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Reducing the Impact oflrradiance Ramps on PV Power
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Lars HOpken

Abstract

Electricity grids experience an increasing amount of volatile renewable energy
integration. This introduces new challenges for the stable operation of the grid and
the matching of supply and demand. One of the technical challenges relates to
unforeseen shibterm power ramps being transmitted to the electrical grids. Such
ramps in power production can disrupt grid stability, leading to imbalances,
fluctuations in frequency and voltage, potential equipment failures and power outages.
Furthermore, they canfedt electricity market dynamics, causing price fluctuations.
For photovoltaic (PV) power plants the primary source oftehortvariabilityare
irradiance ramps caused by clouds

All-sky imagers offer the potential to analyse the current sky conddignsdace
shortestterm forecasts (nowcasts) of the irradiance up to 20 minutes into the future.
This work investigates the potential of nowcasts for mitigatvey rampsghrough
preventive curtailmeraind analyses tlassociated economic consequemfagshis

purpose, irradiance nowcasts for a time frame of one year are fed into a virtual PV
plant model located in southern Spain. The model simulates the power output of the
plant and thereby processes the irradiance nowcasts into power nowcasts. Several
rampmitigation strategidsmsed on the power nowcaats developed and assessed.
These nowcasting strategies are benchmarked against battery storage strategies, as well
as hybrid strategies combining nowcasting and battery storage. The economic
performance of the configurations is analysed and comparéuisfFan incentive

for power smoothing in the form of a monetary penalty for missed ramps is
introduced. A simplified simulation of the marketing of the produced electricity
determines yearly profits for every configuration which are then used in cambinat
with the overall system costs to calculate the net present values.

Using the net present value as a benchmark, a hybrid configuration is found to be the
optimal solution for the power control under the applied regulatory framework. It is
able to reducthe number of ramps by 98while reducing the required battery size

by 40% in comparison to a standalone storage solution. However, the analysis also
shows that the introduction of ramp rate regulation and the consequent investment in
ramp mitigation ahcurtailment of energy leads to overall higher levelized costs of
energy and lower net present values.
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Introduction 1

1. Introduction

Climate change is the primary driver ofdineentand fiture tansformation of

thew o r lerei@yssystemBhe unsustainable, large scale burning of fossil fuels for
electricity generation is gradually being replaceenbwable energources in
orderto reduce C® emissionsThe European Union (EUpnd many national
governments have @uted policies to increase the amount of renewable energy
production significantlyn March o0f2023 the Elagreed on stronger legislation to
accelerate the rollout of renewable er{éfgyhisagreemenncluded a raise of the
binding renewable target for 2030 from 32 % to 42.5 % and formulated the aim
reach 4%4.

A major challenge for energy system operators is the volatility related to the increasing
integration of renewabls6]. In the case of solar powgeneratiorthe fluctuations

are mainly caused by changes in solar irracéagndey(passing clouds3.disussed

in [4], rising integration of these variable reb&vanergy (VRE) sources results in
anincrease in net load ramp magnswade ramp frequen@nd thuswill lead to a
growing requirement of highly flexible power plants, desid@desponse and
energy storage.

Somegrid operators have already impossilicdons on the variability of the power
output of VRE plant§7-9]. Most commonly the ramp rate of the output is limited to
10 %of the rated power per minute. The conventional approach to adhere to these
restrictions is to use large battery energy storage sWES®83 and smooth the
power output this wayHowever, this adds significant capital d@étsl1]. Many
studies therefore propode implementation of shortésrm forecastsr nowcasts

in order to predict ramp events and reduce the required storage [ddpbdity

This thesis is investigating the potential eskgllimager (ASI) based nowcasts
reducethe impact of irradiance ramps orvigtual photovoltaic (PV) system in
southern SpairRealirradiance data and nowcasts for a timeframe of one year are
used to simulate the output of the PV system. A testormomic analysis aims to
compare different nowcast and storage configurations while implementing a penalty
scheme for missed ramps overiew of the state of the artgazenin chapter2.
Chapter3 defines he use cases while the methodology is explained in ehapter
Finally, the results of the simulation and analysis are presented irbchapter
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2. State of theart

This chapter will provide the groundwork of the topics relevant for this thesis. First
the basics of solar and more precisely photovoltaic power producpcesarged

Then an overview of energy markets and the process of trading electricity is given
Next, current regulations in different grid c@desummarized, followed by the state

of the art in nowcasting and energy storage technology. Finallyjgheofddse
simulation tool used is described.

2.1.Solar irradiance

When analysing a solar power plant, it is important to define the relevant irradiance
measures that directly influence the power geneifégone2.1 depicts thehree

most important ones. The direct normal irradiance (DNI) refers to the irradiance
coming from the sun disk itself, measured on a surface perpendicular to the beam.
Scattered radiation frorhet sky dome (excluding the sun disk) is called diffuse
horizontal irradiance (DHI). Together with the direct irradiance it makes up the global
horizontal irradiance (GHI). Both are relative to a horizontal surface. The global tilted
irradiance (GTI) refet® the irradiance a tilted surface (e.g. a solar panel) actually
receives. It includekrect and diffuse irradian@s well as reflectedadancefrom

the ground15.
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Figure2.1: Relevant irradiance triesfor PV power generatidt6]

The DNI that reaches the ground is not equal to the extraterrestrial radiation (ETR)
provided by the sun. The atmosphere actsfiftera scattering and reducing the
intensity of the irradiance. The path length the photons have to travel through the
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at mosphere varies with the sunds positior

This behaviour is modelled by the air mass. aiseset to equal 1 at solar noon and
increases proportionally to the path length with lower inclingtins

2.2.Photovoltaics

Solar PV isthe most rapidly growintgchndogy in electricity generatiofi].
Figure2.2 shows the historic and forecasted development of the cumulative power
capacitiesor each technology. Solar PV overtook wind power in 2020 and is set to
even surpass coal by 2027.
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Figure2.2: Cumulative power capacity by technglogyoric data from 20i2022 and
projection until 2027aken from17]

This section provides a brief overview of the operating principle of PV cells and the
structure of typical PV power plants.

The underlying principle of power generation with a PV celpisdtoelectrieffect,

first described by Albert Einstein in 1908. It occurs when photons interact with
electrons in the valence band of a semiconductor, transfer their energy and excite the
electrongo the conduction band.

In order to take adwsage of this effectPV cells consist of a gunction, a
combination of two semiconductors, ortyge and one-type. The two types of
semiconductors are doped with atofa higher or lower main group than the base
element (typically SiligonThis reults in free electron holes in theype
semiconductor and free electrons in thHgpe semiconductoiVhen brought
together to a pjunction, the freeharge carriers diffuse into the opposite material,
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creating a space charge region and an eledttioMieen the cell is exposed to
irradiation and electrons in théype region are excited to the conduction band, they
are influenced by the electric field and move to-tyygerregion, leaving holes in the
p-type region. Depending on whether the cositand open or shortedither a
voltage (opewircuit voltagepr a current (shottircuit currentican be observed.
When connected to a load instead, a power output is gefiedlatédrrent statef-
the-art multicrystallin8ilicon cells have an efficiency of up to 233}

To create a PV module, several cells are connected and encased in a protective
housing. Multiple modules put together form a PV array. Since the output of each cell
and thus of the whole array is direct current (DC) power, inverters arerused f
transformation to an alternating current (AC) outplie inverters also are
responsible for the maximum power point tracking, setting their impedance in such a
way that the voltage and current in the cells result in the maximum power output.
Differentstrategies exist concerning the amount and connection of the inverters. One
central inverter may save investment costs, however smallestramggle multi

string invertertead to higher availability and higher efficiencies since eatchagub

can beoptimized for maximum power outgatf].

2.3.Electricity markets

All generatorse.g. PV power planparticipate in certain markets in order to sell their
produced electricity. Thesdectricity markets ensure that the ratio between
consumption (energy bought from the markets) and production (energy sold to the
markets) is always kept in balance angritheemains in a stable operating point.

While there is no standard for the implementation of electricity mawdstzones
operate under similar principles and divide the trading into thefadkweng
submarketg422.

Day-ahead market

As the name suggests, trading on thelkdesd market takes place on the day before
del i very, u s u aThd ejectricity fricé is det2rmined byl baldirlg .of
sellers and buyers. The sellers (generators) as well as the buyersr¢tqiaae
offers andbids consisting of a price and a quantity. The market operatonesorts

by pricejn anincreasingrderfor theoffers by thesellers anddecreasingrderfor

the bids by thebuyers. The point where the resulting supply andndecuaves
intersect determines thimal price. This price is then applied to all generators.
Depending on the exact pricing scheme, locatiodagridnformation maylsobe
consideredR2, 23.
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This way an electricity price for every hour of the following day is determined and
energy traded accordingly. The prices are publ@ilabéey at the ENTSE@
Transparency Platforj@4].

Intraday market

Because othe time delay between ddyead market closure and delivery, new
information about the actual demand and supply may arise within this tim& frame.
high penetration of renewabéspeciallgmplifies the deviations from the-dégad
forecastTo deal wth these discrepancies, electricity is traded on the intraday market
until shortly before physical deliv@wo trading procedures exist, an audi@sed

one, similar to the dahead market, atlde nowadays more widespreadtinuous
trading.The conthuous marketffers an uninterrupted servarad bids made to the
platform are matched automaticdlhe resolution of traded positions can vary from

60 to 15 minutes and trading may be possible until just five minutes before
delivery[22, 23.

The Iberian market, which Spain is participatings@s both, an auctidmased and

a continuous intraday market. The auction marksist®nf six trading sessions per
dayand allows trading urfilur hours before delivefirading untitwo hoursbefore
delivery is possibie the continuous markgs, 26].

