 1992. This halted further CSP construction in the US, but the
SEGS stations remained operational, and operate still today4.

4

SolarPACES reports that SEGS I and II are currently non-operational (see section 2.1).
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The second phase was triggered as the Spanish government instated a feed-in tariff (FIT) for CSP in
2007. This policy led to a period of rapid CSP expansion in Spain (2007-2013), leading to 2.3 GW
installed capacity over 7 years. As the Spanish feed-in tariff was limited to ≤50 MW stations,
operators often split larger stations into 50 MW independent units, inflating the number of Spanish
stations: 49 of the currently operational 84 stations are Spanish (del Rio et al., 2018; Lilliestam et
al., 2014; Martìn et al., 2015; Xu et al., 2016). Under this scheme, a whole new industry of European,
primarily Spanish and German, manufacturers and developers was built up. All were initially
unexperienced with CSP – no new station had been built anywhere in the world for 17 years – but
they rapidly gained experience, and all Spanish projects were set up by European developers, built
by European EPCs using European CSP-specific components. The Spanish phase came to an end as
the government cancelled the FIT scheme in late 2012 and expansion stopped - the last stations
came online in 2013 – but the industry remained and kept a dominant, but weakening, position until
the present day (see section 7).
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Figure 5: Global CSP capacity operational (1984-2018), and CSP stations under construction (20182020). The 2018 point includes all stations that became operational between January and May 2018
(Kathu, 100 MW, South Africa; Noor II, 200 MW, Morocco) and the 1000 MW still under construction
with planned operational date during 2018.
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The third phase, 2013-2016, saw a shift in expansion away from Spain to a range of different
countries, including a shift back to the US but also to emerging countries such as South Africa,
Morocco and India. This phase is characterised by a change in policy setting from a administratively
defined FITs to competitive PPAs, which were the instrument of choice in all countries expanding
CSP from 2013-2016. This period is characterised by the same euphoria as the Spanish phase, also
because all projects were supported by PPAs auctioned or negotiated during the Spanish era. This
phase saw rapid growth in capacity – almost 2 GW added outside Spain in 4 years – driven by policy
support in the US, where 1.2 GW were built. As the continuation of the US support was uncertain,
the expansion in the US stopped, leaving a handful of smaller markets the only home of CSP. In
effect, the capacity expansion almost stopped, with only single projects coming online: in 2016, only
115 MW were finished, the lowest growth since 2008 (see Figure 6). At the same time, the pipeline
of projects under construction thinned out considerably, with 5 projects under construction; as
Abengoa just avoided bankruptcy in 2016 and its Chilean project Atacama I halted, dark clouds
formed over CSP. Hence, this period is also marked by considerable uncertainty about the future of
CSP, and a thinning out of the CSP industry and supply chains (see section 7) (Lilliestam et al., 2018;
Lilliestam et al., 2017).
These phases are discussed and analysed in detail for their impact on cost development in Lilliestam
et al. (2017); please refer to that article for further details.
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Figure 6: New CSP capacity added each year, 1984-2018 (operational) and 2018-2020 (under
construction), including hybrids.
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In September 2016, the Chinese government announced a new support policy scheme for 20
projects of in total 1.35 GW (CSP Plaza, 2016), marking the beginning of the fourth phase of global
CSP expansion. This policy, to which the Chinese government explicitly refers as an R&D scheme
(SolarPACES, 2018), broke with the past trend towards highly competitive auctions resulting in longterm PPAs, and instead instated a FIT of RMB 1.15 per kWh (about USD 0.17 per kWh). This FIT was
higher than PPAs achieved in the US and South Africa, and thus slowed the downwards trend in CSP
remuneration. At the same time, projects awarded PPAs in South Africa and Morocco started to
come online, and with the completion of auctions and the signature of new PPAs, the pipeline of
projects under construction grew again: in 2018, 2.1 GW new CSP capacity was under construction5,
about half of this in China (see Figure 7). This phase is marked by more optimism about the future
of CSP and, for the first time in a long time, saw the entry of numerous new actors, especially
Chinese developers and manufacturers gathering experience with the projects in their domestic
market but also participating in projects abroad. Nevertheless, also in this most recent phase, the
expansion pace is only ¼ of that expected in scenarios of the last 10 years (see section 4.1).
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Figure 7: CSP projects (incl. hybrids) under construction.

