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EXECUTIVEBUMMARY

This reportpresentsthe results of an irdepth casestudy analysis of prospects for different
Concentated Solar PowegSktechnology(and operationronceptsBy use of one central element
of our overall modelling systemi.e. the Balmorel mode a detailed power systeraptimization
model¢ we undertake a modebased assessment, geographigaonstraint to Spain, serving as a
suitable model case for CSP use in Europe

The analysis is splittmtwo parts Two case studies serve to shed light(furture) prospects of CSP

as either system contributocése study Jlor to act ageneratorin accordance with profiling needs
(case study R

More precisely, ircase study 1weanalyzea 200 MW CSP plant with an 11 hours storage system
in SpainThe full Spanish electricity system of the year 2018 is modefientderto assess how the
CSP plant operates und#re current market condition inthe focal countryof SpainiIn case study

1, all generating capacities are exogenous input parameters and thrdyhourly dispatch is
optimized in the modelWithin this analysis, several sensitivity analyses are conducted in order to
assess the impact of various external influencing factors on the operation of the CSPRrpsam,

13 configurations aranalyzedn case study 1: We assafifferent variations in storage size, solar
multiple, natural gas and G@rice, and shares of wind and solar PV in the electricity generation.

Main findings of case study § CSP as system contributor

Case 1 CSP market values and average electricity prices
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Figurel: Summary of the results of case study@SP plant as system contributor in Spain
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1 In the current market setting, an increased thermal storage capacity does not increase the
market value of CSP because the electricity prices during the dayeafraghest. However,
in combination with an increased solar multiple, the produced electricity and revenues are
increased.

1 The relative market value (compared to the average electricity price) for the CSP plant is
above 100 % in all sensitivity analyses #ralhighest in the case of a very high PV share in
the electricity system (144%).

1 High shares of nodispatchable generation by PV and wind increase the relative market
value of CSP the most. At the same time, average electricity prices and revenués are t
lowest in these sensitivity analyses.

1 The average electricity price is mainly dependent on two factors: In the case of increasing
CQ prices, we can observe increasing electricity prices and in the case of increasing shares
of nondispatchable renewablenergies (wind and PV), we can see decreasing electricity
prices.

In a market environment with increased shares of wtispatchable renewable generation (PV and
wind) and C@and natural gas prices, the relative market value of CSP is increased toAt1theo.

same time, we can observe high electricity prices and revenues in this setting. This sensitivity
analysis was designed in order to represent a possible future electricity system where CSP can play
out its main operational advantageslispatchablerenewable, and C&free electricitygeneration

The second part of the analysis deals with configurations of CSP which have to cover a specific off
GF1SNDR&a LINBPFAESP® ¢KSNBT2NED Iscaldd coSed éldctdeiRy@system A a
covering 0.2 of the Spanish electricity demand. The model optimizes investments and dispatch to
coverthe offi  { SNDa RSYFYR Ay S@OSNE K2dzNJ 2F (GKS &SI
constraints which are varied in order to assess their impact on the ri@88tment and dispatch.

The sensitivity analyses in the second case study are covering the configuration of the CSP plant,
possible combinations of hybrid technologies (PV and natural gas), grade of firmness of supply, and
variations of the offil | | 8eliEnd profile Finally, the role of thermal storages in comparison to

utility scale battery systems is assessed.

Main findingsof case study 2 Fulfilling anofti I { SNR& RSYlIYyR LINRFAE S

f The costoptimized solution under current cost assumptions to filfé off-i I { SNDR& RSY
profile is a combination of natural gas and PV. System costs are the lowest in this case (124
mio. EUR/a)

f Fulfiling the same offi I { SNR& LINRFAES 2yfe gAGK /{t |y
during summer since the low radiati during the winter defines the unit sizes.

Case Studies analysisprospects for different C38chnology conepts(D8.1) 13
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System cost [mio. EUR]

1200 1092 609
1000 € 5a% 50%

The cost of a hybrid system with CSP can be significantly redu8d%)( when a
backpressure gas turbine recovering the exhaust heat in the thermal storage is used instead
of a condensing gas turbine.

There isno big difference in system cost between fulfillment of a classical demand profile
(with typical midday and evening peaks) or a baseload profile. Still, the share of CSP
generation is slightly higher in the case of a baseload profi#j4ompared to th&panish

load profile 41%).

The allowed share of natural gas is fully exploited in all analyses which shows the cost
competitiveness of this technology under the current economic setting (incl. carbon pricing).
The adaptation of the offl I { SN & R&tydeasdhal LdNGidns (higher production

of CSP during the summer) can reduce the system cof%bycompared to the same
baseload profile over the whole year.

In the configuration including CSP, the renewable part of the electricity generation stems
almost evenly shared from PV and CSP. This shows how these technologies are suited for
complementary use in order to achieve a continuous, emisEiea supply of electricity.

It is more coseffectively to invest in thermal storage systems in combinatidth wlectric
boilers to store excess renewable generation than in utility scale battery systems.

The high electricity prices in case study 2 show can be partly explained by the fact that a
small, closed system is simulated which leads to-cegacitiesOn the other hand, the high
system cost¢ and the high electricity prices correlated to gtpartly indicate the high
investment cost of the technologies modelled.

Case 2 fulfilling an offtaker's profile

® 46%
800 ® 410 ® 43% @ 45% ’ 40%

600 30%

400 265 255 231 240 219 20%
178

124 ® 12% 10%

0 ® 0% ® 0% 0%

| CSP share in generation [Po]

System cost [mio. EUR/a] @ CSP share in electricity generation [%]

Figure2: Comparison of the analyses of case studytfillingan oftli {1 SNRa RSYF y R LIN

Case Studies analysisprospects for different C38chnology conepts(D8.1) 14
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The results show that CSP plants can operate most beneficial in electricity systems which show peak
price levels outside of the times when conventional solar PV can generate electricity. As long as
price levels are highest dag the day, CSP has low incentives to shift its generation. That means
that CSP plants can mostly outplay their advantages compared to conventional PV p{aritgé)
electricity systems with high shares of nalispatchable renewable energies like @iand PVThe
emphasis on a deegecarburizationas exemplified via high carbon prices would then help CSP to
outplay its fossil competitors like gdéised power plants in the micto longfuture.

Case Studies analysisprospects for different C38chnology conepts(D8.1) 15
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1 INTRODUCTION

This reporpresentshe resultsof a casestudyanalysis of prospects for differe@oncentrated Solar
Power CSPtechnology concepts Europe We, therefore,look into the Spanish context as a focal
country where CSP could be used, assessing the teebmwomic performance of different CSP
technology concepts including complementary technologies by means of case studies. This serves
as a sensitivity analysis related to the evaluation of the pros and cons of different alternatives for
CSP projects done within WP5 (Task 5.3) and is performedvamee to the actual integrated
assessment by means of pathwaptanned for the second half of the MUSTEC project (Task 8.3 and
8.4). As part of this case study assessm@atalsoanalysenow changing framework conditions have

an impact on the operation aheconomics of CSP power plants.

Structure of thisdeliverable

Within this report, we present the conceptualisation of the case study specifics including the
underlying assumptions and framework conditions that have been aligned amongst the cooperating
project partners and work packagdsrst, we describe the method including a model description of
Balmorel as implemented for this task and the input and output parameters in the context of the
Spanish electricitgystem Then, the case studies are presett&inally, the conclusions summarize
the main outcomes of the analysis.

This case study analysis as part of comprehensive modelling works of the CSP integrated
assessment (WP8)

Task 8.1 has been dealing with a profound model and data preparation whitis the basis for

the detailed modebased assessments in WP8. A focus is laid here to incorporate into the modelling
system all specifics of assessed CSP technology concepts in an adequate manner, including the
technoeconomic parameters of the CSP teclugy power system concepts and the
complementary storage facilities. Here, a close linkage to WP5 assures that all features of the
different technology concepts are well represented and incorporated in the models and in their
databases. This has requireglsearch and extensive data preparation as well as additional model
modifications for the CSP sector.

The whole of WPS8 is closely linked to WP5 and WP7 since these two work packages deliver
important input data for the modelling exercises done in WPS8.