Intradayprices are usually published by the market opgafiors

Balancing market

The last instander maintaining equality between production and consumption is the
balancing market. It is operated by the responsible transmission system operator
(TSO) to ensure grid stability and maintainntirainalfrequeng. Some market
entities may need to upddteit generation or consumptidose to real time, causing

an imbalance in the grid. These entities are called balancing responsi{BRpaties

and are financially liable for their imbalances. The price is determined by trading
between so called balawgcservice provide(BSPsand the TSO who has to procure

the corresponding balancing services caused by the responsibjgZdarties

The Spanish TSO implements a dual imbalance pricing scheme, drarging
remunerating thBRPdepending on whether the imbalance goes in the same direction
as the system imbalance or in the opposite direction, thus helping to restore the
balance Additionally different prices are applied depending onstge of the
imbalance. This is due to thests of balancing regulation being different foamqh

downward regulatiol2gd. Whi | e ohel ping6é i mbalance i s I
ahead market price 0ampl i fyingé I mbal anceori s c ha
downward imbalance prida.Spainhes e prices are publishec

EI ®c {26.i cab
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2.4.Regulations

In addition to the marketsyexyelectricity grid hastechnicategulatory framework
which all participating parties have to comply witks& hegulations encompfass
examplefrequency and voltage control, reactive p@n@rision, fault behaviour,
general connection requirements and active power da@girdtspecially the last

item isrelevant for this thesis since it may include the limitation of gradients in the
power output.

Table2.1: Overview of regulations in different grid codes

Country Active power Ramp rate limit Penalties
management
Australia Requiredexcept Western Power: ocauser |
VRE[31, 32 +max(10MW/min, frequency control,
15 %/min) factors recaidated
except VRH33; every four weeks

Horizon:+15%/min based on hietical
including VRE34] (low data[36, 37

voltage[35])
China Requiredincluding £10 %/min[3§ o}
forecast$39g
Denmark  Required39 +100 kW/s[39 0
Ethiopia Required4q -10 %/min [4Q o}

Germany  Required4l,42  0.33 %/s <r < 0.66 %/<0
(after receiving

instruction)41]
Hawaii o} 2 MW/min, £1 MW/s &
[7]

India Required43 +10 %/min[43 o}

Ireland Required44 +30 MW/min [7] o}

Malaysia Required45 +15 %/min[46] o}

Puerto Rico Required7, 47 +10 %/min|[7, 47 Curtaiment
depending on
compliance rate or
a weekly basj4g

Spain Required49,50 o o}

Many countries require some form of active power management in order to react to
dispatch instructions and control their power output according to instructions by a
control centreAdditionally, their grid codes often contain limitations for up or down
graients in the power outpuHowever,some of these grid codes make the
compliance requirement depending on energy source availability, thus excluding VRE
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sources fronthoseregulations. Even fewer codes implement penalties fer non
compliance with the rule®ften just stating compliance as required for connection.
Table2.1 shows some of the regulations currently implemented worldwide.
Further egulations applying to Bystems are listed [8]. They are however not
considered in this analysis.

2.5.Nowcasting

Numericalveather predictions (NWP) can generate forecastsenetadlays ahead
with temporal and spatial resolutions ofdnd 1km respectively.agllitebased
forecastingolutionsachieve a higher temporal resolution ahitbwith a horizon

of 6 h and spatial resolution ok [51]. Howeverpoth ofthese systems fall short
when it comes to intf@aour up to intraminute forecasts with high tempoaad
spatialresolutions. Since the availability of the solannasds highly volatile and
dependent on cloud movement, shoitieish forecasts or nowcasts are introduced
to fill this gap. One common approdémhgenerahgnowcastaivolveghe uilization

of allsky imagers (AS]syvhich arel80° fisheye cameradirectedtowardsthe
sky[14]. The system used in this theg&és developed at the German Aerospace
Center (DLR) anditilizes the images from two cameocasreate nowcasts with a
spatial resolution of 20 metres, a temporal resolution of 30 seconds and a forecasting
horizon of up to 20 minut¢S1]. These nowcasts come in the form of DNI and GHI
irradiance maps of the area around the camera setup

AR

Geolocation \ (Tracklng

o
=3
S

Height in km

GHIlin W/m*

@

10

0 i

S, 10010 oo
"k, sout

Shadow projection &
0 analyze radiative effect

Cloud detection

Figure2.3: lllustration of processing steps for the generatinawtastrradiance mapTaken
from [5]]
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Several steps are necessary to processdkeiathges and generate a nowcast. The
underlying process is showirrigure2.3. First, the images are analysed and potential
clouds are detected. Using a stereoscopic approach, the clouds are geolocated and
then tracked over time. Finally, the radiative effect isemhayd the shadow
projected to the ground, resulting in an irradiance map. These maps are generated for
the current and every predicted cloud formgbdh Besides the camera images,
measurements of the present DNI and DHI are also incorporated.

Approach & Method: Solar irradiance forecasts hybrid model
Physical model Data driven model

Vision and timeseries transformer

Real-time accuracy weighting J

Deterministic forecast Probabilistic forecast
1000 1400

o [ 1200 T
gl /N £ 10| L
= 600 = 800 oo
£ 400 I quantile analysis £ 600
I 400
O 200 200
0
k5 10 15 20 B 10 15 20
Lead time in min Lead time in min

Figure2.4: lllustration of the hybrid nowcastingpdel

In its current implementation (illustratedrigure2.4) the nowcasting system has

been enhanced with an additional data driven machine learningbghoRelcent

outputs of the previously described physical model and the data driven model, are
benchmarked against each other in real time. This results in dynamic accuracy weights,
which are used to combine both approaches into a single deterministic Tbe/cast.
combined forecast benefits from the strengths of the models in different conditions.
The bottom left graph iRigure2.4 shows how the GHI forecast for one grairp

of the area under study might look like. Since the deterministic forecasts are subject
to significant uncertainties, reliable information about these uncertainties is necessary
in order to enable the practical utilization of nowcasts. Consequisntiyadial for

these nowcasts to adopt a framework that offers probability distributions. In this
work, probabilistic nowcasts are obtained by the outcomes of a quantile analysis
applied to the deterministic nowcds§. First, the present irradiance condition
receives a classification accordingable2.2, based on recent historical ground



State of the art

measurements. Looking at historical nowcast errors for equally classified conditions,
different percentiles are calculated, which make up the outlines of the prediction

intervals shown in the bottom right graph-mjure2.4. The deterministic forecast

would be in the middle of the darkest region and equal the percentile P50, meaning

that 50% of the time the actual value is expeatdalbthis line. Following the same

logic, the pair of the percentiles P20 and P80 for example spans the area where the

actual irradiance is below or abov&o2ff the time respectively, resulting in th&60
prediction interval. Lighter shading therefoeams higher prediction intervals.
Depending on the variability of the conditions and consequent classification, the
intervals have a higher or lower spf&8dThe final output of the nowcasting system

is a set of probabilistic DNI and GHI maps for each percentile witmiaufe

resolution and up to 20 minutes into the future. These forecasting times are referred

to as lead times (LT). Each nowdhstefore contains irradiance maps for LTO
(current conditions) up to LT283. A new nowcast is generated every 30 seconds.

Table2.2: Description of DNI variability class&ased o1j54]

Clas

Sky conditions

Variability

1

O~NO OIS WN

Mostly clear sky
Almost clear sky
Almost clear sky
Partly cloudy
Partly cloudy
Partly cloudy
Almost overcast
Mostly overcast

Low variability

Low variability
Intermediate variability

High variability
Intermediate variability

High variability
Intermediate variability

Low variability

2.6.Energy storage

Due to the increase in VRE implementation, the demand for energy storage has never

been higher. Many different kinds of energy storage technologjé$§|ekasth with
its own ideal use cad®V power plantsare most often combined withleetro
chemical storage systems, namely BH&Y are used to provide a multitude of

different services such as frequency regulation, energy shifting, curtailment reduction

and ramp rate contro]56, 57]. Lithiumrion batterieqLIB) are by far the most
common technolodyr large scale installatiof6 59.
An important metric for storage systems isrdlie between energy capacity and
maximum power, oftereferred to a€-rate. AC-r at e of

energy and power rating have the same value and thus a discharge at full power would

last for one hour. This is referred to ashasfiorag¢59.

1

I mpl i es

t

h



10 State of the art

Typical utility scale batteries posse€srate of aroundl with someexceptions

reaching €ates of up to {56, 58. However, even though not currently implemented

in utility scale appliéahs, highpower LIB cellsmore precisely Lithiwtitanium

oxide (LTO) batteriedo existand are capable of much higheat@s[55 59. The

maturity level of thistechnology assessed to ®li sat i oemd | lyy ciol
International Renewable Energy Agency (IRERg4)I n t heir o0Study on
St o r[&0pthee €U Commission attests these {piglver LIBs their suitability for

ancillary services such as ramp rate control.

2.7.Simulation design

A central part ofhis thesiss the simulation tool that emulates the PV system under

study and calculates a power output for everstepeof the irradiance inpuihis

tool has been developed in a previous master thesis by Jonas Schaible and the reader

is referred to this referenfoe a detailed description of the simulation design and the

inner workingq16]. This section only provides a rough overview ofgtreral

structure andhain processes.

The foundation of the tool is the Yield Assessment Computation and Optimization

Program (YACOP) developedtR [61]. It is written in Python and was designed

for yield prediction of concentrated solar power plenésder to achieve flexibility

regarding the inputs and modes of operation, it is structured in a modular fashion.

The man inputs are time series which are processed by the time series calculator. Each

time step of a series is passed to a time step solver which distributes the inputs and
parameters to the system lggehtaining the system under study and carrying out

the @lculationsin this caseadet ai |l ed PV model based on t
packagg6Z has been implemented as the system level, containing several sub
systemdrigure2.5 shows the basic structure of the system level with tsgstens

ol rradiance Analysiso, oPV Arraydé and ol n\
irradiarce nowcasts and information about the plant as inputs. First, the irradiance

analysis selects the percentile to use for further calculations based on the classification

of the current conditions (sectidrth). These sel ected nowcasts ar
Arraydé and then olnverterdé where first the
AC power per inverter is calculated. This is repeated for all available lead times at

every time step, resulting in a nowcast of the PV plant power.
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Input System Level

(Irradiance
nowcasts)

Output
(Power
nowcasts)
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Figure2.5: Basic structure of the simulation tool

Further details regarding the calculatodisadaptions the current implementation
are presented in sectidg.
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3. Usecases

This chaptemtroduceshe use cases thareinvestigatedh this thesis. A use case
always represents a combination of a configuratiora set of regulations. The
configurationdefines the details of the setup under stwuldye regulatios speciy
the restrictionsmposed by the grid code.order to createiable configurations, the
componentsisedneedprecisalefinition.