5

This number includes Kathu (South Africa, 100 MW) and Noor II (Morocco, 200 MW) that became
operational in the first months of the year.
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This optimism was supported further in late 2016 by SolarReserve’s remarkably low bid for baseload
CSP in Chile (Copiapó project, 240 MW) of USD 0.06 per kWh – a bid that raised expectations and
hopes that CSP may be back and approaching cost-competitiveness (Lilliestam et al., 2018). In fall
2017, these hopes were raised further as two projects were awarded PPAs at record-low prices. In
Dubai, a consortium of Saudi Arabian ACWA and Chinese Shanghai Electric was awarded a PPA of
USD 0.07 per kWh for the 700 MW DEWA IV combined trough and tower project. In Australia,
SolarReserve was awarded a PPA of USD 0.06 per kWh for the 150 MW solar tower Aurora – a
similarly low bid as their previous bid for Copiapó (Chile) (csp.guru, 2018; Lilliestam and Pitz-Paal, in
review). At the time of writing, further auctions are prepared in several countries (e.g. in Dubai
(HeliosCSP, 2018c) and Morocco (HeliosCSP, 2017), and a second phase of FITs is being developed
in China (HeliosCSP, 2018a).

Most CSP stations were not built on excellent sites in deserts, but in the arid areas of Spain or on
mediocre sites in China. The average DNI of existing stations is just above 2200 kWh/m2/year, see
Figure 8, whereas that of stations under construction is lower, 1980 kWh/m2/year, mainly caused
by the relatively weak solar resources in China. About ¼ of all stations, including ¾ of all projects
under construction6, stand on sites below the “feasibility threshold” of 2000 kWh/m2/year used in
most CSP studies (see section 4.1). The expectation that CSP will only be built on very good solar
sites has thus not been fulfilled: it appears that the political desire to build CSP in more important
than having good solar resources. Quite possibly, this is also motivated by the political and
administrative simplicity of building stations on sites that are relatively near demand centres; in any
case, the expectation that CSP would mainly come coupled with HVDC transmission was not met so
far: no CSP project is grid-connected via HVDC.

6

Note that the locations of the Indian stations are uncertain: some stated coordinates seem unlikely sites for
CSP projects (see section 2.1).
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Figure 8: Direct normal irradiation at the site of all existing and under construction CSP stations; data
for one Chinese project under construction is missing as I found no coordinates for it.

5.2. Technology choices
By far most CSP stations are parabolic trough: 67 of the 78 existing stations (excluding hybrids) are
troughs, as are 11 of the 20 under construction. Hence, troughs have been and remain the dominant
technology choice across the world, especially in Spain, where almost all stations (2/3) are troughs.
There is a trend towards towers, at least in so far as these hardly existed 5 years ago, but so far the
expectation that towers would take over as the dominant technology has not been met. However,
it is notable that most of the spectacular announced projects, such as Aurora and ongoing
developments in Chile, are towers, and that these bid at yet unprecedented low prices: quite
possibly, we are currently facing the breakthrough of the solar tower, but so far, troughs remain
dominant.
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Figure 9: Technology choice for stations (excluding hybrids) becoming operational (or expected
operational) in each year 1984-2020.
Furthermore, there is a clear trend towards larger storage (Figure 10) and higher load factors (Figure
11). Whereas CSP stations without storage were the by far most common configuration pre-2015,
there are only two stations without storage under construction (Ashalim B, Israel; Abhijeet, India).
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Figure 10: Storage capacity of all CSP stations (excluding hybrids) becoming operational (or expected
operational) in each year 1984-2020.
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This is reflected in the load factors, which have steadily increased: the average load factor of
operational troughs is 0.3, it is 0.45 for those under construction; for towers, the same figures are
0.38 and 0.44, respectively. This supports the expectation that CSP stations would increasingly seek
to leverage their key strength – dispatchability through storage – in order to offer renewable
electricity of higher value to the market (see section 4.2).
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Figure 11: Capacity factor of all CSP stations (excluding hybrids) becoming operational (or expected
operational) in each year 1984-2020.
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6. CSP COSTS
6.1. Investment costs and learning rates
The investment costs for the most common CSP configurations, both for towers and for troughs,
have decreased strongly in recent years. The analyses below are updates on the assessments in
Lilliestam et al. (2017), please refer to that article – and especially its supplementary material – for
details on data uncertainty and an analysis of the cost spread between different similarly configured
trough stations.
The investment cost curve for the by far most common CSP configuration, troughs with no or almost
no storage, has a peculiar pattern (see Figure 12): it decreases sharply during the first CSP phase
(the SEGS stations, and including Nevada Solar One in 2007), then increases strongly during the early
Spanish years up to 2011, then decreases again during the late second and early third phases. This
zig-zag pattern corresponds with what one would expect: following the 17 year construction hiatus,
learning had to begin anew, and as the new companies gathered experience, costs started to
decline. Nevada Solar One, which came online in 2007 and was based on knowhow, and in part by
the same engineers, gathered at the SEGS, fits nicely into the US-phase learning curve section
(Lilliestam et al., 2017).
The cost of the newest station is about the same as for Nevada Solar One, 13 years ago.
Consequently, the learning curve for the whole period has a very bad fit (R2=0.05) and carries little
meaning. However, the learning rate for small-storage trough stations has been high since 2011,
reaching almost 35% (R2=0.89) for the period 2011-2020. This configuration with its small storage
and low dispatchability appears to have fallen out of fashion: only one station (Abhijeet, India) is
under construction, and it is uncertain whether this project has not actually been abandoned.
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Figure 12: Investment costs and learning rates for parabolic trough stations with ≤1 hour of storage
(excl. hybrids). The numbers in brackets are the cumulated number of stations in each year.