D8.1is especially linked to WP5. In WP5, a collection of representative CSP projects has been
gathered and described in a botteaop assessment. Information of these case studies is now used

in order to model the characteristics of CSP technology conceptd®. Whis serves at the same

time as a sensitivity analysis related to the evaluation of the pros and cons of different alternatives
for CSP projects done within WP5 (Task 5.3). The results derived and findings gained are also fed
back to WP5.

Case Studies analysisprospects for different C38chnology conepts(D8.1) 16
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Further, WP&uvill be closely linked to WP7 in the follewp modelling exercises since the case study
analysis is performed in advance to the actual integrated modelling assessment in WP8 by means
of pathways in order to identify promising technology configurations aunitical elements of CSP
plants. This is necessary for thedapth modelling in WP8 in order to provide answers to the
guestion of how CSP can be taken up at the electricity system level. Therefore, we have to
incorporate the set of general assumptionscessary for the execution of scenarios as elaborated
within WP7 (Task 7.1).

In the further course of WP8, we will build on the definition of the pathway and scenario scope done
within Task 7.1 where common normative aims of the scenarios, boundariegem®xos
developments shared by all scenarios are defined. This includes assumptions concerning general
framework conditions (incl. GDP, population, energy price and demand developments) as well as
related to other competing renewable (and fodsdsed) lowcarbon technology options. The
incorporation of theconceptualizatiorof distinct policy pathways done in WP7 and the findings on
the impact of different CSP configurations building on WP5 and described in this deliverable form
the base for the overarchingnodetbased integrated assessment in WP8. The closely coordinated
interplay of the three energy models Gre&n Balmorel, and Enertile in WP8 finally lays the
foundation for the subsequent policy evaluation and derivation of action plans planned for MdP9 a
WP10.

2 METHOD

2.1 The optimisation model: Balmorel

Balmorel (the BALtic Model for Regional Electricity Liberalisation) is a partial equilibrium model,
analysing the electricity and district heat sector on an international level. International trade as well
as different price zones within a country can be modelled. Balmorel uses linear programming to
minimize the annualized cost of the energy system (electricity and district heat).

Balmorel is a deterministic bottomap energy system model that is able to-gptimize energy
dispatch and investments. Investments are thereby optional and can be used additionally to the
dispatch model. Further, policy restrictions in terms of fuel constraints (e.g. coalpl&sean be
considered The Balmorel Open Source Project 2019)

Tablel andTable2 give an overview of required input parameters and expected output parameters
in the dispatch and investment optimization Balmorel.

Case Studies analysisprospects for different C38chnology conepts(D8.1) 17
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Tablel: Input and output parameters for dispatch optimization in Balmorel

Dispatch optimization

Input Output
1 Electricity and district heat demand ar 1 Electricity and district heat generatio
hourly profiles per generation unit

1 Fuel prices 1 Electricity distribution and transmissio

1 Generating capacities and the 1 System cost
characteristics 1 System emissions

1 Resource characteristics for wind, hyo
and solar resources

1 Transmission capacities ar
transmission and distribution losses

Table2: Input and output parameters for investment optimization in Balmorel

Investment optimization |

Input Output
1 Investment cost for  differen 1 Endogenously installed generatic
technology types capacity per technology type
1 Investment cost for transmissio 1 Endogenously installed transmissi
capacity capacity between regions
1 Interestrate
1 Economic life time of technologies

There are three geographic levels in Balmorel: countries, regions, and areas. Eletsnatyd and
generationare balanced within regions whereas district heat demand and generation is balanced
within areas. Heat transfer is not possible between areas in the default mode, but electricity
transmission is allowed between regions and countriezble3 shows the model characteristics of
Balmorel. The objective function minimizes investment costs, operation and maintenance costs
(fixed and variable costs), and fuel costs. For this, equations on electricity and distribaleate,
capacity and energy constraints, production of dispatchable anddigpatchable units, operational
constraints, storage operation, transmission constraints, emission caps, and several more are
considered. As a result, the model delivers energgversion characteristics, fuel consumption,
electricity exports and imports, emissions, investments in plants and transmission lines, prices on
traded energy, and total costall optimization is done by perfect foresight over the year.
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Table3: Balmorel model characteristics (adapted frdtiinster(2019)

Balmorel model characteristics

System aggregation

Flexible at three levels (geographical levels of caast regions,
and areas)

Optimization
type

Linear programming

Optimization focus

Minimizing annualized costs of the energy system

Optimization object

Dispatch and investment

Output

Energy production by unit, fuel consumption, emissions,
electricity inport/export, investments in plants and
transmission, as well as electricity price

Model run-time

Depending orthe size ofthe problem, varying from minutes to
days

Access

Complex interface, open source (demands GAMS license ¢
linear programming softwa), direct access to code and datz

Figure3 shows the core structure of the Balmorel model. Within the system boundaries of the

model, the energy flows of electricity and district heating are simulabastrict heat demand and
electricity demand are given exogenously. Storagetectric as well as thermalcan be simulated
as well. The additional demand caused by the stertgilities is added endogenouslin the

Balmorel model, an electricity price is calculated for eacloregnd each time segment of the year.
¢CKA& LINAOS NBLINBFaSyita GKS St SOGNAROAGE LINRRdAzOS

and emission taxes, operation and maintenance costs, and investment costs).
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System Boundaries
Heat Cooling
District Heating

Y

Nuclear

|
I
Fossil Fuels energy Pumps
I sources [:
|
|
I

Condensing DH Storage I
Biomass Power Plants I
P eTrmrEn
Combined I
.. r —
Municipal Waste 0 Heat and
Power Plants |
I
DH Boilers |—
Electricity I
—
Geothermal Storage
Electricity Electricity I
Import Export I
Hydropower 4 % »
Electricity I

Primary Fuel Energy Conversion Primary fuel
Consumption and Storage —u-;”e” ——  Electricity
OWS

— District Heating

Figure3: Balmorel core structuré/Niese et al(2018)

2.2 The Spanish electricity system

Spain is today (as of 28)lthe fifth largest electricity consumer in the Euorpean Union (ELZ&)

a total consumption of aroun@55 TWh and a power generation fleet that offers a cuative
ingtalled capacity of 10%5W (ENTSOE 201%ey sources for electricity supply are hydropower,
nuclear, (onshore) wind and (fossil) natural gas. The Spanish high voltage grid is well interconnected
with its peninsula neighbor Portugal but the interconnection to the heart of Eurdpd-rance is
comparatively weak, offering at total capacity of 5.5 GW. Beleevprovide a brief recap of the
generation stock in Spain as well as of the highage interconnection to its neighbors.
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2.2.1 Installed generation capacities

We model thepublic grid in Spain including all generation technologies.

Table4: Installed capacities per production type for Spain in 2018 (ENRPSOEH)

Installed capacities in Spain 2018 [MW]

Nuclear 7117
Fossil hard coal 9535
Wind onshore 22834
Hydro run-of-river 1156
Hydro water reservoir 13480
Hydro pumped storage 5645
Other renewable 262
Solar 6722
Waste 544
Fossil gas 30683
Fossil ol 715
Other 117
Biomass 520

In the current Spanish electricity system, there are already CSP capacities instaNesver, for
the purpose of the case studigswas assumed that all existing solar generation capacities besides
the case studies in Spaiollow the generation profile ophotovoltaics(P\).

The generation profile for the nedispatchable generatiorechnologies wind, PV, and raf-river
hydro power is simulated using weather data from the year 2808 0st parameterand fuel prices
for the generation technologies can be found in the appendix (seé&iband6.2).

2.2.2 Transmission capacities

The electricity and district heat dispatch in the neighbing countries Portugal and France are also
modelled in hourly resolution. The derived export and import flows also have an effect on the
Spanish elecicity system and the derived electricity price
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As maximum transmission capagcitile maximum value of the 2018 crebsrder physical flow
between the countries was taken into account. The numbers are stat€dbieb.

Table5: Transmission capacity from one country (row) to another one (col(ENT)SOR019)

Available
transmission capacity
[MW]

TO

FROM
FR 5567

ES 3074 2708

PT 3978

For France and Portugal, also the installed capacities of 2068 ENTSOR019)were taken into
account! Exports from France to other countries which are not in the scope of this analysis were
deducted from the French electricity generatidn.2018, 47910.5 GWh of electricity was exported
from France to other countries than Spain. Theleacgeneration capacity for France was therefore
reduced by6.844 GWBetween the countries, there is a transmissfea of L0EUR/MWh assumed.