3.1.Components

The relevant components for this thesis are the PV system, the storage system and
the nowcasting system. All three of themdasegned and parameterised in the
following secons.

3.1.1PV system

The central component eachconfiguration is the PV system its&lirtualpower

plant is placed in the locationtlé Plataforma Solar de Almeria (PSA) operated by

the Centro de Investigaciones Energéticas, Medioambientales y Tecnolbgicas
(CIEMAT). The site was chosen based on the availabilityowfast and
meteorological reference signals

Measurements taken from Haéimages of existing plants are taken as a baseline for
gettingtypical dimensions and orientatiodditionally,a PV module iselected
from the California Ener gy [ammissiggi onds (C
parameters are extracted from the Sandia National Laboratories moduld@dtabase
AppendixA contains a complete list of the parameters used.

A total of 78,40hodules make up the final PV systems@&imedules are connected

into strings whichthemselvesre connected to inverte&ach row of the plant
consists of four strings and two inverters. The general setup as well as a detailed
depiction of the different strings is showRigure3.1.

Snce the simulatiomakesuseof the simplified PVWatts inverter mof&d], only
two inverterparameters need to be defirfédst, the required maximum DC power
capability of the invertér ; is calculated according&quation(3.1) androunded
up to ensure a safety mardihe values for the DC power of one modulg,
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and number of strings per inveder; are

<

number of modules per striag i
listed inTable3.1.
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Figure3.1: Plot ofthes i mul at ed PV
one string of PV modules

Second, themominal efficiencys set to— Tdo Y which corresponds to a
modern inverter in this power rarj§§. These two values determine the maximum

AC power outpubf one inverted ; (Eg. (3.2)).

- (32)
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The theoretical maximunotal power output of the pladt ; is calculatedy
multiplying the AC power of one inverter with the total amount of inverters
(Eq. (3.3)) and equala little ove2l MW.

0 & 0 5 2¢ (33

In order to account for losses in the process chain, several correction factors are
implementedsectiort.?. The simulation uses the default values, taker{6&m

One central assumption in this thesis is the presence of an active powé&rcontrol
which is able to precisely adjust the output power according to the current needs. This
assumption is reasonable since such a device is requitadyigyid codes gee
sectior2.4 and also has been used by other publicitidns

Lastly the lifetime and costs of the PV system need to be defined for later use in the
economic analys(section4.3.3. The lifetime is set to 30 years accordind@o

and[67]. The investment costary significantly depending on the country. While
module prices are relatively similar, costs for the remaining harshtadlatjon and

other soft costs like design and financing can be very difé&e@Gbnsidering this,

the 2021 investment costs for Spain were taken as a baseline for a 2023 estimation
using the forecasted cost evolution of the National Renewable Energy Laboratory
(NREL) [69. NREL expects the utiltscale PV cost to sink by roughly 7.9 % from

2021 to 2023. Taking a currency conversion faddd® into accounEquation(3.4)

gives the final PV investment costs used for this arfehtassextractedrom [68

69).

v o 53% %5 2 %5 2
0 0 LUD quETEZ)p T[8I)((Z—)T[&)ﬁ$(p)(8pq;ﬁ5 (34

Since operating costs for Spain are not available, costs for Gernakey anstead.
Again applying thdnited StateNIREL cossforecastEquation(3.5) yields the final
operating costs (values extracted {@f69).

%5 2 %5 2

v 5 z
bo® BETRA P THUYUP® oz

(35)

The followingTable3.1 summarizeall relevant characteristics of the PV system
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Table3.1: Characteristics of the PV power plant

Parameter Value

PV module[63  Name REC_Solar_REC265Pt
Technology Multi-crystalline Silicon
Name plate gwer 0 265122W

Inverter Maximum DC powend 22,000
Nominal efficiency- [66 0.98
Maximum AC powemn j 21,560W
Modules per string 5 40
Strings per inverte¢ 2
Number of inverterst 980

Correction factor Soilingfactor o éii 0.98

[65 Wiring @ éii 0.98
Mismatch o £i i 0.98
Lightinduced degradatiodm ¢ii  0.985
Connections® éi i 0.995
Nameplate ratingo éi i 0.99
Availability o i 0.97

Geometry Modules per row 160
Modules above each other 3
Row distance (incl. modules) 7.5m
Rows per block 70
Block distance 56m
Number of blocks 7
N-S dimension 519.3m
E-W dimension 6717 m
Azimuth 180°
Tilt 30°

Geography Latitude 37.027
Longitude -2.3607°
Altitude 546 m
Albedo[70q 0.14

PV system Maximum powerd j 21,128,800 W
Number of modules 78,400
Lifetime 0  [10 67 30 a

Investment costs) 6 0G0 [68 69
Operating costs) 0 ©® [67, 69

676.38EUR/KWp
12.52EUR/kWp/a
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3.1.2.Storage

Someof the analysambnfigurationgncorporatea storage systeWvhile both, storage
capacity and power, aaiablsin the subsequent analyaibaselin®r these values
still needs to be defined. Wtateof-the-artmethod forampratesmoothing storage
dimensionings the worst fluctuation modetroduced by57] and mproved by71].
This model assumeas exponential decay of 90 % of the rated paatlera time
constantt, which isdependenbn the shortest dimensiarof the solar field(see
Eq. (3.6)).

O 3 )
T m8rt FZCX ™MO ¢ @p 1Op (36)

Using a ramp ratéimit of i pTE—" o x—"— and { §

¢ fp ¢cHE 7, the maximum necessarystorage energp is calculieed in
Equation(3.7) [57]. To compensate both, down and up ramps, the capagity
is set to double the necessary en&ug)(3.8)).

o . ™05 oL of 7 E @37)
h ocQTT CZi PO @ '
6 ¢z0 j CO@xk7E (39)

[7]] proposes to limit up ramps through curtailment by the inverters instead of using
the storage and therefore skips the doubling of the capacity. This however leads to
the requirement of keeping the storaga state of @rge (SOC) of 100 % while
idling.Since such high SOCs result in a significant increase in calendgZhgethg

SOCs around 50 % are to be preferteel doubed capacity is kept for this analysis.

The second relevant parameter of the storage system is the maximum power for
charging and dischargifig ; . Using the same inputs as befegation(3.9)

gives thgower required for the worst fluctuat[6].

5or S ogon ot [y
i prm P T21 39
p b oo 7

UsingEquation(3.10) the C-rate6 "Ms calculated

5
0'Y 5 8T ¢ W (310



Use cases 17

As stated irsection2.6 currentLIB systems usualpossess Grateof around 1

Applying this limit to the current configuration either means a storage power
reduction by a factor efx, leading to the inability smooth a significant amount of

ramp events, or a respective increase in storage capacity, driving up the total costs.
For the baseline the second option has to be clamskeresults in a final battery

capacityob  p & o 7 KEq. (3.10).
6 i 0 5 ZpE ploRETE (311

However,n order to take current developments in batestynology into account

(see sectioB.f, a higher powet.IB storage witla C-rate of2 is also investigated.

An LTO storage with even higherr&les is not considered for this analysis since
reliable cost information is not avail abl
exist. The battery capacity of this -b.5storaged g Iis determined throbhg
Equation(3.12).

6 pg U | ZTE X o@wiE7E (312

Inefficiencies during charging, storargl discharging are combined into a single
efficiency factoof 90 %10, 67], whichis applied to the charge poweence no
further losses are considered during disclemdgethe energy stored is fully
retrievable.

Since lifetime assessment of batteries is a highly compleff Jopitd accurate
calculationgaking the specific utilisation into accoexteed the scope of this thesis,

a simplified lifetime model is chosEar this alifetime of 15 years is assumed in
which no ageing takes pl§ge 74. After these 15 years the battery system has to be
replced costing another 30 % of the initial investrf@fitThe investmertosts for

both storage areextrapolatedrom [75-77], usingthe moderatescenaridor 2023

The green values rable3.2 are extracted from the aforementioned sources and
converted to Euro using a factor of @Sing the fact that the prices appear to scale
linearly with the storage duratidme imissing values for shortrrations(higher
C-rates) of the commercial and utility scale staaegestrapolatednd marked blue
Finally, since the size of the designed storage is between the two references, the prices
are interpolatedpurple values)This time a logarithmic progressis assumed
Equatiors (3.13 and(3.14) show the interpolatioof the CAPEXfor the th storage.

The indexesonanduti refer to the commercial and utility scale reference storages
respectively.
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Table3.2: BatteryCAPEXfor different storage durations and povie2023Values taken
from [7577] in [USD/kW] and converted tfEEUR/KW].

Storage power [kW,

Storage duration [h]

0.5 1 2 4

6 8

600 (commercial)
15,839.76
60,000 (utility scale)

847.42 929.64 1094.08 1422.95 1751.83 2080.71

431.05 548.1 773.26

1208 1634.35 2057.08

327.41 442.08 671.43 1130.14 1588.84 2047.55

Operating costs are assumed t@ #eof the CAPEX per ye#80, 67] and are listed
in Table3.3 together withall otherrelevant characteristics of the storage system.