The second most common configuration is troughs with 6-8 h thermal storage. This configuration
shows a more classical learning curve shape (see Figure 13): as the first such station was built in the
Spanish era, there was no hiatus and no “forgetting”. Instead, costs decrease slowly, with a decent
fit (R2=0.56) and a moderate learning rate of 9% over the whole period. As almost the entire cost
reduction 2008-2011 happened between the first and second station (Andasol 1 and 2), and as
almost all of that reduction can be explained by currency fluctuation effects (see Lilliestam et al.
(2017) for an analysis of exchange rate effects), I believe that the learning rate from 2011 (the same
as for troughs ≤1 h storage) is more relevant: for this interval, the learning rate is about the same as
for troughs ≤1 h storage, 28%, with a reasonable fit of R2=0.48.
The cost increase in 2013 is difficult to explain, but it holds two stations by developers and EPCs who
had not built such stations before (Solana: Abengoa; Arrenales: Solar Millenium, Ecolair España);
however, Cobra also built its most expensive station in that year (Casablanca), despite having been
the most active company of all in this segment. The last operational station, Noor II, was constructed
by Cobra’s long-term partner EPC, Sener, and fits well on the learning curve, indicating that knowhow had been transferred and conserved over time.
Today, the most common parabolic trough configuration has larger storage (>8 to ≤10 h) storage.
Here, the learning rate is very high, 43% (with a good fit of R2=0.86), reflecting two distinct phases:
the first three stations were constructed by the Spanish company Sener, all costing about USD
11,500 per kWh in 2013-16, whereas the latter three are under construction in China, led by Chinese
consortia (with the last one, Royal Tech Yumen, having Abengoa as EPC and solar component
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supplier). However, this learning rate figure should be treated with much caution: with only 6
stations operational or under construction, it is very likely to change (and decrease) as new stations
are added.
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Figure 13: Investment costs and learning curves for parabolic trough stations with 6-8 and >8-10
hours of storage. The numbers in brackets are the cumulated number of stations in each year.
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For other trough configurations, costs are slowly decreasing, but there are too few stations to
meaningfully fit a learning curve to the data (Figure 14). Furthermore, there are no stations of these
configurations currently under construction, as new projects tend to have larger storage.

In recent years, solar towers have emerged as a competitor to the traditional parabolic trough
technologies, but they remain a minor contribution to the CSP fleet. There is no dominant
configuration, and all configurations have too few stations to make a learning rate calculation
meaningful. However, the tower configurations show generally decreasing costs trends over time,
indicating that substantial technological progress is made in this segment (see Figure 15).
There are two exceptions to this trend, both because the first stations are pilot stations: towers with
0-1 hours of storage – a configuration that holds very diverse projects which are very far apart in
time, and the two first stations are the pilot towers PS10 and PS20 in Spain – and 2-3 hours, which
only holds 2 projects, and the first being the 10 MW Supcon phase 1 pilot station in China. I thus
judge that these two cost curves are both too short to draw meaningful conclusions and hold pilot
projects that are unsuited for learning curves in general.
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Figure 15: Investment cost development for solar tower stations with various storage sizes. The
numbers in brackets are the cumulated number of stations in each year.
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6.2. Levelised costs
The cost trend for LCOE is clearer than for the investment costs (see Figure 16). The LCOE decreased
during the first CSP expansion phase, from USD 0.66 per kWh in 1984 to about USD 0.2 per kWh in
2007. Following the shift to Spain, costs increased to USD 0.28 per kWh in 2008/2009 and decreased
steadily to USD 0.17 per kWh in 2014; after this, a shift to new countries and less mature
technologies (especially towers) led to increasing costs in 2015/16 (USD 0.22 per kWh). This is very
far from the typical costs for a new CSP station stated by SunShot (USD 0.12 per kWh; (Mehos et al.,
2016), and only some 20% lower than at the beginning of the Spanish phase in 2008.
In the current, fourth phase, the cost decrease continues and has picked up speed compared to
before: stations under construction and bound for completion 2018-2020 cost on average USD 0.12
per kWh, 45% lower than 2015/16. In the period 2016-2020, the global capacity will have increased
by 45%, suggesting that the LCOE-based learning rate of all CSP configurations would be around
20%7.
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Figure 16: Cost development (LCOE) of 75 of the 78 existing CSP stations and 15 of the 20 stations
under construction (excl. hybrids) for which I have all data required for an LCOE assessment, 19842020. The numbers in brackets are the cumulated number of stations of this dataset which are
operational or expected operational in each year.