2.3 Modelling of CSP

CSP plants consist of three independent but closely interrelated components with different
chaacteristics: the solar field producing solar thermal energy, the thermal storage system, and the
electricity producing unit/power block. All of these components can be sized differently and require
different assumption regarding their techreconomic pareeters. This additional information
which was needed for the modelling was elaborated in cooperation with ESPBILS)and is
specified in the following.

2.3.1 Solar field

Depending on the technology concept, the amount of thererargy output is determined by the

size of the solar field and the amount of solar irradiaqeelevant in the case of CSP is the amount

of Direct Normal IrradiancéDNI). Varying the size of the solar field has an impact on the capacity
factor of the eéctricity generating unit. This is, however, a complex interplay of solar field size,
storage capacity, and electricity generation capacity. The size of the solar field can either be
expressed in terms of actual covered land or by using the concept daamaltiple. The solar
multiple is the ratio of the thermal energy collected by the receiver atréferencepoint to the

! For nucleapower plants an availability factor of 85%as assumed.
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amount of thermal energy required to generate the rated turbine gross pqWariuki, Machinda,
and Chowdhury 2012)

The solar radiation data (DNI) for e&h modelling is commercial data from Mines
ParisTech/ARMINES/TRANSVALORZ2D2?2) The data provides information for parabolic trough
systems in nortksouth alignment. The radiation data is like all weather data input for the modelling
for the weather year 2008 and is amerage value per countrfhe solar capacity factor for the solar
field is 25% which corresponds to 2190-falkd hours(DLR 2005)Asa solar multiple of the solar
field, we assume a factor df.5. Since there are different defitions of the reference conditions, the
solar multiple here is defined as the ratio of the maximbeat production of the solar receiver and
the heat input necessary to generate the maximum power output of the steam turbine.

2.3.2 Power output

Power units of at least 100200 MW of output are seen as a potential capacity size for CSP plants
(ESTELA 2019he efficiency of the steam turbinesst to42%.

2.3.3 Thermal energy ®rage

According to ESTE[2019) storage sizes of at least 8 hours are considered as realistic for the future.
For the malelling, a standard storage size of 11 hours is used for the assessment in the described
case studies.

The efficiency of the thermal energy storage is assumed to be 99RSTELA 2019)

2.3.4 Emissions

The only emissions whichreataxed in the modelling context are €@missions. An emissions
allowances pricef 19 € k (2frdmhthe year2018(SANDBAG 201B)taken into account.

2.3.5 Economics

In the modelling, the three components solar receiver, thermal energy storage, an@rpow
generation unit (steam turbine) have to be modelled separately but cost have been given for the
whole system(seeTable6). The cost are also results of D5.1 and given inputs from S20285.

Table6: stcomponents of the CSP system

Cost of the CSBystem |

Investment cost 543a € K a 2
Annual O&M cost 621 € K a 2
Variable O&M cost 0.15 EUR/MWh

2The part of the variable OPEX was derived f(lRENA 2012; Schroder et 2013; De Vita et al. 2018)
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Since most of the operating expenses are fixed (e.g. O&M contract with a third party, certain amount
of spare parts and, depending in each specific case, other associated costs such asessilaad
cost/rent, water, etc.), it is assumed that the variable O&M cost are not significant.

The nvestment cost for CSP plants differ a lot due to different local conditions, requirements, and
many more varyingxternalfactors. In order to get a ference value for the investment cost, we

looked at more recent projects and took the average CAPEX of Nimokidbkroccod ¢ ®nHH a€ K a ?
and DEWAVin Dubaio n @y n ¢ &ar theardodefling, theast were further split betweenthe

three components of CSR the following wayaccording to the method presented by Fedé2©18)

and Mehos et al(2008) receiver 61 %, ST 228d TES 17%.

An interest rate of 5% imken into accountFor all parts of the CSP plant, an economic lifeetof
25years is assumeCSP Guru 2019; Lilliestam et al. 2017)

3 ANALYSIS OF THESE STUDIES

In this chapter, we describe the context, the configurations, and the outcomes of the modelled case
studies.

3.1 Context of the case studies

In cooperation with ESTEL(2019)and the insights from WR%ve designed the case studies to be
analysedn order to cover all relevant aspects of thenfiguration

Link to WP5

In WP5, there was conducted a sound analysisiftérént CSP concepts and operational profiles.
Table7 shows an overview of the cases as presented in D5.1. The cases differ in terms of capacity
(power plant as well as storage), technology, and operational prdtile.main diffeences between

the various CSP operational profiles lie in the need which they have to fulfil. Table 8 gives an
overview of these needs. The case studies which are the focus of this deliverable have been designed
in a way that they show the impacts of tdéferent types presented here.
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Table7: Summary of casgSouza 2018)

Summary of cases

GF1SNRa
Plant/Project Operational profile
1A BCA A Standalone
=] Noor IlI Standalone

Gemasolar

88 DEWA Project Complementary to PV

Cerro
Dominador
(Atacamal) !

Project units)

>

Noor Midelt*

HySol concept
Decoupled
solar/gas hybrid

Xina Solar Oneaker (timeof-day tariff)

Baseload (standalone)

G/ 2YYSNDAL
co-located plants (CSP+F

G/ 2YYSNDALI €
co-located plants
(CSP+PV units)

Full firmness (hybrid
configuration)

Appropriatenesso match an off

Related

vs]

m

T

Configuration variable

Sizel Storage
Power Tednology capacity
output [hours]

Parabo
50 MW lic 7.5
troug
h
150 MW CentraI. towe 75
receiver
100 MW Parabolic 55
trough
20 MW Parabolic 15
trough
1oomw  CeMRl g5 gy
tower .
(tower) plus receiver & tower unit)
3x 200 MW parabolic & 11 (for
(PT) units PT units)
trough
110 MW ST Central towe
(plus 100 receiver plus 17.5
MW PV) PV
: Paraboli
2unitsof ¢ trough  Minimum
150190  ortower* 5 hours*
MW plus PV
Parabolic
trough & gas

N/A turbine N/A

hybridised

through TES

*Specifications yet to be confirmed by the developer

Location

Cérdoba,
Spain

Ouarzazate,
Morocco

Pofadder,
South Africa

Sevilla, Spair

Mohammed
bin Rashid

al-Maktoum

Solar Park,
Dubai, UAE

Atacama
Desert, Chile

Midelt,
Morocco

Spain

The main differencebetweenthe various CSP operational profiles lie in the need which they have
to fulfil. Table8 gives an overview of these needs. The case studies whicthar®cus of this
deliverable have been designed in a way that they show the impacts of the different types presented

here.
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Table8: Summary bidentified need¢Souza 2018)

Summary of identified needs

Type Descripton

Fulfilling national RES targets in the energy mix (disregarding other conditi
A [constraints, such as cost)stablished by the recipient country in its annual NR
(National Renewable Energy Action Plan) submitted to the EU Commission to
with the level of crosdorder exchanges between countries established by the new
Renewables Directive (REDII).

B Having a baseload operation as many hours as possible on sunny days to of
planned shutdown/decommissioning of conventional power plants.

C Increasing the contribution of renewables to the electrical system in the hours of h
consumption, tacompensateor the lack of flexibility of the variable renewable soul
(Var RES) of their system.

Reducing the baelp required in the hours in which PV, after sunset, would not be
D [0 generate electricity, to achieve a greater contribution ofaseenergy and withol
exceeding the thresholds of PV power that could lead to curtailments (i.e. hav
takers with a specific interest in covering the night demand peaks with RE
reasonable cost, thus recognizing the value of STE).

Importing manageable (solar) renewable energy at the lowest possible cost,
E [means considering hybrid Rv¢ 9 L2 6 SNJ LX | yda o d d22Yor9
integrating the manageability that the storage capability of the stharmal powe
station provices and the reduction of the global price that PV system can yield.

Ensuring the contribution of STE plants to power supply with absolute firmnes
F certain number of hours per year, by hybridizing the stiermal power plant wit
natural gas (butdemanding a majoritarian percentage of the solar contribu
throughout the year).