Table3.3: Characteristics of the sage system

Parameter Value
General Technology Li-ion battery
1-h storage C-rate 6 'Y 1
Capacityé 15,839.76 kWh
Power 0 15,839.76 kW
Efficiency — 0.9
Economics Lifetime 0 67, 74 15a
1-h storage Investment costs) 6 0G0 ; [7577] 548.1EUR/KW
Operating costs) 0 ©® { [60, 67 10.96EUR/kW/a
General Technology Li-ion battery
0.5h storage C-rate 6 'Y 2
Capacityd s 7919.8&Wh
Power 0 15,839.76 kW
Efficiency — 0.9
Economics Lifetime 0 67, 74 15a
0.5h storage Investment costs) 6 0G0 g [7577] 431.0FEUR/KW
Operating costsi 0 ©® g [6067  8.62EUR/KW/a
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3.1.3.Nowcasting system

The nowcasting system itself I snot si mul
inputs. Solely the costs and lifetime are necessary for the economic analysis in post
processinglhe lifetime iset to 15 years which corresponds toxpeaed lifetime

of the all sky imagerinvestment costs are estimated, considering the samera
electrical equipment,camputeyinstallatiorand softwareosts It is assumed that

the PV plant is already equipped with meteo statiwh scaffolding to install the

ASls Applying the same assumption as for the storage system, reinvestment costs
after the end of the expected lifetime are set to 30 % of the origin@#.d3tsing

operation the cameras need frequent cleaning. To estimate the aszpeiasesh

t echni ci anforden miauepar day areous¢ncs

pE A %5 2 %5 2

¥ L . 31
0L O (DAZG(PKZCQ) £ P T OF (319

Table3.4 shows themplementedalues.

Table3.4: Characteristics of the nowcasting system

Parameter Value
Economics Lifetime 0 15a

Investment costs) 6 0G0 25000EUR

Operating costsi 0 © 1430EUR/a

3.2.Configurations

Configurations are combinations of the introduced components. They represent the
setups that are investigated and compaya@dseach other.
A total offour differentman configurations are considered in this thesis

1 The accordingly nameBasecase) serves as a base line and validation for
the other configurations to compete against. It consists of only the PV system
and directly feeds the power output to the grid. It should be noted however
that inverter curtailment is used to prevent up ramihe output poweto
facilitatea fair comparison against the other setups that make use of this
featurg(see sectio#.3.1for more details)

1 oStorage combines the W system with a large BESS and compensates all
ramps by charging and discharging the battery.
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1 TheoNo w c awrifiguration trades the BESS for a nowcasting system and
uses the predictions to smooth the power output.

1 o0 Hy b rmalkesuse of both a BESS andwaasting system. Compared to
0 oraged6 the BESS can be of small er

These mia configurations are further divided depending on the implemented power
control strategy (see sectb8.) and the specification of the storage system.

3.3.Regulations

A framework of regulations complements the configurations and completes the
definition of the use cases. These regulations haveetadbered to by each
configuration. In case of violatipapenaly schemés applied.

3.3.1.Ramp rate limit

In order to limit the fluctuations in the output power, a rampimgtes introduced.
Following current implementatiofsection2.4) andthe state of the art in research

[9, 11-13 79-81]], this limit is set as a percentage of the maximum power per. minute
Not many clarifications exist on how ramp rate measurement and calculation is to be
performed7, 82. However[82 lists and visualizes different optifrigure3.2).

Pe [W] . Ps
edPe
P, e min/max
P1 e end points
Pa 1s interval
P3
60s
\
t1 t2 t3  t4 t [sec] -~

Figure3.2: Ramprate calculation methoddifference between two endpoints of &&nd
intervali 0 0 7o o , difference between the minimum/maximum values of a
considered intervdl 0 0 o6 o , difference between two points at each second

e

intervai 0 0 7pQ taken fron{82

The ramp rate is assumed to be monitored ByS@eand thus measured at the grid
connection point of the PV plant. The AC power output can be obaed/edecked
for ramp rate violations by ookthe methods shown Kigure3.2. For this analysis,

PO WE
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theend points methodith an interval length of 60 secorsdshoserbecause of its
straightforwardnes$n practice this means that the observed output power of any
given time step simply has to be compared to the output power one minute before.
Using Equation (3.16), these two values are computed into a rampi rate
[Yoppv.matmin] [48 (from now on just written &%o/min]).

0 0
f)ﬁ ZpiET

(316

Limited by the temporal resolution of the simulation, this calcukatarried out

every 30 seconds.

The ramp rate limit that should not be exceeded is&#4émin, followingcurrent
implementations (secti@m) and the state of the art in resed®chl-14, 79. Every

ramp rate measuremt thatdoesexceed this limit, either in the up or down direction,

is considered a violatidfor the sake of simplicity ramp rate violations will from this
point on simply be referred to as ramps. Power changes below the ramp rate limit will
generallyot be called ramps.

3.3.2.Penalties

Ramp rate violations need to be penalized in order to incentivize measures to comply
with the limits and smooth the output povrce implemented penalty schemes are
scarce, two different methods are developed, loosely foll[8v]ngnd [48]
respectively

Fee

Inspired by[37] this penalty scheme implementeeg which has to be pdat all

ramps The total fees a function othe amount of energy that was fed in too little in
order to adhere to the ramp rataifi Figure3.3 visualizes the calculation of the
missing energy. Firgh, orderto quantify the severity of a violation, the difference
between the actual outpdwer and the closest power within the limits is calculated
This value is higher for more extreme violatighstiplying the power difference

with the time until the next change in the power output, yields the missing amount of
energy.The resolution othis calculation is related to the resolution of the power
output which itself relies on the frequency of nowcasts. In the case of this study, the
time steps are 30 seconds and the power output is assumed to be constant in between.
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Figure3.3: Visualization of ramp ratgolation energgalculationThe blue line represents the
actual power output. The end points of each dottedhioethe lowest permitted power,
defined by the output one minute agothledamp rate limit. Thhedarrows show the amount
of lacking poweat a given time stegnd thebright redareas the amount of missing energy
until the next time step.

The missing link for getting from tf@np rateviolation energ® (NC referring to
noncompliancejo a monetary fee is the penalty fagtor. This factords
[EUR/MWAh] and its value determines the number of ramps that is bearable for an
economically viable use ¢asih Hgher values incentivizing moreeistyent into

ramp rate reductioquation(3.17) shows the final calculation of the penziys

0 .
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Non-compliance tax

Instead of a fixed fee, the Puerto Rico Electric Power Authority proposed to observe
the ramp rate neoompliance of a plant and implement curtailment penalties as a
function of this norcompliancg48. The proposal is adaptet thatinstead of the
power output, the earnings of the generator are curtaitedarm of a flexible tax.

This has the benebf not redumngthe amount of renewable energy fed into the grid
while still incentivizing compliance. Additionally, challenging conditions, which often
lead to many missed ramps, also often entail lowergsamigeneral, making the
penalties less severe in those cases.

The first step to setting the tax is calculating themmpliance factdr 6. Counting

all time stepgs where a violation has been observed and comparing it to the total
amount of timestepse¢ within the observegberiodgives the percentage of non
compliant measuremefEsy. (3.19)).
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Sincethis percentage usuallypelow or around 1 %, the neompliancdactor is
then multiplied with a linear factpr for scaling, resulting in the final tax fattt®
(EQ. (3.19). Multiplying with therofit Y generated in the period gives the amount of
the penaltgostsd (Eq.(3.20).

"YOR 206 319
6 Yoy (320

The observation time period is set to one week, therefore balancing different weather
conditiond48§.

As with the fee penalty scheme,liear factor; can be set to certain values in
order to achievihe desiredompliance rates.
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4. Methodology

This chapter aims to introduce and explain the methods and concepts used in the
analysisSimilar to the workflow pictured Figured.l it is structured in three
consecutive part§he preprocessing section describes thedapagnd preparation

steps necessary to obtain suitatgatsfor the simulation. The main fodiess on

the generation of validation irradiance maps from point measurements and the
calculation of GTI maps for both, the validation and nowcasting lwulattze
subsequensection, the adjustments made to stedeof-the-art version of the
simulation tobare outlinedFinally in the third sectiorthe postprocessing of the
power nowcasts passed from the simulation is described. It is divided into
explanations of the control algorithms, the marketing strategy and the economic
analysis.

ASI PV Meteo
nowcasts system data

Results

Figured.1: Workflow schematic of the calculations and proceasgésd outThe inputs are
fed into preprocessing, the first of three calculation steps. The simulation is a necessary
intermediate step, before fireal results are generated in postprocessing.
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4.1.Preprocessing

The goal of preprocessing is to turn the raw input data into symatisle for the
simulation.As shown inFigure4.l, the three main inputs are the nowcasts,
information about the PV system and measurements from meteo $faibnsf

these input datasets is processed individually with some cross dependencies. In the
following the inputs are defined in greater detail and the executed calculations and
modifications are described.

Meteorological data

Metedgologicaldata is obtained from eightteostations distributed across the PSA
(Figure3.1). It consists of DNI and DHI measurements as well as temperature,
pressure and wind speed data with a resolutiomiof. WWhile the irradiance déga
available foall eight stationshe remainingmbient conditions are only measured at
two stations.

The objectives of preprocessihg meteorological data atwofold. One is he
provision of a dataseith thecurrent ambient conditions (temperature, pressure and
wind speedat every time steprhesecond ishe generation of a validatiset of
irradiance maps, containing the current irradiance conditions across the &V plant
every time step. Both are used as inputs for the simulation.

Before processing tmethemeasurementse filtered for fdty readingand outliers
Ambienttemperature, pressure and wind speedssumdtbmogeneouacross the

PV plant arearhus,only the output of one meteo station is used for most of the
time. The output of the second station is only utilized for misamgeps In case
both stations didno6ét generate a valid me
produce a continuous dataset. However, this happens very rarely and only for a single
digit amount of consecutive time stdpee final result is thaesired dataset of the
ambientontirradiance conditiorfer the complete time frame.

Knowing the coordinates of the nowcastnd poins, the filtered DNI and DHI
measuremesbf the eight meteo stations are plotted onto the same grid using the
Oneareasptpr oxi mati on. Speci f igddapointghe t hi s
algorithm checks which meteo station is nearest and takes that vatuer Inter
extrapolation is not utilizezince it would generate unrealistic scenarios. A slight
Gaussian filter igpplied to smootiransitionsFigure4.2 shows an example of a
generated DNI nm@a These saalled validation maps depict the supposedly real
irradiance conditions esqenced by the virtual PV power plant, which remain
unknown to the control systemnstil the time of occurench this specific example
theright side of the plams shadegdwhile the left side still receid@®ct irradiance

Note thatthe actual shawv bordercan be anywhere between the staadsmust

not look likeshown inFigure4.2. The achievable resolution of the modelled spatial
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irradiance distribution ultimately relies on the temporal and spatial resolution of the
available reference measurem&msge not all sians provide a valid measurement

at all times, ththreeouter stations are included in the nearest approximation in case
of unavailability of the centsdhtions
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Figured4.2: Example of a DNI validatiomap generated from measurements at the meteo
stations

By utilizing data on the PV plant's location, orientation and surface tiedoN|

and DHI maps are processed into GTI maqording t¢83 and[84).