The LCOE development after 2016 however follows two distinct trends (see Figure 17). Whereas
Chinese stations show LCOEs of USD 0.09-0.10 per kWh, the stations in other countries are twice as
expensive. Importantly, the stations outside China do not show any clear decreasing LCOE trend –
7

45% cost decrease over slightly less than one capacity doubling. Note that the data for projects under
construction is less certain that that of operational stations.
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the costs in 2018 are about the same as in 2014. This is in part because of the reasons mentioned
above – a first-mover disadvantage for the first stations in a new country, and a shift to new
technologies – but this would apply to the Chinese stations as well, which show a very diverse
palette of technologies. The LCOE decrease in the last years is to the largest extent driven by the
Chinese stations, and not by a general, global decreasing LCOE trend. In particular, it is striking that
all but one Chinese projects for which I have data (all but 5) have “new” Chinese EPCs, whereas all
non-Chinese projects have “old” (experienced American/European) EPCs. This is somewhat counterintuitive, as one would expect the experienced, “old” industry to construct cheaper CSP stations
than the inexperienced, “new” Chinese industry(see section 7); this is even more surprising given
the much (25%) weaker solar resource in the Chinese projects post-2013 (1780 kWh/m2/year) than
in the non-Chinese (2400 kWh/m2/year): the LCOE of the Chinese projects would have been around
USD 0.07-0.08 if they had been built in, say, South Africa, ceteris paribus. The cost trend of the
Chinese stations under the relatively high and fixed FIT also contradicts previous findings (Lilliestam
et al., 2017), suggesting that competition and cost pressure in support schemes are key drivers of
cost reductions. All in all, this trend suggests that the Chinese cost trajectory is very different and
sees much stronger technological and/or cost improvements than that of all other countries.
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Figure 17: Cost development (LCOE) of 75 of the 78 existing CSP stations and 15 of the 20 stations
under construction (excl. hybrids) for which I have all data required for an LCOE assessment, split for
Chinese and non-Chinese stations, 1984-2020. The numbers in brackets are the cumulated number
of stations of this dataset operational or expected operational in each year.

Also when disaggregating the LCOE trend into different technologies (Figure 18), I get somewhat
counter-intuitive results: the most common, and hence most mature, configurations – troughs with
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£1 and 6-8 hours of storage – are the most expensive, with the generation-weighted average of the
last stations being USD 0.20 and 0.16 per kWh, respectively.
Instead, two trends can be observed. First, the LCOE of towers are generally lower than those of
troughs, although towers are a much less mature technology, and although the towers stand on
slightly worse solar sites (on average 2100 kWh/m2/year, compared to 2200 kWh/m2/year for all
post-SEGS troughs). Hence, it appears that the features of towers, with only one fixed heat receiver
and clearly higher operating temperatures, make them more efficient than troughs, which have
multiple and moving receiver tubes and lower temperatures. This suggests that the expectation that
towers would eventually outcompete troughs (see section 4.2) was correct.
Second, stations with larger storage are cheaper than stations with smaller storage. This is especially
pronounced for troughs: the most recent stations with £1, 6-8 and >8-10 h storage cost USD 0.20,
0.16 and 0.10 per kWh, respectively. I expect two factors to cause this effect. First, a larger storage
increases the load factor and hence the utilisation of the turbine and generator, which lowers the
levelised cost of these assets. Further, there is a trend towards larger storages and higher capacity
factors over time (see Figure 11). This would imply that, at least for troughs with their longer history,
large-storage stations are simply built later: what I measure here would then in part be the overall
learning over time, and not only the cost-effect of building larger storage. This result suggests that
not only does the market value increase with larger storage – the LCOE may actually decrease with
larger storage, although the observed relationship is exaggerated by learning effects.
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Figure 18: LCOE development of parabolic trough and tower stations (operational and under
construction), by storage size (excl. hybrids).
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The numbers presented above are yearly (generation-weighted) average costs, and this aggregation
hides the fact that the costs differ strongly between power stations, see Figure 19. In any given year,
the cost spread between stations, even stations of the same type, can be USD 0.10-0.20 per kWh.
Although there is a clear downwards trend in cost, the cost difference between projects in most
years is larger than the cost difference across years. This makes it problematic to speak about “the
cost of CSP”, such as SunShot and most scenario studies do – and as I do here: one must be specific
about technology choices, country and project conditions, as project-specific issues explain a very
large part of the observed cost variations (see also Lilliestam and Pitz-Paal (in review)).
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Figure 19: LCOE of all existing CSP stations and those under construction (excl. hybrids).