The following typologies have been considered as the most useful to build in the modelling exercise
for the presentD8.1. This is mainly due to the slightly clearer magatential of those cases
compared to the other typologies describedTiable7.
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Table9: Case studies for the modehsed analysis

Operational profile Examples

Standalone. Noor Il

Full firmness (hybridconfiguration, e.g.a | ! LI I yd 2LISNFGAy3 f
decoupled solar/gas hybrid)Still, the aim proposed by Cobra

remains to produce as much as possi
with solar and use gas only when profitak
or necessary to fulfil demand.

Complementaryto PV(STE plants chargir DEWAIV phase CSP
storage during the day and operating fro
sunset till early morning next da
competing in many settings with gas).

G/ 2YYSNDA I f é-locKtéd@plsidts| Cerro Dominador (camal) Project, Nootf
(CSP+PV unitsBimilar to above but th¢ Midelt

plant manayes the best mix to provide th
promised output.

Structure of the analysis

The analysis is splittmtwo parts: in the first part,ie context of the full electricity system for Spain

is modelled. In thg setting, we implement the sa of aCSPplant whose operational profile is
standalone due td'able9 (case ). However, since we are modelling tbperational behawur of

this plant in the context of the full Spanish electricdye a § SY> OF 4SS &G dzRé wm
O2 y i NR 06 dzii 2 NE Inxhiswal, WeSareBildef td aabyieynarket values and dperational
behaviaur of the plant in the full electricity system of Spa#parabolic trough CSP plant with an
installed capaity of 200 MW, anda thermal storage system of 11 hours are modelled in the Spanish
electricity systenof the year 2018. In case study 1, all generating capacities are exogenous input
parameters and only the hourly dispatch is optimized in the modelhiwithis analysis, several
sensitivity analyses are conducted in order to assess the impact of various external influencing
factors on the operation of the CSP plant. In sum, 13 configurations are analysed in case study 1:
We assess different variations storage size, solar multiple, natural gas and @@e, and shares

of wind and solar PV in the electricity generation.

In case study 2the cases are modelled in a closed system covering a gifén |- | Sexdana

profile. In this way, we can compare thaifferent hybrid configurations Gmplementary or
commercial hybrids of CSP and PV are often designed to matdhloff S NR Q NIBhgrdmred S Y S y
case study 2 is modelled in a dowaaled closed electricity system covering 0.2% of the Spanish
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electricity demand. The model optimizes investments and dispatch to cover tiebff SN a RSY
in every hour of the year. This optimization is limited by different constraints which are varied in
order to assess their impact on the CSP investment and dispatchseRisgivity analyses in the
second case study are covering the configuration of the CSP plant, possible combinations of hybrid
technologies (PV and natural gas), grade of firmness of supply, and variations of-thé ¢ffS NI &
demand profile Finally, the ole of thermal storages in comparison to utility scale battery systems

is assessed.

3.2 Case study t CSP plant in Spaims system contributor

The first assessed case study is a CSP plant in Spanated to contribute to power suppin the
Spanish publigrid. For that analysis, the whole Spanish electricity system (including exports and
imports to or from Portugal anBrancé are consideredThe CSP plant is acting on the national day
ahead market and is optimizing its economic performance according g¢ootiturring Spanish
electricity pricesCase study 1 looks just at the economics of a single CSP plant in the current Spanish
electricity system. Each plant is dispatched in the most economical way.

3.2.1 Configurations

Table10 shows theconfiguration of the CSP plants. All other relevant parameters are described in
chapter2.2and chapter2.3. In concrete terms, we adapt the size of the thermal storage, the natural
gas and Cgprices,as well as the share of the natispatchable generation from wind and PV in the
system in order to assess their impact on the CSP operational profile.

Tablel0: Configuration of case dCSP planas system contributor

Generation capacity 200 MW

Thermal storage 11 hrs (5.2 GWhH)

3.2.2 Results

The electricity generation in Spain is presented ablel1l. The rest of the demand is covered by
imports, mainly from France.

Tablel1l: Annual generation by fuel type in Spain [TWHh]

0
%)
@©
=

e
m

9.70| 45.88 0.12 5.79| 11.23] 52.95| 30.83| 55.92 0.21| 0.66| 213.28
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Figured shows the simulated generationixin Spain exemplary for one weeksummer(week 2).
The generation is differentiated by fuel. Hydro includes electricity generated bgfrumer as well
as by hydro reservoirs with the vast majority of this electricity generated by reservoir§ §bést).

35000
30000
25000
20000
= 15000
10000

5000

0

Monday- sunday in week 29 (1622 July)

SOLAR PVm COAL mHYDRO PUMPm WASTE mNATGAS m NUCLEAREWATER mWIND

Figure4: Electricity generatiom Spain (exemplary weel 8uring summey
Operational profilein a typicalsummerweek vs. winter week

To exemplify the behaviour of a CSP plant in this eletytnoarket, ore week in summer and one

week in winter are chosen. The winter operational profile is displayed by week 3 (week 1 and 2 can
have unusual demand profiles because of the Christmas holidays) and week 29 half a year later in
summer.

The operationaprofile of the 200 MW CSP plant (including an 11 hrs storage facility) is displayed in
Figure5 to FigureQFigures.

During summer (week 29 in Jylthe CSP plant is able to réull load and charge the storage during

the day at the same time. CSP is mainly producing during the day due to the peak price level during
the daytime. When prices are decreasing during the day (like on Sundaginme5), the C8 plant

rather charges the storage than producing and selling the generated electricity on the electricity
market (like on Sunday figure6). The storage level varies between full an empty in this week 29.
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Figure5: Operational profile of 200 MW solar PV and 200 MW Wi8P11 lours storage in the
Spansh electricity system isummer
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Figure6: CSP generation profil®W] and heat storage content [MWH#} in summer
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In winter,the situation is different. The CSP plant is operating at part load and only during the day.
Again, due to higher price levels during the day, the CSP plant has no incentive to store the thermal
energy and shift its generation to the night. When prices aerdasing during the day, CSP stops
operating as well (Tuesday to Thursday during nodaigaire7 and Figure8).

250 60
200-/ ! T -'\ I-- r=,=—=", /- =====- - =-=- 50
\
! 4o§
150 ,
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e
= 100 -}
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50 \ i,
0 A 0

Monday- Sunday in week 3 (1321 January)

Solar PV [MW] mmsmm CSP [MW] = = = Electricity price [EUR/MWh]

Figure7: Operational profile of 200 MW solar PV and 200 MW @Wi8P11 lours storagein the
Spanish electricity systeimwinter

In week 3, the CSP plant is barely utilizing its storage (contpguee8). This can be explained by
higher price levels in other weeks. However, this generation beba is a limitation of the
modelling approach with perfect foresight.
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Figure8: CSP generation [MW] and heat storage content [M\\Wh winter

Besides the electricity market price level, the radiation level has an impacteosléltricity output

of the CSP planfigure9 shows the heat flux of the receiver field and how it is impacting the
generation.We can see, how reductions in radiation intensity during the day directly lead to
decreased generatiolevels.
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Figure9: CSP generation [MW] and heat flux in the receiver field [W/m?]
Market values

In thismarket setting, the average electricity price is 49.24 EUR/MWh. The market value of CSP is
50.73 EUR/MWh which correspontis 103% of the average electricity price. A CSP plant without
storage facility would have a relative market value of 10@8¢ sameas PV). This means the
additional value generated by the storage corresponds to 3% of the average electricity price.

Tablel2: Market values of a CSP plant in the Spanish electricity system in 2018

Average electricity Market value CSP = Electricity produced

price [EUR/MWHh] [EUR/MWNh] by CSRGWNh]
Base: 200 MW, 11 49.24 50.73 (103%) 6534
hrs storage
200 MW, no storage 49.23 49.45 (100%) 541.2

3.2.3 Sensitivity analyses

In order to assess the impact of different input parameters on the economic performance of CSP
plants, a range of sensitivity analyses are conducted for the case study of a CS&s @gstiem
contributor in Spain.

3 The real average day ahead electricity price in Spain 2018 was 57.29 EURAMTSOE 2019Jhe main
reason for the difference is that unit commitment and mush constraints are not considered in this
modelling approach.
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3.2.3.1 Storage size variation

The storage size plag centralrole when it comsto the ability of a CSP plant to shift its electricity
production in timeand, therefore,to make use of the main feature differentiating its pradion
from PV generationVhile we used a storage size of 11 hrsheesdefault value for ase study 1, we
increase itin this sensitivity analyste 17 hrs.