Thefinal set of validation irradiance maps is used to calculate the actual power output
of the PV plant and therefore reprasehe conditions that the nowcasts are trying

to predict as precisely as possible.

PV system
The PV system has been defined in great detail in Settiamd he characteristics
listed inTable3.1 are taken as input data.
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The only necessary preprocessing consists obrfalation of a list of the exact
geographicoordirates of each PV module and the notation of the inverter it is
connected to. This information is later used to assign the modules to thgrdrrect
points of the irradiance maps and get the realistic cumulated power for each inverter.

ASI nowcasts

The sateof-the-art generation of the ASI nowcasts has been introduced in section
2.5 For this particular analysis the nowcasts have been created %086 @&l

overlaid over the area of tetualPV systemproviding a spatial resolution ofr20
(seeFigure3.l). Eachgrid pointcorresponds to one DNI valuEhe utilizedASIsat

PSAare also shown iRigure3.1. A nowcast for a single time swgmprises five
probabilistic maps corresponding to the perceRl@sP20, P30, P4dd P50 for
eachlead time. In this case eleven lead times are used as inputs, naéeR10TO0

These 55 irradiance maps are generated for every 30 seconds of the eli@eaen one
time frame from 2020/09/01 until 2021/08/31 (only at daytime). Excluding six day
where availability issues occurred, nowcasts for 35&ndéysy upa total459,607

time steps25,278,38Fradiance maps ar@0x 1 DNI value$ are used as input
datafor the preprocessing

First these DNI nowcasts are filtered to exclude time steps with sun elevation angles
of less than 2.5These time steps are error prone while of almost no relémance

the power generatioithe resulting start and end times of each day are noted and
define he time frames used in the simulation.

In order to generate GTI nowcasts in the same way as done with the validation maps,
the DNI nowcasts need to be accompanied by DHI values. SiA& mowcasts

exist for the DHI, & s m persistendenowcasis creaged Thissmartpersistence
nowcasbnly takes one measurement of the current DHI, aspansestent ambient
conditions and generates a prediction of the future DHI, only considering changes in
the sun elevatiosubsequently, the GTI nowcasts are ctddufieom the DHI and

DNI nowcastsaccording t¢83 and[84].

The only missing input for the simulation ignf@mation orvariability classésee
Table2.2). Similar to the nowcasts, this is available as a set of the current class and
the predicted classes for each time step

4.2.Simulation

The basic structurgf the simulation todhasbeen introduced in secti@iZ. This
section describes the changes #&matperformed in order to adapt to the new
requirements.
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Following the flowchart iRigure2.5, no adaptionsarenecessary in the sapstem

olrradiance Analysiso. The OMI X606 strategy

based on the variability classification, introducgghys kept unchanged.

In OoOPV Arrayo6 several performance optimiz

duplicate irradiance conditions andorézdtion of the detailed calculationsthar

PV modules bring down the amount and time requirement of the computations
significantly.

Additionally, the correction factors of the PVWatts inverter model are updated. All
factors presented |65 are implemented he only exemption is the shading factor

since it is accounted for by the irradiance measurements. While the soiling factor is
multiplied to the irradiance values, all other factors are applied onto the DC power
cal cul at edr a yno6system.bMor® détails about the calculations and a
comprehensive flowchart are givefiéhand[85.

The previously foll owing 0OutsystemharePower
removed and addedttte postprocessingé€e sectiofh.3 in order to save complexity
andgain flexibility.

On the system level scope additional major runtime improveanerishieved
through multiprocessng and the replacement of the lead time 0 nowcasts with the
validation data. The latter skips the unnecessary calculations of lead time 0 since it is
not used in the subsequent power control.

Using the validation irradiance maps as inputs yreddactal prevailing power

output of the PV plant which is consequently referred to as validation power. The
nowcasted irradiance maps are processed into nowcasts of the power output.

All performancemprovements combinezhable the simulation tool to process the
much larger dataset of one year with 30 second time steps (compared to 18 days with
1-minute time steps {d6]) in a much more reasdatime.

4.3.Postprocessing

The postprocessing is responsible for dealing with the power nowcasts generated by
the simulation. The first step is to create a power output by applying a control strategy
These strategies sle¢ output powewith respecto thegrid regulationdjmitations

of the available hardwaleg. the storage systeanyl the information provided by

the nowcastsAfterwards the energy is marketed and a monetary value derived.
Finally,the results are fed to the thsthge whichis the economic analysis of the
systemEach step is explained in greater detail in the following sections.
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4.3.1.Power @mntrol strategies

The general structure of the power control is visualizéddure4.3. The program
receivesall power nowcastthe curve of theactual prevailingvalidation)power
output of the PV plantas well as parameters, which define the details of the
configuration (chapt&) and set the strategy.

Inputs:

- Power
nowcasts

- Validation

Outputs:
power curve

- Power curve
- Missed ramps
- Curtailment R

>

\ 4

A 4

Parameters:
- Configuration
- Strategy

\
| I
| I
| I
| I
| I
| I
| I
| I
l |
| I
| I
[ f
| I
| I
| I
| I
| I
| I
| I
| I
[ I

Figure4.3: Power control with selection of strategies and associated inputs and outputs

Corresponding to thmainconfigurations introduced in sect®8 the strategies are
divided into four main cases: base case, storage, nowcast and hybridr W@ lat

are further subdivided depending on the nowcasting algorithm.

The power control module selects the correct control strategy and passes the inputs
one time step at a time. After the algorithm pradtgeutputs, the power control
collects and coniies them. This results in a power curve of the system power (the
power that is actually fed into the grid) and information about missed ramps and
curtailment.

The following sections describe the respective power control strategies in detail.

Base case sategy

The base case operates under a fairly simple priiseiplegured.4). Sinceno
nowcasts exish this configurationthe base case can only react to the validation
power that is generated by the PV system at any particular nitwisearid the fact
thatasto age system i,meadstthatswdden toawrbrangs of theePVe r
power are directly psnsahed Hotvever,tthe situagoni d

an
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is different for up ramps of the PV power. Due to the presence of an active power
controller (sesectior3.1.), the PV power can be curtailed by the inverters in such a
way that the system output does not violate the ramp raténliimét.algorithm this
isachieved by comparing the output of the current time step with the previous one
In case a violation is detected, the output is reduced to stay within bounds and the
difference between generated PV power andh fegistem power is noted as
curtailment. Tlsi system works for 100 % of the up ramps and thus the final count
and energy amount of the missed ramps only consists of downward ramp violations.
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Figure4.4: Flowchart of the base case power costrategy

Storagestrategy

Stillmissinga nowcasting systethestoragestrategy also can only react to the actual
power generation of the PV systéhe difference howevas the ability to deal with
both, up and down ramg&igure4.5 shows a simplified flowchart of the algorithm.
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Figure4.5: Flowchart of the storage power control strategy

If a ramp is deteded when comparing the current validation power against the
previous system output, the battery is either charged or discharged, depending on the
sign of the ramp. During this process, the current SOC of the battery is continuously
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monitored, and the sgsh considers the restrictions on charge and discharge
capabilities based on the SOC or the maximum power specifications. Further, the
battery efficiency is applied on each charge cycle, reducing the amount of energy that
is actually being stored and careb@eved later. In case no ramp is present, a second
check is performed, examining whether the current SOC is below the goal (50 % by
default). If the check returns true, the storage is charged, reducing the system output
in the process. Otherwise no ustinents to the PV power need to be made.
Whichever way it is calculated, the resulting system power of this time step is passed
to the base case module. In it, a second up ramp detection and mitigation is performed
(important if the battery is at 1®0SQC) and the gradient and curtailment of the

final output is analysed.

It is important to note that the storage is not discharged if the SOC is above the
targeted SO@nd no ramp is presefithis is due to increased imbalance costs caused

by largerdeviations from the validation powsee sectior.3.2 for further
information). In order to restore the SOC to its default value at the end of the day,
the exces(or missing) energy is sold (or bought) at night (refer to ge8thn

Further, the storage not usedior any service other than ramp rate mitigatiatso

does not keep track of the imbalance caused in the clBmiriute settlement

period and does not charge or discharge accordingly to minimize the final imbalance
payment.

Lastly, the battery is unfortunately unable to store the energy that id curtiaée
inverters during very high irradiances and subseueetdance of their maximum

DC power rating. This is a result of the power control being based on the AC power
output of the PV plant.

Nowecasting strategies

The nowcasting system enables ¢iméral algorithm to use predictions in order to
mitigate not only up but also down ramps without the use of a storage system. A
simplified flowchart of the algorithm is presentdedgare4.6 and will be explained

in the following.
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Figure4.6: Flowchart of the nowcast power control strategy

Four different nowcasting strategies are developed and investigateaii.tfisey
all share the same structure and only differ in the very first step, the procurement of
the nowcast.

1 o L a sstthé most intuitive strategy. Here, the nowcast used for the control
is only the most recent one. Because of this, it is the maatepcediction
of the upcoming conditiorsdlead time 1 of the nowcast corresponds to the
expected power output one minute from the current time step. This forecasted
power curve of the following ten minutes is then passtedthe next steps.
Howeversince the accuracy is still far from #)0nany ramps are going to
be missed by this strategy.

1 o Mi ms@more conservative approach. Instead of only taking the current
nowcast, all nowcasts of the previous ten minutes are considered. The result
is a rage of differently agatbwcast for each of the upcoming time steps.

For example, the output one minute into the future has an LT1 prediction

from the current nowcast, an LT2 prediction from one minute before and so

on all the way to an LT10 predictionnfraine minutes before. The amount

of different predictions shrinks for time steps further from the current one.