6.3. Remuneration and policy support
The overall decreasing trend is reflected in the remuneration for CSP stations as well (see Figure 20).
Two phases are clearly visible: the Spanish stations (2007-2013) have a high and somewhat
fluctuating remuneration at USD 0.35-0.45 per kWh (reflecting fluctuations in exchange rate and
inflation; the payments in nominal Euro was constant at EUR 0.27 per kWh). In 2013, following the
shift from the Spanish FIT to auctions and PPAs in other countries, the remuneration of new stations
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halved to USD 0.20 per kWh or below for all subsequent stations8. As the support decreased faster
than the LCOE of new stations, the cost pressure of the new policy schemes was substantially higher
than before – a factor that has previously been identified as key to bringing LCOEs down (Lilliestam
et al., 2017). However, in some cases, the cost pressure appears to have been too high, so that
LCOEs are higher than the remuneration, for example for the South African stations Khi, KaXu and
Bokpoort (which do not receive a time-of-day bonus). In other cases, notably the US stations, this
phenomenon is likely explained by the precence of investment credits: when accounting for this,
the LCOEs are just below the PPA.
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Figure 20: Remuneration level for all CSP stations with a FIT or PPA9 (2007-2020), excluding all
hybrids, 3 operational stations and 9 under construction (unknown LCOE and/or remuneration).

8

For the later not include the time-of-day pricing of some stations, especially in South Africa, which could
bring up actual support payments to above USD 0.20 per kWh. It also does not include the 30% investment
credit for the US stations.

9

Note that the PPA for Crescent Dunes and Ivanpah (USD 0.14 per kWh), and Solana (about USD 0.15 per
kWh) are lower than their LCOEs, as our LCOE calculation does not account for the 30% investment credit
given to these projects.
Lilliestam (2018): Whither CSP?

39

7. CSP INDUSTRY
In 2016, IRENA reports a global CSP workforce of 14,000 persons, of which 2/3 in the US and Spain
(IRENA, 2016). This figure overlaps with the lower bound of expectations: using the figures of
Greenpeace and the US Department of Energy, about 3,500-5000 persons are active in the
maintenance of the existing CSP stations, and 10,000-25,000 persons currently work with
construction and component manufacturing. This is comparable to the employment in the German
offshore wind industry, or 1/10 of the German onshore wind sector (O'Sullivan et al., 2015). Hence,
the expectation that CSP would have a substantial impact on the job markets has not materialised:
for this, the expansion has been far too slow.
Nevertheless, a new CSP industry has arisen, with numerous companies having been active in the
various stages of the CSP value chain (see Figure 21). However, the markets have thinned
considerably in the last few years, leaving each segment with one or a few experienced still active
actors.
The most critical aspects of the construction of a CSP project are arguably the engineering,
procurement and construction (EPC) – the actual building of the project and assembly of
components – and the development of a project, including design and planning; of the components,
the CSP-specific ones are most critical, including the solar collector assemblies (SCA; the mirrors)
and the receivers (heat collector elements, HCE). All of these industries are concentrated in a
handful of companies, in particular in the components sector. The German company Schott
dominates the receiver market, having produced over 50% of all receivers for which I have data
(70% of the market). The solar collector market is more diverse, but two Spanish companies –
Abengoa and Sener – dominate, together having produced more than half of all systems for which I
have data, and 60% since 2007. Similarly, Sener and Abengoa are the only manufacturers active in
all markets worldwide. In addition, Abengoa is the largest project developer, having led 15 projects
worldwide, and it is the only vertically integrated CSP company, operating 1.6 GW and having
another 700 MW under construction (Hashem, 2016).
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Figure 21: Manufacturers for the critical solar components, and main project developer of the
existing CSP stations and such under construction (excl. hybrids). Some of the single project
developers and EPCs may be joint ventures containing experienced companies.

The engineering, procurement and construction (EPC) market is strongly dominated by Spanish
companies, especially Abener/Abengoa (16 known projects), Sener (14), Acciona (9) and Cobra (9).
However, of these experienced companies, Sener has 2 (Ilanga, South Africa; Noor III, Morocco) and
Abener/Abengoa has 1 project under construction (Royal Tech Yumen, China), and Acciona and
Cobra have none10. To some extent, this is possibly due to the geographical shift in expansion – a
domestic EPC has advantages over foreign ones, and as the expansion stopped in Spain, the Spanish
EPC are at disadvantage – but of the 17 projects under construction for which I have EPC data, 9 are
done by domestic and 8 by foreign EPCs. In sum, the EPC market is very thin: all other experienced
EPC companies appear to have left the market.