Operational profile summer winter
Solar multiple of 1.5

In the base case, a solar multiple 05 1s assumed. During summer (deigurel0), the increased
storageextends the operation time of the CSP pladbwever,production still takes place mainly
during the day because of higher price levels. On Friday, we can obsezxteaded generation in
the evening hours.
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FigurelO: Operational profile of 200 MW solar PV and 200 MW CSP witlbu$ storage and a
solar multiple of 1.%n the Spanish electricity systetaring summer

The storage contenis increased during the day and decreased during the morning and evening
hours. Over the week, we can observe a decreasing storage level. On the weekend, when prices are
lower, the storage is filled again (compdfigure 11).
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Figure 11: CSP and PV production, storage content, and heat flux of the receiver with 17 hours
storage and solar multiple of 1.5 during summer

Inweek 3 inwinter (seeFigurel?), the CSP plant mainly produahsing the day because of higher
electricity prices and only in a femwoursduring the night.
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Figurel2: Operational profile of 200 MW solar PV and 200 MW CSP witlow$ ktorageand a
solar multiple of 1.%n the Spanish eléacity system in week 3 during winter

In week 3, the storage is rather empty and only during some hours of lower price levels, the storage

is slightly charged. Radiation levels are also quite low and do not allow for high production and
charging at the sae time.
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Figurel3: CSP production, heat storage content, and heat flux of the receiver with 17 hours storage
and solar multiple of 1.5 during winter
Solar multiple of 3

The situationchanges when additionally to the storage qazacity - also the solar multiple is
increased to 3. Then, we can see in summer that the CSP plant is generating electricity continuously
throughout the week (se€igureld).
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Figurel4: Operational profileof 200 MW solar PV and 200 MW CSP with difiistorage and a
solar multiple of 3 in the Spanish electricity system during summer

This combination of solar multiple, electricity generation capacity, and heat storage is quite perfect
for operation in summe Figurel5 shows that the storage is regularly charged during the day and
discharged duringhe night to provide full load for the whole week in summer.
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Figure1l5: CSP and PV production, storage contemid heat flux of the receiver with 17 hours
storage and solar multiple of 3 during summer

During winter, the effect of the increase of the solar multiple is less distinct: the amount of
generated electricity increases but this happens mainly at the tinveen the plant is also
generating with a lower solar multiplegmpareFigurel6). In winter, continuous production is not
happening in the current setting of the Spanish electricity market.
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Figurel6: Ogerational profile of 200 MW solar PV and 200 MW CSP with 17 hrs storage and a solar
multiple of 3 in the Spash electricity systerduring winter

During week 3 in this case, the storage level is rather stable and high (cofigarel?).
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Figurel7: CSP and PV production, storage content, and heat flux of the receiver with 17 hours
storage and solar multiple of 3 during winter

Market values

What we can see from the result§gblel3) is that the increase of the storage from 11 to 17 hours
only very slightly increases the market value. This is due to the fact that in the current system, prices
during the day are higher than in the night and CSP will still producegitivendaylight hours and
make only very limited use of the increased storage capacities. Howeweseoond step, we also
increasethe solar multiple of the solar field t8 and3. A solar multiple of 3 mearthat the solar

field is designed to provide tBnes more thermal energy to operate the steam turbine at its rated
capacity under reference conditions. This means, more thermal energy has to be sent to the storage.
As a result, the amount of electricity generated by the CSP plant increases in acsovdénthe

solar multiple. We see that the market value even decreaseth increasing solar multiplbut the
amount of electricity produced and sold almost doubhgth a solar multiple of 3There is also the
effect that average electricity prices aséghtly decreasing.
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Tablel3: Results of sensitivity analysis of increased storage capacity

Storage size / solar | Average electricity Market value CSP | Electricity produced
multiple price [EUR/MWh] [EUR/MWNh] by CSP [GWh]

Base:11 hrs storage, 49.24 50.73(103%) 653.4
1.5 solar multiple
17 hrs storage, solar 49.24 50.87(103%) 653.3
multiple 1.5

17 hrs storage, solar 49.23 50.53(103%) 8701
multiple 2

17 hrs storage, solar 49.20 49.85(101%) 1140.2
multiple 3

3.2.3.2 Natural gas price
We also evaluate the impact of a 100% increisthe natural gas price from 7.3 EUR/GJ to 14.6
EUR/GJ. We do so in twteps: 12.95 EUR/GJ and 14.6. EUR/GJ.

Tablel4: Results of sensitivity analysis of increased natural gas price

Natural gas price Average electricity Market value CSP | Electricity produced

price [EUR/MWh] [EUR/MWHh] by CSP [GWh]
Base:7.3 EUR/GJ 49.24 50.73(103%) 653.4
12.95 EUR/GJ 53.00 56.10(106%) 653.3
14.6 EUR/GJ 53.31 56.63(106%) 653.3

Theresultsshowt#t i KS | Y2dzyd 2F St SO0 NA OA i But maka RideS S R
slightly increase from 103% to 106B&sical), a fuel switch from natural gas to coal, pumped hydro,
and biomassakes placdseeTablelb).

Tablel5: Generation mixn Spain for different natural gas prices

o
S
o
>
<
o
=
>
o

Electricity
generated
Solar PV
Coal
NEUIEUGES
Biomass

Base:
7.3 9.70 | 45.88| 0.12 | 5.79 | 11.23| 52.95| 30.83| 55.92| 0.21 | 0.66 | 213.28

EUR/GJ
12.95
EUR/GJ

9.70 | 58.35| 0.23 | 5.79 | 0.42 | 52.%5 | 30.83| 55.92| 4.74| 0.66 | 219.®
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3.2.3.3 CQprice

The CQprice influences the generation from fossil fuels like natural gas and coal and increases the
marginal generation costs for these producers. Hence, tatebn the overall electricity price can

be seen in times when these producers are price setting. In order to assess the impact of a variation
of the CQ price, we increase it frorariginallym T @Q«inltwo stepsi 2 y©QleykRi My o € Kk
¢CKS ljdzAGS | YOA A 2dmms ZamithdzBire@edl Vision Sceramoidf the NET
project which projects this price for the year 20&&kensful} et al. 2019)

In consequence of the increased O®ice, the average electricity price increases to up to 102
EUR/MWHh. The results ifable16 show thatthe amount of electricity produced by CSP does not
change significantlyThe market value is in all three cases 103% of the average electricity price.

Tablel6: Results of sensitivity analysis of increaS€slprices

CQprice Average electricity Market value CSP | Electricity produced
price [EUR/MWh] [EUR/MWHh] by CSP [GWh]

Base:19 EUR/t C® 49.24 50.73(103%) 653.4
83 EUR/t C® 71.47 73.47 (103%) 653.7
183 EUR/t CO 102.13 105.53(103%) 653.8

e %)

2% 2 : .
S % = = 2

20 o o @

OF = e = E

o2 = g S

w o = 0

Base:

ElngR/t 970 | 4588 | 0.12 | 5.79 | 11.23| 52.95| 30.83| 55.92| 0.21| 0.66 | 213.28
CQo

183

EUR/t | 9.70 0.16 53.99| 52.96| 30.83| 55.92| 6.60| 0.66 | 210.82
CcQ

3.2.3.4 Share of PV and wind in the syste

The operational profile of a CSP plant is also heavily impacted by the rest of the generation mix in
the electricity system. The dispatchability of a CSP plant can be used to level ouvatiadie
renewable electricity sources.
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In 2018, there was aimstalled wind onshore capacity of 22834 MW and an installed solar capacity
of 6722 in Spai(ENTSOE 2019%ccording to the Directed Vision scenario in the-8&W project,
where a deep decarbonisation is envisaged across Euvrapepuld see 115 GW of PV and 47 GW
of wind capcities installed in the year 2050 in Spdihese bold figures are taken as examples for
high shares of variable renewables in the Spanish system.