As the name suggest s, the oOMind stratec
future time step ahselects the smallest one, resulting in a pamer with
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all the lowest estimates. While this strategy is going to catch a lot more ramps,
there is also going to be a lot of unnecessary curtailment due to too low

estimates.
1 A way of reducing the curtailment caused by wrong low predictions is
introducedwith thed Me asntér at egy . 't works in t

the sense of collecting previous nowcasts but instead of looking for the
minimum, the average of all predictions is calculated for each future time step.

Bot h, the OMiIi nd6 givedl nodases the sasd wemht,e gi e s

disregarding the fact that higher lead times are less accurate (as later shown in
sectiorb.]).

1 Which is where thé We i g hstragedyGaims to improve. In it, each lead
time is multiplied with a factor depending on its typical accuracy, before taking
the average. This results in a power curve where for each time step all previous
estimates are considered but the most recens eveaghted stronger than
one from several minutes before. The factors used are derived from the
continuous ranked probability score (CRPS) of the different lead times of the
nowcasting system in use at ETHEMATOS
CRPS has been determined over the course of 933 ays

In order t o anal yse t he t heoretical pot e

configuration is also studied with an ideal input. Ideal referring to a perfect nowcast
which accurately predicts the exact future irradiance and acts as the limit increasingly
powerfu nowcasting systems can approach but never Teaghocurement steqf
this o0l deal smplyreadssthe dalidattom ppweesdoythe following ten
minutes effectively looking into the future, and passes them to the next steps.

Another parbf the procurement of the nowcast for a certain timestep is interpolation.
Since the nowcasts are generated every 30 seconds, the power control is performed in
thisfrequencyHowever, each nowcast only provides power forecasts with a temporal
resolutionof one minute. To solve this discrepancy, the half minute lead times are
linearly interpolated.

Depending on the irradiance conditjahe procured power nowcast features ramp

rate violations. In order to find a power curve that complies with the taripita

and set the current output power accordingly, the nowcast needs to be smoothed.
WhileFigure4.6 shows the general flowch&igure4.7 provides an exemplary set of
interim results of this crucial process for a better visualization.

The smoothings done in two separate modules. One is adjusting the power for each
lead tme in such a way that no up ramps are present anymore and the other does the
same for down ramps. The modules operate by iterating through the nowcast,
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comparing the power of the current lead time with the one before and adjusting the
current one if necemy. Since the down ramps can only be solved via curtailment in

the time steps prior, a forward iteration would detect the ramp at a point where it is
too | ate. Thatodos why for mitigating down
performed in revee and up ramps (which are down ramps in reality) are detected and
removed through curtailment.
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Figured.7: Exemplary interim results of the nowcast smoothing prdétaeds graph shows an
exemplary result of the corresponding step in the flowch&igune4.6. The blue line
represents the procured nowgcagey corresponds to theartially (either up or down)
smoothechowcasts and yellow shows the combined and fully smoothed result. The red arrow
depicts the ordered curtailment for the current time step.

The two resulting power curves, one without up ramps, one without dowmm@amps
combined into a single power curve containing neither up nor down ramps by taking
the minimum for each lead time. Subsequently, the final value for |€aid Beteas

the system power of the current time step. In case no ramps are detectéginthe sys
power is set to the maximum value allowed by the previous output and the available
validation power. It should be noted that the power is always set for the current time
step, meaning the generation and preparation of the nowcast, the control algorithm
and the settling of the output power is all assumed to be instantaneous. Lastly, the
final system power is passed to the base case module, where it is analysed for ramps
and curtailment. The second ramp detection is in this case redundant and has no
influence on the result.
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Hybrid strategies

Althoughadvancedontrol strategies with a combined utilization of forecasts and a
storage system have been described in literaturE3e these strategies rely on very
accurate forecasts and their implementation exceeds the scope of this thesis.
Therefore, the hybrid strategy is interpreted as a nowcasting strategy appended with a
storage system and implemented accordiRgyre4.8 shows the simplified
flowchart.
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Figure4.8: Flowchart of the hybrid power control strategy

First, the peviously described nowcasting module is called and the proposed system
power is read, skipping the further processing in the base case module at this stage.
This system power is compared against the validation power at the current time step
in order to deermine whether the recommendation implies curtailment. If so, the
curtailed power is fed into the storage as far as SOC, maximum power and efficiency
allow. While the system power remains the same in this case, the otherwise curtailed
energy can be fully partially stored and be used or sold at a later time. In the case

of no suggested curtailment, the storage module is called. In it, either a potential ramp
that has not been mitigated through curtailment in previous time steps is tried to be
buffered bythe battery or the SOC is adjusted to meet its target. Whichever way the
final system power is calculated, it is then passed to the base case module to analyse
the output. The final ramp detection is again redundant because of the nowcasting
module wherep ramps are already ruled out.

The hybrid strategy is set up with all four different types of nowcasting strategies,
resul ting in very di fferent approaches.
catches most ramps. In this case the storagepgeatotion less ramp rate control and
acts more as a means to reduce the very
entails much smaller curtailment but leaves a very high number of ramps to be dealt
with by the storage system.
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4.3.2.Marketing strategy

Marketing of electricity is a highly complex undertakmgl candét easily be
The success is strongly influenced by the conditions in the grid or market and the

ability of the marketer to react accordingly. Further, it ewaygrivial tochoose

the most profitable marketing stratesgyce it depends on the available system,

prevailing conditions, available forecasts or may include special contracts and
subsidiesTherefore, instead bking as realistic as possible, the main purptise of
implementednarketing strategy is to provide a common basehieh is reasonably

close to real world applicatiomfe aim is to enalddair and meaningftbmparison

of differentconfigurationsThe core steps ofigstrategy are shownkigure4.9 and

are carried out for each individual day.

Validation and
power control output

Marketing

Revenue

Figured.9: Marketing strategy witthe submodules daghead, imbalance, storage and
penalties

Being fed the validation data and power control output of a complete day, the first
step is the daghead marketing. This entails selling the energy on the day before the
generation. Since no rdadislayahead forecasts exist in this scenario, the energy
amount to be sold is set to the validation energy, thus assuming the availability of a
perfect dayahead forecast. While this assumption is unrealistic, identeia¢alhy
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cashflowsprovide an el starting point for atonfigurationsand eliminate the
influence of this owbf-scope part of the marketing on the final results.

After selling the validation energy amount using the hourgheag prices and

storing the generatdxbnefit (positiveashflow) the inputs are passed to the next

step. Usually this would be intraday trading, where predicted deviations from the day
ahead trades are sold or bought in order to prevent large differences between traded
and actually supplied energy amounts. eMery since nowcasts only provide
predictions up to 20 minutes into the future and Spain does not possess an intraday
market operating at this time scale (see s&8onhe intraday trading has to be
skipped.

Next, the balancing market is emulated. In it the difference between the most recent
traded energy amounts (in this case thatusad trades) and the actual-feed

analysed and penalized with the imisalgrice. Since no surrounding market is
present, the distinction between helping
Thus, all imbalances are penalized by default and none are remunerated. During the
time of data acquisition, the balancing mark&pain operated under eéhdur
settlement periof2g. Consequently, imbalance prices are availableour lime

steps. However, recently the system received an update in order to aligkethe mar
with the rest of Europe and-biinute settlement periods were introdJi8€d Since

this leads to an increase in overall imbalance amounts due to less opportunities to
compensate negative with positive imbalance and vice versa, themmeutel5
settlement period is used for the calculations.

Because of the intricacies of the storagegyrésectiond.3.), the battery is not at

its target SOC at the end of most days. Most likely the SOC is higher. In order to
restore the SOC to the target befibre start of the next day, energy needs to be
bought or sold during the night. For a realistic simulation of this process, the prices
of the Spanisintraday trading sessio2) of the continuous market are consulted.

This session is open at the end of the longest simulated days30®@0pand allows

trading for the complete night starting at 2[8Q0Depending on whether the battery

needs to be charged or discharged, the hour with the lowest or highest price is chosen
for buying or selling the necessary energycteshe

Lastly, the missed ramps, more precisely their associated energy amounts determined
in the power control module, are used in the penalty calculation, where one of the two
penalty schemes (sect®.2 is applied.

Appending the formula frorf8g, the finalprofit 'Y is calculated according to
Equation(4.1) withé  being theébenefit obtained from dahead trading, and

0 the costs of imbalances and penaltiesyandhe net cash flovgenerated from
buying or selling the deviations from the target SOC at the end of the day.
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4.3.3.Economic analysis

After the power control and marketing have been performed, the final step in
postprocessing is the economic analysis with the generation of the end results. It
consists ofwo mainparts, the calculation of the levelized cost of energy (LCOE) and
the calculation of thaeet present value (NPV).

Levelized cost of energy

The LCOEfor any givewronfigurations determined according to Equat#g) [89.

As the name sgests, it is a measure for the costs involvel@dtricity production

and depends on the technology used. It is calculated by dividiugrtiéifetime

costs by the total energy suppbed thus is usually presentedctrkWh]. The
investment cost®contain thaupfront costs of all parts of the system. Depending on

the configuratiorthese are PV, storage and/or nowcasting costs. They are calculated
by multiplying the CAPEX of the respective system with its size. The second part of
the numeratorantains all costs that occur during operation. Thepesttieeyearly

operating costsf the systemfor most of theyearsHowever, since the storage and
nowcasting systems have shorter lifetimes than the PV system, they need replacement
at their end Dlife and these expenditures need to be considered in the year they arise
in. Taking future cost reductions and reusability of parts of the installations into
account, the reinvestment costs are assumed t8%ef3he original cosf§7]. The
resultingsystentostsd j of each yearare discounted with the discount fatad

addedup unti |l t he end o0f .Similae to P& lifesmesdste, mé s | i f ¢
the lifetime energy in the denominator is also calculated by discounting and adding up
the yearly supplied enety i, for the entire lifetiméue to the onegear simulation

time frameO j does not changend is assumed constant for all yedose that

because only 359 days are simul@teg,is multiplied with a factor ef— to get
the energy for the full year.