10

The South African Kathu station was finished earlier in 2018, with Acciona and Sener being the
EPCs; Noor II was also finished in 2018, for which Sener was EPC.
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The four CSP expansion phases is clearly visible in the EPC market (see Figure 22): all projects in the
first phase were built by the same company (probably Luz, as there was no other CSP company, but
I have not been able to confirm it), practically all stations of the second phase were built by Spanish
companies. Most likely, this is not only a reflection of competitiveness, but also of the job-creation
and industry policy narrative of CSP: when a country introduces a CSP support scheme, so it seems,
it also attracts domestic companies to build the stations. It is thus to some extent to be expected
that the Spanish industry struggles after the breakdown of its domestic market: most Spanish EPCs
appear to not be active anymore. In the third phase, the Spanish companies remain, but the overall
number of projects decreased strongly, before the fourth phase commenced in 2018, seeing a
strong shift to non-Spanish EPCs.
In effect, all but 3 projects under construction are built by EPCs without experience from previous
projects. Hence, whereas it is undoubtedly beneficial that new actors enter the relatively
undiversified EPC market, there is also a considerable risk that the knowhow acquired in the last
decade is lost if the previously dominant companies exit the market: at the moment, it seems like
exactly this is happening. I do not know what happened to the engineers at the Spanish companies,
and whether they moved on to new CSP companies. Speculatively, and given the harsh job market
in Spain and high unemployment also for engineers, some of them probably did stay in the industry
and moved to new companies, which would be beneficial for maintaining experience and knowhow.
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Figure 22: Country origin of the EPCs of CSP projects completed (or expected completed) for each
year, 1984-2020. Of the 5 Spanish-led projects of 2018, 2 have already been completed.
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It is however worth noting that Abengoa will be the EPC for the solar field of the three 200 MW
trough stations in the DEWA IV project (HeliosCSP, 2018b)– a project of such size that it corresponds
to 40% of the cumulated capacity of all previous projects for which Abengoa was EPC – and the halffinished, but currently interrupted, 110 MW tower Atacama I in Chile. SolarReserve, which built
Crescent Dunes (110 MW, US) and is also behind the spectacularly low PPAs of Aurora (Australia),
claims to have several large projects in the pipeline, including Copiapó (260 MW tower, 13 h storage)
and Tamarugal (450 MW tower, 13 h storage) under development but declared to be fully permitted
and “shovel ready” (SolarReserve, 2018a, b). Whether and in which form these projects materialise
remains to be seen.
The developer market shows a similar picture and is dominated by the same companies (except
Sener) as the EPC market. Also here are the four phases clearly visible: first only American
developers (first phase), the almost only Spanish (second phase), followed by the third phase which
acts like a transition to the overwhelming dominance of Chinese and other Asian developers in the
fourth phase (see Figure 23).
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Figure 23: Country origin of the developer of CSP projects completed (or expected completed) for
each year, 1984-2020.