Tablel7: Installed capacities 2050 in Spé8EINav 2019)

Installed capacities 2050 in Spafacenario Direatd Vision)
Solar PV 115 GW

Wind 47 GW

Increase of wind capacities

In orderto assess the impact of an increased wind share in the electricity system, we increase the
share in two steps up to 47 G\Wigurel8 showsthe same week 2%ith an installed wind capacity

of 47 GW in the Spanish system. We can see dmathe weekend wind is producing the vast
majority of the electricity. Natural gas disappears from the system in this setting ang@oal

plants increasigly have to behave like peak load power plants
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Figurel8: Week @ with an installed wind capacity of 47 GW

With increasing shares of wind in the electricity generation, we can see decreasing average
electricity prices in the sgem. The market value of CSP is increasing at the same time and amounts
to 114% ofthe average electricity price in the case of 47 GW installed wind capa€it8d?.is not
curtailed in both cases.
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Tablel8: Results of sensitivitynalysis of increased wind generation

Wind capacity Average electricity Market value CSP = Electricity produced
installed price [EUR/MWAh] [EUR/MWh] by CSP [GWNh]

Base22.8 GW 49.24 50.73 (103%) 653.4
35 GW 44.92 48.03(107%) 653.3
47 GW 40.79 46.38(114%) 653.3

Increase of solar PV capacities

If the installed capacity of solar PV is increased to a level of 115 GW, @&k like displayed in
Figurel9. Other renewable sources like wirathd also CS&e curtailed(compare the enount of
electricity produced imablel9).
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Figurel9: Week 29 with an installed solar PV capacity of 115 GW

Figure20 shows week 3 during winter. Hersplar PV generation is srmallbut is also able to cover
the whole demand during noon.
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Figure20: Week J15¢ 21 Januaryyvith an installed solar PV capacity of 115 GW

A result of these enormous capacities of solar PV (in the existing power systemY)yslawevel

of electricity prices: the average is 31.88 EUR/MWh in the case of 115 GW solar PV irdtalled.
market value of CSP is increasing at the same timeaamalints to 144% of the averagdectricity
price in the case of 115 GW installed solarcBpacities.

Tablel9: Results of sensitivity analysis of increased solar PV generation

Solar PV capacity | Average electricity Market value CSP | Electricity produced

installed price [EUR/MWh] [EUR/MWNh] by CSP [GWh]
Base®6.7 GW 49.24 50.73 (103%) 653.4
54 GW 39.04 46.56 (119%) 641.8
115 GW 31.88 46.02(144%) 607.4

3.2.3.5 Combination of natural gas price, CO2 price,inaease ofolarand wind
capacities

In this last sensitivity analysis, we combine an increased natural gas pt2®5EUR/GJ)an

increased C@price (83 EUR/T CGf) and an increased P4 GW) and wind (35 GW) installed

capacityLy GKAa ¢l &% ¢S GNB G2 RNIg | LAOUGINNBE 27

in it.
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Table20: Resultof sensitivity analysis of 50% increase in solar PV and wind capacities, natural gas
price, and C&price

Assumptions Average electricity Market value CSP Electricity
price [EUR/MWNh] [EUR/MWh] produced by CSP
T —.————..... [GWh]
Base:
6.7 GW solar PV
22.8 GW wind 49.24 50.73 (103%) 653.4

Natural gas price 7.3 EUR/C
CQ price 19 EUR/t
54 GW solar PV
35 GW wind
Natural gas price 12.95 93.47 104.10 (111%) 653.7
EUR/GJ
CQ price 83 EUR/t

Theresults show that the average electricity price increases from 49.24 to ®MMWh due to
the high C@price. The increased share of nrdispatchable renewable generation increases the
value of the storage of CSP and leads to a relative market value of 111% in this case.
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3.2.3.6 Summary of case studycICSP as system contributor

In Figure21 and Table21, the results of case §a CSP plant of 200 Myénd an 11 hours thermal
storage- are displayed.

Case 1 CSP market values and average electricity prices
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Figure21l: Summary of theasults of case studycdlCSP plaras system contributan Spain

Highlights

1 The average electricity price is mainly dependent on two factors: In the case of increasing

CQ prices, we can observe increasing electricity prices and in the case of incrslasieg

of nondispatchable renewable energies (wind and PV), we can see decreasing electricity

prices.

1 In the current market setting, an increased thermal storage capacity does not increase the

market value of CSP because the electricity prices duringdlgeare the highest. However,

in combination with an increased solar multiple, the produced electricity and revenues are

increased.

1 The relative market value (compared to the average electricity price) for the CSP plant is
above 100 % in all sensitivitpayses and the highest in the case of a very high PV share in

the electricity system (144%).

1 High shares of nodispaichable generation by PV and wind increase the relative market
value of CSP the most. At the same time, average electricity prices amauessare the
lowest in these sensitivity analyses.
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1 In a market environment with increased shares of ftispatchable renewable generation
(PV and wind) and G@nd natural gas prices, the relative market value of CSP is increased
to 111%.At the same time we can observe high electricity prices and revenues in this
setting. This sensitivity analysis was designed in order to represent a possible future
electricity system where CRan play out its main operational advantagedispatchable,
renewable, and O»-free generation of electricity.

Table21: Results of case studycICSP plards system contributan Spain

Analysis Market value CSP Average electricity
price
Base case CSP plant in Spain 103% 49.24
17 hrs storage, solar nitiple 1.5 103% 49.24
17 hrs storage, solar multiple 2 103% 49.24
17 hrs storage, solar multiple 3 101% 49.20
Natural gas price 50% increase (12.95 0
EUR/GJ) 106% 53.31
Natural gas price 100% increase (15.60 0
EUR/GJ 106% 53.00
CQprice 50% increase (8BUR/t CQ) 103% 71.47
CQprice 100% increase (183 EUR/t£O 103% 102.13
35 GW wind 107% 44.92
47 GW wind 114% 40.79
54 GW solar PV 119% 39.04
115 GW solar PV 144% 31.88
Combination:Increase of EV, wind, natural 111% 93.47
gas and Ceyrice

3.3 Casestudy 2¢ Fulfillinganoffd  { SNR& RSYIl yR

Since all of the analyses of case study 1 only look at the economics of the CSPtp&asetiting of
the Spanish electricity system, the beneficialeefs which can be realized 8 plants with
thermal storage for the energy system are not fully displayed. This feature is a big difference to
conventional solar PV generation which cannot be dispatched in this way. Therefore, the following
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case studies are designedthat the CSP plants are requiredfidfil a certain offi  { SNAQ RSY
profile. In this way, we canmaulate Power PurchaseAgreemens (PPA)vhich are designed sihat
the CSP plant has falfil a certain demand profile.

In the following case studies, we define a cerfavel of demand viich has to be fulfilled in every

hour of the yearlIn the different configurationsCSP, PV, and natural gésermal and electrical
storage facilities, and electric boileese cooperating and/or competing in fulfilling this demand
profile. These hybricconfigurations are designed to provide dispatchable and firm energy during
every hour of the year. The single technologies do not necessarily have to be located in the same
place and the independent sizing and operation of the different hybrid compondots #or a high
amount of flexibility in matchingtheofi  { SND& 2NJ St SOGNRAOAGE aeadsSy
1, there are no capacities externally given but the model optimizes both, the installed capacities and
generation dispatch. The caseidy is analysed in a closed system, no transmission to neighbouring
regions is simulatedThis is done in order to make the different configurations comparable and
object to the same conditiondn a real electricity system, excess electricity could bd ealthe

open electricity market in order to avoid huge overcapacities and curtailment.

3.3.1 Cost assumptions

Since additionally to the dispatch, alssvestmentsare optimizedin case study 2the cost
assumptiongor the different technologieareof high rdevance(seeTable22). Again, the cost given

by ESTEL&R019)was further split between the three components of CSP in the following way
according to the method presented by Feddf0D18)and Mehos et al(2008) receiver 61 %, ST
22%, and TES 17%.