O B OPQ
0600 .Opﬁ 42)
B 50
Thereds no cl ear i ndi cation whether furthe

systembs operating costs and therefore need
For the purpose of this thesiwo variants are given in the results. One containing
only the costs that are directly related to the system thusseepresenting the real
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cost ofthe generatiowhile disregarding any regulatiosmsd the other considering

the penalty costs as a parthe operating costEhe firstvariant imamed) 6 'O

and thesecond variatit 6 'O . Especially the difference between the two is of interest,
since it shows the influence of the penalties on a certain configuration and the price
such a redationadds taelectricity generation costs.

Net present value

The NPV is essentially the sum of all cashflows during the lifetime of the PV system
discounted according to the year they occur in. The formula is similar to the numerator
of the LCOE $eeEquation(4.3)) [90]. However, nstead ofust the systemcosts
(reinvestment and operating codts yearlprofit 'Y is alsoinsertedAs shown in
Equation (4.1), it includesthe rest of therelevantcashflows, namelgayahead
benefits, imbalance and penalty castgedl agashflowfrom SOC restoratioiike

the yearly supplied energy in the LCOE calculation, the yearly profit is also multiplied

with a factor b—— in order to respect the slightly shorter simulation time frame.

LLw O —_— 43

The result is returned in Euro and is used to analyse the value of the investment under
study. In general, values above zero mean that the investment is more profitable than
an investment with an expected rate of return equal to the discol@thetes a
prerequisite for a viable investment. When comparing two investments against each
other, the one with the higher NPV is more profitable and is to be preferred.

Discount rate

The discount rate plays a major role for the calculations of the LCOE \&andsNP
influence on the profitability of the investment is investigated in sBetion
Generally, the discount rate is set to the weighted average cost dinAGIG)

This value istrongly dependent on the country and the type of investment. The
International Renewable Energy Agency (IRE&amined the WACC for several
countries and different renewable energy sd@fdteBor utility scale PV systems in
Spain a value of 5.1 % isifal.
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5. Results

The followingchaptepresents the results of this thesis. It is structufedriparts.

First, the output of the simulation tool is shown and analysed. Then, the power control
algorithms ardenchmarkedagainst each other. Nexthe eonomic analysis is
performedthe essential results are compiled and diffesafigurations€ompared
against each other. Finally, thoroughly explore the impact on the results, a
sensitivity analysis is conducted by varying the system parameters

5.1.Simulation results

The simulation tool takes irradiance data as input and simulates the.Piiplant
results in power curves for each of the days andfygeres.1 shows the output

power curve for an exemplary day in blue. The orange and red lines display the DNI
and GTI inputs respectively. As to be expected, the power output correlates perfectly
with the irradiance inpythus demonstrating the reliable processing of the irradiance
data to power data by the simulation. fbols example uses the validation irradiance
inputs retrieved from measuremdpee sectio.]).
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Figure5.1: Validation irradiance and power curves for an exemplary day
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Additional to this validation power curve, similar curves are generated in the same
way for each of the nowcasted irradiance condiiot® nactual referenqeower

data exists asvarification these power nowcastan only be analysed by comparing
them against thealidation powegenerated from the measured irradianceaddta

taking note of the deviatiarisis crucial to emphasize that the PV model employed

in this study was previously validatddiGhusing real power data. Hence, the analysis

in this study focuses solely on evaluating the forecast accuracy rather than the PV
model's performance, which has already been éstdblise (power) nowcast
accuracy is expressed in the three error metricsddtasiean square error (RMSE)

and mean average error (MAE)uationg5.1)8(5.3) show the calculation of these
metricd97. They areevaluated for each day of yleamunder study with being the

amount of time steps) the forecasted power outpand® the validation power

value at time stéQ

sonit o P oo (5.1)
¢ ¢

Y0 YO T 0w o (5.2

00O : W WS (GX))

In order to obtain a representative output, only the P50 values are utilized for the
power validation as they represent a deterministic nowcast. The results are compiled
in boxandwhisker plots irFigure5.2. All three error metrics gravitate to higher
values and a higher spread with increasing lead times. Detailed results are given in
Table5.1 for lead times 1, 5 and 10.

Table5.1: Bias, RMSE and MAE of the AC power of the complete Abablute values as
well as values normalizedhe maximum power are given for lead times 1, 5 and 10.

Bias RMSE MAE
Lead time abs. kW] max[%] abs.kW] max[%] abs.kW] max [%)]
1 6.9 0.03 7693 3.64 2938 1.39
5 176 0.08 13100 6.2 6115 2.89

10 420 020 16176 7.6 8312 3.93
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Figureb.2: Box plots ofAC power error metric¥he plots shoBias, RMSE and MAE of the
forecasted AC power outprampared to the validation output. Broken down fortieeas 1
to 10. Absolute valueseon theleft, percentages relative to maximum power
right. Each plot displays the mean (orange lineetioed and thirqguartile (black rectangle),
the 1.5 interquartile rangegfiaped whiskers) and outliers (black cirtigsits are tle P50

errorvaluesalculatedor each day.

on the

Analysing the results, it appears that the Bias exhibits the smallest spread, with most
values close to the median. However, on some days the predictions show a significant
deviation, indicated by the blacklesenarking the outliers. The median Bias is below

0.2 % for all lead times, which attests a very low systematic deviation in the nowcasts.
RMSE and MAE have a wider spread and consequently fewer outliers. Their median
normalized values are below 7.7 % 4@ of the maximum power respectively.
Overall, the error metrics observed in this work behave similar to the ones observed
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5.2.Power control algorithms

This section benchmarks the performance of the diffevesatr ontrol algorithms.

First, a single exemplary day is analysed asttlatiegieare compared against each
other.Afterwards, the results of the complete time frame are investigated. For now,
the focus lies only on tippwerrelated outputs.

5.2.1.Single day performanceanalysis

The 29September 2020 is chosen for the detailed single day analysis. It contains both,
clear sky and clouded conditions and shows a wide variety of important features in
the results.

All majorstrategie@ntroduced in sectich3.) are examined and their power output,

and gradientplottedin order to understand thaperational methodand analyse

the differences between strategéibough the algorithms technically provide step
charts with instant changes at every timeast@ptputsthe shown graphs contain
smooth linesdr abetterreadaility.

The first figure Kigure5.3) compares the base case against the ideal nowcast
algoritihm Bot h of them candt compete against
donodt present a sol ut i ouwanredlisiic. Yet thapstill r at e |
provide interesting insight in the necessities of ramp rate control and the inner
workings of the power control.

In the top graph oFigureb.3 the power curves of the example day are plotted. Only
very minor deviations from the violet validation line by both algorithms are observed.
On steep down ramps, such as the one around 13:30, the preemptive curtailment by
the ideal nowcasting isikile. Steep up ramps show the curtailment of the base case
algorithm (e.g. 14:15). The middle graph gives more detailed information on the
curtailment administered by the two strategies. Because of its limited capabilities, the
base case only features paakhe curtailment power when an up ramp happens in

the validation power. The ideal nowcast exhibits the same peaks for all the up ramps
and additionally shows curtailment for all the downward ramps of that day. Since no
storages are present, the cumtailn t i's | ost and canodt be s
curtailment is shown in the bottom graph. It plots the gradients of the power output
at any given time step. While during the first half of the day the validation almost
never surpasses the limitl®f %9min, the early afternoon features lots of ramp rate
violations. This is why the majority of curtailment is necessary during this time and
almost none is needed in the first half of the day.

Looking at the gradients, both the ideal nowcast and the les@recdse to mitigate

100% of the upward ramps. The downward ramps however are only caught by the
ideal nowcast.
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Figureb.3: Performance charts of base case and ideal nowcast for one exemplary day
(2020/09/02). From top to bottom: graph of power output, graph of curtailistenage

power is zero since no storage is pregaph of gradienthe horizontal dasheddlines in

the bottom graph indicate the ramp rate limitQo%/min.

In conclugon, the results of the base case demonstrate that no further hardware or
algorithms are necessary to mitigate all up ramps and thus every other configuration
is able to achieve the sambe ideal nowcast shows the theoretical minimum of
curtailment requéd for down ramps, ensuring full compliance with the ramp rate
limit.

Since ideal nowcasts are impossible, the next figuweeb.4) presents an analysis

of curently achievable (realistic) nowcasts, which are then compared against the

storage strategiright away it is very obvious that the realistic nowcasting strategies

feature a lot more curtailment than the ideal one. Additionally, the different
dcoaggreséGiof tt he nowc ansttesamoant ef cuctdileatyr | v vi si b
large portion of this curtailment is unnecessary. One striking example is found at 12:45
where especially the oMindéd strategy curtail
containany rampThe effects of the different aggressivities are also apparent in the

gradient grapint he f i rst half of the day the 0Minc¢
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gradients than all other algorithms. However, by design it stays within bounds during
curtaiment. As soon as the validation presents actual, tampferences become

more pronouncednd relevantBetween 14:30 and 16:30 all nowcasting strategies
except oLasto are able to mitigate all dc
occurs, which is only caught by the o0MIi n
of the nowcasts predict a raammconsequently all break the limit (e.g. 13:40).
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Figureb.4: Performance charts of storage and nowcasting configsifatione exemplary day
(2020/09/02). From top to bottom: graph of power output, gdpturtailment and storage
power, graph of gradiefthe horizontal dashed red lines in the bottom graph indicate the
ramp rate limit 010 %/min.

The storage strategy, shown in blue, operates very differently. It only steps in when a
ramp would otherwidareak the limit and does so with ¥®@uccess. 13:40 shows

an example where a down ramp is followed by an up ramp. First, the storage is
discharged (positive storage power in the middle graph) to prevent the downward
ramp rate violation. Then, during tbkowing up ramp, it is charged (negative storage
power). The effective curtailment in the output power is visible in the top graph in
places where the blue line deviates from the violet validation curve. During charging
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a very small uptick in the dasbége curtailment line is visible. This is caused by the
losses that occur when applying the efficiency factor to the charging power. When a
down ramp happened and no immediate up ramp follows to restore the SOC, the
storage is charged nevertheless im twgwevent the possibility of the storage being
empty and unable to smooth ramps. This happens at a reduced constant power to not
create any ramps. An example of this process is observed at 16:20.