Just like with the EPC market, only Abengoa has one project ongoing, whereas the other experienced
developers have none. Here, new actors have emerged and appear to have established themselves.
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Prominently, the Saudi developer ACWA won bids for all three Noor stations in Morocco and for
Bokpoort in South Africa; it also won the bid for the 700 MW DEWA IV station in Dubai currently
under development. Other than Abengoa and ACWA, no developer of any project currently under
construction has experience with past projects. However, although the developer market data is
complete, many projects – over 50% - have developer companies that appear to have been set up
specifically for one project. These developers may in fact, in whole or in part, be one of the bigger
companies; because they are listed as existing, often large, companies, the developers for the
ongoing Chinese projects appear to not be consortia holding European/American experienced
companies: as far as I can tell, the Chinese developers are entirely new to the CSP world. As with
the EPC segment, this is positive as the entry of new actors strengthens the market, but at the same
time, there is a risk that experience with CSP project development is lost.
Of the solar-specific markets for which I have data, the heat receiver (HCE) market is the most
concentrated: here, Schott, which was bought by Rioglass a few years ago, has been dominant,
manufacturing receivers for more than 50% of the projects for which I have data (see Figure 24).;
probably, Schott also produced much of the 1/3 of receivers where I could not identify a
manufacturer. Schott/Rioglass is active in at least 2 projects under construction, whereas all other
known HCE suppliers are new; however, the data for ongoing projects is patchy and covers only 7
of 20 stations. For the projects under construction, I could identify 3 new Chinese market entrants,
each making the receivers for one project.
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Figure 24: Country origin of the heat receiver manufacturer for CSP projects completed (or expected
completed) for each year, 1984-2020.
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Also in this market are the phases clearly identifiable, going from Israeli components (first phase) to
German (phase two), and a transition phase into a new phase. I have not been able to identify the
receiver supplier for most Chinese stations, so that I do not know who builds the HCEs in the fourth
phase. It appears that many projects have simply not ordered their receivers yet, despite
announcing a very near-term finishing date. In future data updates, when the Chinese projects have
progressed further, I will try to complete this data (see Figure 24).
For solar collectors (SCAs), the same companies as in the EPC market are dominant, supplying
components to 60% of all projects (see Figure 25). Just like that market, Abengoa (1 project under
construction) and Sener (4) are the only experience companies to have ongoing projects: all other
projects for which I have data (11 of 20) have new SCA manufacturers. For this market, I could
identify 4 new Chinese market entrants, each constructing solar fields for one project; possibly,
Supcon is active in 3 projects (they are EPC for two projects with unknown SCA manufacturers).
In this market, the first three phases are the same as for the other segments (first American, then
Spanish/German manufacturers, followed by a transition phase). Other than in the other markets,
however, European companies remain strong, and are responsible for at least a sizeable share of
the projects under construction in Africa and Asia. It thus seems that the SCA market is the one CSP
segment in which Chinese companies have not (yet) sought to take over the market.
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Figure 25: Country origin of the solar collector assembly manufacturer for CSP projects completed
(or expected completed) for each year, 1984-2020.
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8. DISCUSSION
Concentrating solar power has a lively history with ups and downs, but currently there appears to
be more up, in terms of costs and expansion and, in part, in terms of industry development.
The cost for ongoing CSP projects are on average USD 0.12 per kWh, and are below USD 0.10 per
kWh in some regions, notably in China. If projects under construction materialise as they promise,
they signify an LCOE decrease of almost 50% in 5 years – an unprecedented pace, which gives hope
for the future of the CSP technology. This cost is still much higher than that of PV or wind power,
and it is higher than expected 5-10 years ago, but for the first time in a long time, the LCOE trend of
CSP shows solidly and strongly downwards. Recent bids and awarded PPA contracts suggest that
the downward trend is robust and, most importantly, that costs well below USD 0.10 per kWh are
realisable in countries other than China, including as disparate places as Chile, Dubai and Australia.
The learning rates are high, exceeding 25% for the most common trough configurations in the recent
years, which is higher than most past estimates; as the expansion pace has been much slower than
previous projections, the LCOE is still higher than expected. This finding confirms previous empirical
studies (Lilliestam et al., 2017), and adds first results for larger-storage trough stations, which also
show a very high learning rate. However, the configurations for which I derive these learning rates
are hardly built anymore: there is a strong trend towards a more diverse set of technology
configurations, which is encouraging as it will make CSP less dependent on the performance of a
handful of plant designs – but it makes it difficult to derive learning rates for most CSP types as there
are still too few projects of each type to make any robust estimates. For the industry, the increased
technological diversity may come at the cost of slower learning for each technological segment, but
at the moment this effect appears to be overcompensated by the efficiency gains of the new
compared to the old technologies.
I see two somewhat surprising trends, both underlining that technology costs are decreasing quickly,
and one caveat. First, costs are decreasing fast for parabolic trough stations – but even faster for
solar towers, so that they are, overall, already cheaper than troughs. This is surprising, as there are
only few tower projects and it is a less mature technology than troughs. In part, this is because tower
projects have larger storages than trough projects, and because a larger share of the towers are
Chinese, where costs tend to be lower across all technologies, but it may also represent a shift in
technology: towers have long been expected to surpass troughs in terms of both efficiency and cost,
and perhaps this is what I am currently observing.
Second, the LCOE of stations with larger storage, and thus a higher degree of dispatchability, are
lower: previous research has suggested that adding more storage to a CSP configuration does not
increase its LCOE – but my results show that the LCOE rather decreases with storage size. This
combined with the strong trend toward larger storage confirms past expectations and offering proof
that it is the dispatchability – and not cost or potential – that offer the raison d´etre for CSP.
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The caveat is that the Chinese stations follow a wholly different LCOE trajectory than the other
stations – so different, in fact, that I question whether they are feasible. The observation that the
Chinese FIT is higher than support elsewhere although the LCOE is much lower supports this:
possibly, the actual project costs are closer to the FIT, and thus clearly higher than the project
developers themselves claim. A few years back, the Indian stations offered a similar outlook: the
expected LCOEs were much lower than those of any other station – and they turned out to be too
good to be true, in part because they were based on erroneous solar resource data (see section 2.1).
I cannot judge whether this is likely to happen to the Chinese projects, and the Chinese industry
(and state) have been game-changers to other technologies in the past, prominently the PV sector.
Yet, I remain somewhat cautious until the projects have been completed and there is more clarity
on the actual, as opposed to the projected, costs of the Chinese projects.
In terms of expansion, the overall picture is also largely positive. More countries than ever before
are building CSP, and although the expansion is much slower than that of PV or wind power, and
although it is very much slower than past projections prophesised – less than half the expected
capacity in 2018, and about a quarter of the expansion pace – the CSP expansion trajectory appears
more robust than ever: there are several hundred MWs under construction in 7 countries, and over
one thousand MW under advanced development. Of course, the expansion is at least an order of
magnitude slower than for other renewables, but the critical point is that now, after the crunch
phase in 2015-17, there is a project pipeline again, so that supply chain companies may have a
perspective to stay in the CSP business, and the urgently needed (see below) new entrants may be
able to gain a foothold in the growing global CSP market.
Whereas CSP used to be built in only one country at the time – first the US, then Spain, then the US
again – the market survival of this technology and its industry was completely dependent on the
policy regimes in these countries. As Spain cancelled its support scheme in 2012/13, the expansion
there stopped, leaving the US as the only large market and its support schemes as the lifeline of the
technology, until also the US support and its CSP expansion halted. There are no signs that support
schemes for CSP will be reinstated in Europe or the US, and with the cancellation of support there,
these markets appear to have been lost, at least for the near- to mid-term future. However,
although there have been no new CSP projects in these two former lead markets since 2015, the
expansion has shifted to 8 countries, especially China, South Africa, and Morocco, roughly
continuing the expansion pace of the years before 2015.
This suggests two important and positive developments for CSP. First, the survival of the technology
no longer depends on the continuation of one or two support schemes but is currently expanded in
at least 6 different policy and market settings, with at least three more markets – Chile, UAE, and
Australia – to enter soon. This makes the future CSP expansion less dependent on single policies and
more robust than in the past. Second, current plans and projects under construction indicate that
CSP is becoming a technology especially for the global south, and not as expected by many European
advocates and researchers for production in the desert accompanied by export to other, typically