Table22: Techneeconomicassumpions for case 2 fulfiling an offi I { SNR& RSYIl YR LINJ

Annual : .
Investment 0&M Variable | Economic Efficiency  Full load

Technology cost [mio. O&M cost | lifetime

cost [%0] hours [h]

EURIMW] (e jppany [EURMWHT | [a]

Solar P(Fedato
2018; Mines
ParisTech /
ARMINES / 0.953 255 0.1 25 100 1401
TRANSVALOR S./
2012; De Vita et al
2018)

CSP thermal
receiver parabolic

3.312 37.82 0 25 100 219

4 Average value for in from(Mines ParisTech / ARMINES / TRANSVALOR S.A. 2012)

5> Value derived fronfCSP Guru 2018)r plants without storage since it represents only the full load hours
of the solar receiver part of the CSP.
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trough (CSP Guru
2019; ESTELA
2019; Lilliestam et
al. 2017)

CSP steam turbine
(ESTELA 2019;
IRENA 2012;
Schroder et al.
2013; De Vita et al
2018)

CSP thermal
storage(ESTELA 0.084 0.958 0 25 99.25 | endogenous
2019)

Gas turbine
condersing(De 0.939 23.5 0.71 25 35 endogenous
Vita et al. 2018)
Gas turbine
backpressure
(Danish Energy 0.800 15 3.5 25 35 endogenous
Agency 2016; De
Vita et al. 2018)

1.195 13.64 0.15 25 42 endogenous

3.3.2 Investment model

In the first analysis of case 2, the model optimizes the investment in a combination of the
technologies infable22to cover 02% of the Spanish deand (~ 128 GWh) following the Spanish
load profile(seee.g.week 29 inFigure22).
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Demand profile in week 29 (&2 July)

Figure22: Spanish demand profile exemplary for week 29

6 For the thermal energy storage: [EUR/MW&torage volume], 11 hours storage assuine
" For the thermal energy storage: [EUR/MM#torage volume], 11 hours storage assumed
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Full availability of all technologies

In a first model run, th investment in the technologies CSP (receiver, thermal storage, and steam
turbine sizeare optimizedindependently, solar PV, and condensing natural gas turbine is possible.
Table23 shows the results of this optimization.

Table23: Results of an investment run without restricgon

.. Electricity produced
Capacity installed [GWh

Solar PV 2379 MWe 326.5 26.3
CSP thermal receivel
: 0
parabolic trough
CSP steam turbine 0 0 0
CSP thermal storage 0
Natural gas 200.7 MWe| 915.9 73.7

System cosfmio. CSRshare in Average electricity
EUR] generation[%] price [ EUR/MWNh]

123.50 521.9 0 94.25

CQemissiongktons]

Under the current techna@&conomic costs of all givendknologies and fuels, the most econoaiic

way to cover this demand is the installation of 200.7 MW natural gas and 237.9 MW solar PV
capacities. 73.7 % of the annual electricityhien generated by natural gas. Duritige summer,

solar PV is able to covdre majority of the demand during the day (compdigure23). In this way,

it produces 26.3% of the annual electricity.
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Figure23: Electricity generation in summer with investment and dispatch opttraiza

Natural gas is used as back up during the nights and on days with lower radiation, mainly in winter
(compareFigure24).
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Figure24: Electricity generation in winter with investment and dispatch ojtition
100% demand coverage ®plar PV and CSP

An operational concept of CSP plants is theaibed hybrid or cdocated concept of PV and CSP
generation. That means that PV and CSP complement each other and makear2d0% solar
electricity generabn possible.

The concept of hybrid or elmcated CSP and PV plants is for example realized in the Cerro
Dominador (Atacamd) Project in the Atacama Desert in Chile and in Noor Midelt in Morocco.

Table24 shows tte results of the investment and dispatch optimization if only CSP and PV are
allowedinvestment options
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Table24: Results ofhe optimizationwith only PV and CSP as options

Capacity installed = Electricity produced = Shareof electricity
[MW] [GWh] generation [%)]

Solar PV 1154. 7MWe 566.7 45.6

CSP thermal receivel
parabolic trough

CSP steam turbine 199.3MWe 675.7 54.4

6537.5MW

CSP thermal storage 13455.9MWhtn

Natural gas 0 0 0

System cost [mio. CGemissions [kons] CSP share in Average electricity
EUR] generation[%)] price [EUR/MWh]

1092.18 0 54.4 839.87

Figure25 shows the typical generation profile durirthe summer.In summer, we can see no
difference to the investment including naturgas since the demand in summer can be covered by
CSP and PV in both cases.
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Figure25: Electricity generation in summer with 100% demand coverage by PV and CSP

In winter, the situation looks now the same as in summer. Howewerptice of thisareimmense
system costvhich arearound 9times higher than the system cost when natural gas is allowed in
the investment optimization.
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Figure26: Electricity generation in winter with 100% demand coverage ne\CSP

In summer as well as in winter, CSP is generaiectricityduring the night and PV during the day.

This is exactly the concept of complementary generation from PV and CSP plants. This concept is for
example realized by the DEWA@dKject (Mohanmed bin Rashid &laktoum Solar Park close to
Dubai)and is a promising approach for continuous>@®e generation for countries in the solar

belt. However, the results show (compafable24) that the requirement to fulfil the dmand in

every hour of the year leads to huge overcapacities of PV and CSP and immense costs in the Spanish
context. One possibility would be that the generation exceeding theéad#r profile can be sold on

the open electricity market.

Requirement of C&free geneation of 8% of the demand

In order to adapt the complementary case of PV and CSP to Spain, we allow for 80% firmness, i.e.
up to 20% of theexogenously givedlemand can be covered by natural gas.igfull firmness
concept is for example raakd by the Hysol concepihich is a decoupled solar and gas hybfidis
concept allows for natural gas in the generation mix but still, the aim remains to produce as much
as possible with solar and use gas only when profitable or necessary to fulfihdema

The results inMrable25 show that the generation not covered by natural gas is almost evenly split
between CSP and PV. The optimized storage siZG$fdursandthe optimized solar multiple 2.1

Table25: Results of the optimization with a restriction of natural gas to 20% of the demand

Capacity installed = Electricity produced = Share of electricity
[MW] [GWh] generation [%0]

Solar PV 531.8MWe 488.5 39.3

8 Without distribution losses: this corresponds to 19.4% with losses.
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CSP thermal receivel
parabolic trough

CSP steam turbine 146.2MWe| 513.4 41.3

912.6MWhh

CSP thermal storage 4280.2MWhn

Natural gas 130.5MWe 240.5 19.4

System cost [mio. CSP share in Average electricity

CQemissions [ktons]

EUR] generation [%] price [EUR/MWh]
264.64 137.1 41.3 329.44

During summer, solar PV and CSP are able to cover the demand profile continuously.
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Figure27. Demand coverage during summer

In winter, the gas turbine is the main producer during the night and also covers a part of the daytime
demand.
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Figure28:. Demand coverage during winter

3.3.3 Variation of the gas turbine

Instead of using a condensing gas turbine as back up, it is also possible had&peaessureurbine
generate the backip electricity from natural gasThe advantage of this configuration is that the
heat from thebackpressurdurbine can additionally fuel the steam turbine of the CSP plant or
charge the heat storade

The results inTable26 show that the overall system cost rcdbe reduced by 3% by using a
backpressurdurbine instead of a condensing turbine. The share of steam turbine generation stays
almost the same but at the same time the thermal storage capacity is reduc28hbythe receiver

by 48%, and the steam turbineapacity byl 7%.

Table26: Results of the optimization with a restriction of natural gas to 20% of the demand and
backpressuréurbine configuration

Capacity installed Electricity produced | Share of electricity

[MW] [GWh] generation [%]
Solar PV 401.6MWe 4455 35.9
CSP thermal receivel 478.6MWi
parabolic trough
CSP steam turbine 121.7MWe 537.30 43.2

CSP thermal storage 3311.2MWhn

Natural gas 80.4 MWe 259.7 20.9

% An electricity and heat efficiency of 0.91 is assumed.
10 part of the heat fuelling the steamhine is produced by the backpressure turbine.
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System cost [mio. _ CSP stre in Average electricity
EUR] CQemissions [ktons] generation [%0] price [EUR/MWh]

178.22 137.1 43.2 229.51

3.34 Variation of the profile

In this last analysis, we assess how the demand profile impacts the CSP plant generation.

Baseload

Instead of the Spanish demand profile, a Baseload profile has to be covered over the whole year.