Lilliestam (2018): Whither CSP?

47

richer, countries (de Souza et al., 2018). I argue that this strengthens the outlook for CSP: it is in the
global south, and not the north, where deserts are present, the power demand is increasing the
fastest, and weak power grids exacerbate the need for dispatchable renewables. There is thus
reason for cautious optimism regarding the future expansion of CSP.
In terms of industry and supply chains, my findings are more mixed. On the one hand, numerous
new actors have entered the CSP market – a desperately needed development, given the thinning
out of CSP supply chains in the last years. New actors are likely to bring innovation to the CSP value
chain and, even more importantly, if at least some of them survive, the CSP value chain will become
more robust and less dependent on single companies. The new entrants are particularly strong in
the developer and EPC segments, where new companies are completely dominant in projects under
construction; for the components, the data suggests a similar picture, but the data is incomplete
and insufficient for any strong conclusion on the emerging actor structure.
On the other hand, the CSP industry appears to experience a tectonic shift: all experienced EPC and
developer companies but two – Abengoa and Sener – seem have left the market; in any case, no
other experienced EPC or developer is involved in a project under construction. The emergence of
a Chinese CSP industry is impressive in both scale and speed, and it seems that the Chinese
government seeks a dominant role in the CSP world, similar to what it managed to do with PV
modules, by setting a high FIT and attracting foreign know-how into the country in Chinese-led
projects. Overall, the previously dominant European companies are rapidly being replaced by new,
mainly Chinese and other Asian, companies – especially in development and EPC as in the receiver
manufacturing markets. This has two implications, both of which are worrying, from the global and
– especially – the European perspective.
First, the decreasing costs and improved performance in the past can be due to three types of
learning: learning-by-doing11, learning-by-using12, or learning-by-interacting13 (del Río and Kiefer,
2018). All three types are hands-on knowledge, present in the living memory of persons and the
organisations and networks they work in (Lilliestam et al., 2018; Lilliestam et al., 2017), and not an
abstract, global cloud of “experience”. This is even more important in complex assets such as CSP
stations, the cost and performance of which depend not only on single components (that can be
manufactured in any country at lower or higher cost), but on the knowhow of how to assemble
them and operate the entire station in the most efficient manner – and this experience is gathered
by persons, over time. Hence, if the experienced companies disappear or experienced engineers
leave, the networks they are in disappear or are weakened – and learning suffers. This already
happened once in the history of CSP: as Luz went bankrupt in 1991, learning suffered (or turned to
“forgetting”) and the cost curve had to begin anew when the expansion in Spain started in 2007
11

Incremental improvements from the repeated manufacturing of a product
Improvements in how products are used, or how they are assembled to work better together
13
Improvements that emerge in networks, through experience transfer and the mobility of workers
12
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with new, inexperienced Spanish actors. There is a risk that something similar happens again,
especially if the experienced actors disappear quickly and no transfer of knowledge happens (e.g.
through cooperation or engineers moving to new CSP companies).
Second, the statement that experienced actors appear to disappear from the market (or are pushed
out) equals a statement that the previously dominant European CSP industry vanishes. At the
moment, I see no signs that European companies have a future in the global CSP market: their
projects are clearly more expensive than the Chinese, and there are only a handful of European
companies still active in projects under construction. The disappearance of the European CSP
industry would not necessarily hinder a future expansion of CSP in Europe – just like the demise of
the European PV module industry did not hinder the European PV expansion – but it would weaken
the political case for introducing policy support schemes. In the past, the CSP narrative has been
closely tied to a job-creation expectation, especially in Europe, where jobs and broad economic
prosperity were key story elements (Lilliestam and Hanger, 2016). The empirical track record of CSP
as a job-creator is very modest, but the narrative remains strong – and if Europe must import
Chinese stations or components, that narrative is lost. It seems that the one region where European
companies would have a competitive advantage is its home market, and especially Spain, which is
the home of most remaining companies: a new support scheme soon seems like the most viable
path to secure the survival of at least a few European CSP companies.
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