Capacity installed = Electricity produced = Share of electricity
[MW] [GWh] generation [%0]

Solar PV 449.0MWe 447.6 36.0

CSP thermal receivel
parabolic trough

CSP steam turbine 141.8 MW 554.3 44 .6

899.4MWh,

CSP thermal storage 4640.8MWhth

Natural gas 119.8 MWe 240.5 19.4

System cost [mio. CSP share in Average electricity
EUR] generation [%)] price [EUR/MWh]

255.42 137.1 44.6 308.34

CQemissions [ktons]

Theresults show that theyenerdion rarely changes from the one covering the Spanish load profile.
Summer/winter profile

Since we saw that the main challenge for CSP is the coverage of demand during winter, the load
profile to be covered is adapted in a way that baseload profile etas high during the six summer
months than during the six winter months (segure29).
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Figure29: Baseload profile adapted to summer / winter dynamics

The annual amount of electricity produced stdlge same but two third of it has to be generated
during the summer. The results (s€able27) show that there is almost no difference to case before
where the continuous base load has to be covered over the whole Y&awever, he installed
capacities of solar PV and the thermal receiver field decrease, but the steam turbine capacity and
thermal storage capacity increas€he overall system cost a@®% lowerthan in the case of a
continuous base load over the whole year

Table27: Results of the optimization with a restriction of natural gas to 20% of the demand and a
demand profile adapted to winter / summer dynamics

Capacity installed = Electricity produced = Share of electricity

[MW] [GWh] generation [%)]
Solar PV 375.0MWe 428.0 34.4

CSP thermal receivel
parabolic trough

CSP steam turbine 174.9MWei 573.9 46.2

705.0MWh,

CSP thermal storage 5135.6MWhn

Natural gas 103.9 MWe 2405 19.4

System cost [mio. CSP share in Average electricity
EUR] generation [%0] price [EUR/MWh]

231.50 137.1 46.2 225.80

CQemissions [ktons]
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Figure30 shows week 29 in summer. The load to be covered is constant and doubled compared to
the load in winter (compar&igure31). Natural gas is only producing during a very low number of
hours, mainly in the early morning.
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Figure30: Demand coverage during summer

During winter, gas covers the majority of the demand outside of the times when PVdigagorg
electricity.
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Figure31: Demand coverage during winter

3.4 Investment decisions in batteries vs. thermal storage and
CSP

Utility scale batteriesleserve key attention in the policy debate how to best adapt eectricity
sysemto better cope with high share of renewables and other forthcoming challedgesder to
gain some insights about this issue, we conducted an additiseasitivity analysis including
batteries. Thus, on top othe known technologiesnd their respedve capacitieswe allow for
investments in batteries in this analysi$e restriction of natural gas to max. 20% of the electricity
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generationis unchangedOurcostassumptions concerningatteries taken from Fleer et al. (2016),
aredisplayed inrable28.

Table28. Techneeconomic parameters aftility scalebatteries

Investment  Annual Variable Economic Efficiency  Fullload G
Technology cost[mio. O&Mcost O&Mcost lifetime (%] hours [h] rate
EUR/MWh] [EUR/KWh] [EUR/MWh] E [h]
Utility scale
battery (Fleer 0.662 13.24 0 15 75 endogenous, 4
et al. 2016)

The results of this investment optimization (SEable29) show that the modkechooses to invest in
CSPgsolar PV, batteries, and natural gds. this way, the system cost can be reduced %8y
compared to the PV and CSP system. Batteries are in this case a competitor of CSP.

Table29: Results of the optimitian with a restriction of natural gas to 20% of the demand and
additional investment option battery

Capacity installed = Electricity produced = Share of electricity

[MW] [GWh] generation [%)]
945.7
Solar PV 84763 MWe 70.3
CSP thermal receivel
parabolic tough 221.6MWi,
: 159.6
CSP steam turbine 494 MWe 11.9
CSP thermal storage 1496. IMWhih
Natural gas 102.9MWe 240.5 179

Battery 947 .5MWhg

System cost [mio. — CSP share in Average electricity
EUR] SIS | [(E] generation [%] price[EUR/MWNh]

239.51 137.1 11.9 250.76

Figure32 shows that during summer, PV covers demand and charges the batteries during the day.
CSP stores its collected solar energy during the day and produces electricity dunngtis using

the thermal storageThe batteriesalsocover the demand during the night and natural gagy
produces dring very few hours.
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Figure32. Demand coverage in summer by solar PV, natural gas (condensing), and utility scale
batteries

In the next step, we allow the model also to invest in utility scale electric boiler which can transform
excess electricity to heat which can be stored in the thermal energy storage.

Table30: Techneeconomic parameters oftility scale electric boilers

Investment  Annual Variable  Economic Efficiency  Full load
Technology cost[mio. O&M cost O&M cost lifetime [%] hours [h]
EUR/MW] [EUR/KW] [EUR/MWh] EY
Electric
boiler > 10
MW (Danish 0.07 11 0.8 20 98 endogenous
Energy
Agency
2016)

After allowing the investment not only in thermal storage and CSP but also in electric boilers, the
model chooses to invest in thermal storage and electric boilers. It is still not economical optimal to
invest in a CSP receiver field in this setting (Eaale31).

Table31: Results of the optimization with restriction of natural gas to 20% of the demand and
additional investment option battery and electric boilers

Capacity installed = Electricity produced = Share of electricity

[MW] [GWh] generation [%0]
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Solar PV

1223.0MWe 1574.4 71.6
o e oww
CSP steam turbine 110.6MWe 384.2 17.54
CSP thermal storage 3562.7MWhth
Natural gas 111.0 MWe 240.5 10.9
Battery 133.3MWhe
Electric boiler 445.3MWi

System cost [mio.

EUR] CQemissions [ktons]

218.8

137.1

CSP share in
gereration [%)]

Average electricity
price [EUR/MWh]

226.26

Figure33 shows the electricity generation and consumption in week 29. The electricity demand is
the exogenously given demand profile. Additionally to this edadh the electric boiler requires
electricity in order to produce heaburing the day, solar PV is generating excess electricity which
is storedpartly in batteries and mainiy the thermal storage by using the electric boileuring the
night, the stean turbine fuelled by heat from the thermal storage covers the majority of the
demand. Additionally, natural gas and batteries generéetricityduring some hours ithe night.

1 The steam turbine producek?.5% but the input heat is generated not by the CSP solar field but by the

electric boiler.

Case Studies analysisprospects for different C38chnology conepts(D8.1)




MUSTE

Market Uptake of Solar Thermal Electricity

800

600

400

T156
T161

-200

-400

-600
Hours in week 29 (1622 July)
SOLAR PV [MW] mmm NATGAS [MW] mmmmm HEAT Steam turbine [MW]
BATTERY [MW] ELECTRIC BOILER [MW} Battery content [MWh]

--------- Electricity demand [MW]

Figure33: Electricity generation (positive) andnsumption (negative) of the technologies solar PV,
natural gas condensing turbine, steam turbine fueled by heat, battery, and electric boiler. Battery
energy content [MW§] and electricity demand [MW)] are also displayed.

During the day, the thermal stage is charged by the electric boiler fueled by solar PV and during
the night, the heat is used to generate electricity using the steam turbineRspee34).
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Figure34: Thermal storage content [MWh and heat generation by the electric boiler and the
thermal storage

The use of batteries and electric boilers increases the electricity demand to 2248 GWh which is
amost double of the exogenously given demand. The share of PV increases to 71.6% sinise there
a cheap option of storage available. The amount of electricity produced by natural gas stays the
same, but the increase in electricity demand leads to a decreased share of natural gas in the
electricity generation (10.9%) (séleable31). When there was no investment option in electric
boilers available, the model chose to invest in 1402 M\tiorage capacity of batteries. Mo the

model invests in only 133 MWibatteries (erate 4 h) and adds 3563 M\WHhhermal storage (11 h)
instead.In this way, he system cost are reduced by 10%.

A crucial factor in this analysis are the investment cost of all technologies included. Thermal storages
are already now a cheaper storage option than batteries and the economic optimization chooses
invest in them. However, current costs for CSP receivers are too high for the optimal solution in this
setting. Further cost reductions are necessary for CSP to exploit its full potential and complement
PV generation in this setting.

3.5 Summary of case stly 2- Fulfilling an offi  { SN A RS
profile

Within case study 2, we simulated different hybrid configurations of solar PV, CSP, natural gas,
electric boilers, and thermal and electric storage systefgure35 and Table32 compare these
configurations in terms of their system cost, £&@nissions, CSP share in electricity generation and
average electricity price.
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