The 100% success rate of the storage strategy hinges enfficient power and
capacity of the storage. In this case it has been designed to be able to mitigate all
ramps.

The comparison shows the traddethat exists in the nowcasting strategies between
curtailment and ramp rate compliaBtner a stratgy curtails a lot and consequently

is able to smooth many ramps (O0OMind), or
a | ot of ramps iThis fachatso payscacmajersole (ndhe éatert 6 ) .
economic analysi8dditionally, the potential ¢fie storage strategy to mitigate all

ramps is demonstrated.

Figureb.5 shows the performance graphs for the hybrid stratégepower curves

in the top graph look very similar to the nowcasting curves, which is caused by the
shared algorithms for administgraurtailment. Contrary to the nowcasting strategies
however, the curtailment (especially in the first half of the day) is not actually curtailed
but rather stored in the battery. The storage powers in the middle graph demonstrate
this behaviour. Since thtrage is not discharged during normal operation, it reaches
maxi mum capacity at s oanyurtheroDependinganthe c an ot
amount of curtailment proposed by the different nowcasting algorithms, this point is

b ¢

reached soonerorlattar t he OMi né strategy this happe

bright green line suddenly switches from charging the storage to curtailing. The
previously described efficiency losses which occur during charging and are counted
towards the curtailment are moreadly visible due to the generally higher storage
powers. Looking at the gradients, all strategies comply with the ramp rate limit. This

is caused by the large storage stepping in whenever the nowcastmyddict a

ramp The amount of times this mecessary however, varies depending on the
strategyThose ime stampswhere the violet validation curve exceeds the gradient

limit and a green line hits the dashed red line and continues horjpactallpnuch

more often f or t fothe brightek onéshdaingdhe frequere t h a n
necessity for the storage to step in.
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Figure5.5: Performance charts of hybrid configurations for one exempla3028y09/02).

From top to bottom: graph of power output, graph of curtailment and storage power, graph of
gradientThe horizontal dashed red lines in the bottom graph indicate the ramp rate limit of
10%/min.

These charts demonstrate the ability ohtivecasting algorithms to work together
with a storage system and store the curtailed energy as far aspassérimore

they showhow the storage is utilized to mitigate ramps that are missed by the
nowcasting and thus improves the overall performance

5.2.2.Full year performanceanalysis

The exemplary day provides great insight into the intricacies that distinguish the
different strategies from each other and lead to different results. However, a more
cumulative analysis is necessary to make a stateourib@toverall performance

across the complete yelor this, Table5.2 lists the addedp results of all days
combined. Direct output refers to the energy thatislirectly from the PV system

to the grid, without taking a detour through the storage. The curtailment column lists
the sum of the combined curtailment and storages losses over the entire year. Storage
output contains both, the energy that is dischdiged the day antiuspart of the
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fed-in system power, as well as the potenght timedischargérom SOC recovery.
Combining the three enengading®f anystrategyequad the direct output of the
validation cas@he ramps of each day are couatediadded up and lastly the worst
and average gradients are determined.

Table5.2; Performance comparison of all majwateg@sfor the complete year

Energy Ramps
[MWh] [#, %/min, %/min]
Direct . Storage ,,. Max. Mean
Strategy output Curtailmen outpu% Missed gradient gradient
Validation 34,702.83 0 0 8754 -56.97 -15.4
Base case 34608.8¢ 93.% 0 4108 -56.97 -15.13
Ideal nowcast 34525.9 176.93 0 0 - -
Storage 34603.2&6  9.96 89.6 0 - -
Nowcast min 31,921.56¢ 2781.27 0 725 -36.21 -14.59
Nowcast mean 33734.7€¢ 968.07 0 1899 -48.53 -14.45

Nowcast weighte 33834.07 868.76 0 2014 -46.66 @ -14.39
Nowcast last 34445.55  257.29 0 3359 -46.61 -14.65
Hybrid min 31925.34 1828.24 949.25 0 - -
Hybrid mean 33739.27 337.65 625.92 0

Hybrid weighted 33838.32 275.15 589.35 0 - -
Hybrid last 34455.8] 29.81 217.23 0

Referring to the top section of the table, the overall performance of the base case and
ideal nowcadtrategycan be compared. Of the original 8754 ramps present in the
validation power dataroundhalf are up ramps that are mitigated by the base case
strategy. The necessary curtailment is just around 94 MWh, reducing the direct output
only marginallyAs a bercial side effect, the curtailment of up ramps also mitigates
downrampsthad i rect |l y foll ow these up ramps and
allowed to increase as quicKlyis explains the overall reduction in ramp count by

more than haliRoughly doubling thereviouscurtailment, the ideal nowcast is able

to reduce the number of ramps to zero.

In the bottom section the rest of the strategies are listed and important result are
colorcoded with red being considered a poor and green a@taun@anceAs to

be expected, the storage strategy features the lowest curtailment. It is solely caused by
losses during charging, since it equals exactly 1/9 of the storage o&tpoit {ti®

original chargingnergy and thus correlates with the eéicy factor of 9@6.
Supporting the previous observations, the nowcasting strategies show different
aggressivities, leading to varying amounts of curtailment and noihbessed
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ramps. OMiné is found to be thewesttrategy
number of mi ssed ramps, foll owed by 0Me:
similar in their resul ts. oLasto curtail

ramps.Comparing the remaining ramp gradients, the best performing nowcasting
strat em@®y idsMiabl e t o reduce -5T%ingn toma X i mu m
around-36%/min. oLast 6, oOoWeightedo6 and o0Meano
reduction and are betwed® and49%/min. The mean gradient experiences a slight
reduction of around % and does not sidicantly vary between strategies.

Both, the amount of curtailment and the missed ramps are reduced by the introduction
of storage systems in the hybrid strategies. Miagnieg curtailment is partly caused

by the storage losses, mostly though the gk storage being full and not able

to store the curtailed energy anymore. Because the battery power and size for the
hybrid configurations are the same as for the storage configuration, the number of
missed ramps is also reduced to zero. A reductioapéimization of the storage

power and correlated capacity is performed in sé&c3igand part of the economic
analysis. Here, the results are generatechwi®Ctstorage designed in se@idrR

A C-rate of 1 wouldurtherreduce the curtailmelmtit would also lead to higher costs

due to the doubling of capacity.Wyer, these aspects are not relevant at this stage.
The general working principtd the hybrid strategiés again demonstrated by the
virtually identical direct outputs of the corresponding nowcast and hybrid
configurationsAs already mentioned, the sums of the three listed energies for each
configuration are all equal to the validation pd®iece this is the case, it is also
derived thaho additional energy besides the validation is used atidetistsrage

never finishe below its target SOC andver needs night time rechafgely
discharge)

5.3.Economic results

Following the analysis of the technological potential, the next section includes the
economic calculations. Based on the obtained results, the economic potential of the
variousstrategiess investigated and compared.

5.3.1.Base case and ideal nowcast

First, the theoreticalpotential of nowcasting is analysed by comparing the ideal
nowcast against the base c&see both are unsuitable or unrealistic solutinays,

are benchmarked without the introduction of penalties. This leads to a fairer
comparison and fdrs the opportunity to validate the LCOE of the base case with
reatworld findings.
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Table5.3 lists the relevant economic results of the validation, base caseabnd id
nowcast. Imbalance costs and peoftyearly values and assumed invariant over the
entire lifetime Since the validation case never curtails, the imbalance costs are zero
and the profit consists only of the -@nead earnings. The base case hag soipe
imbalance costs for the curtailment of up ramps, reducing the yearly profit in the
process. Similar to the amount of curtailment showahle5.2, the idealnowcast

roughly doubles the imbalance cdsts. both, base case and ideal nowcast, the
influence of the reduced profit on the LCOE and the NPV is matde®linowcast

is performing slightly worse, which can be explained by the increased curtailment as
well as the investment and operating costs of the nowcasting system.

Tableb.3: Economic omparison of base case and ideal nowcast

Validation Base case Ideal nowcast
Imbalance costs [EU& 0 5445 10,263
Profit [EURa] 2,039,156 2,033,712 2,028,894
LCOE [ct/kwh] 3.42 3.42 3.44

Net present value [EUR] 13,198,966 13,114,833 12,990,259

Validation basically represemtypical utility scale PV installation, operated in a grid
code without ramp limitatiorBecause of this, the calculated LCOE can be compared
with currentreavor | d data. Lazardos L[@wevidezed Cost
arange o024-96 US D/ MWAh 8.64 EURct/M@/hfor 2023. The calculated
3.42ct/kWh are at the lower end of this spectrumwlt withinthe bounds. The

below average LCOE can be explained by fairly ideal conditions in southern Spain
and lower costs compared to the United States

All three strategieexhibit very high net present values and thus are considered
profitable investents However, without any incentive for ramp rate mitigation, the
validation case provides the highest NPV and is therefore the preferrednojetion

these circumstances. Still, base case and the theoretical ideal nowcast offer the
potential to mitigatkalf or even all of the ramps with only very minor losses.

5.3.2.Penalties

Since real nowcasts will never achieve the ideal performance and thus net present
values are expected to imeich lower, incentives in the form of penalties are
introduced.

As describeth sectior8.3.2the penalty factay for both, the fee and the tax penalty
scheme, ultimately determines the economically bearable number of ramps and the
level of worthwhile investment to comply with the ramp rate Tingtgoal of any
potential penalty scheme is to make ramp ratecarodiance economically



Results o1

unattractive Therefore, the penalty factors for this analysis are calculated by setting
the net present value of the base case to zero. In doing so, it is no longer profitable to
run a PV plant without any means of mitigating downstamthe following, the

factors are calculated for both penalty schemes.

The formula for the net present value in Equadd@) can be simplified if equal

cashflow exist for all period9(. This is true for the base case, as no reinvestment

costs for a storage or nowcasting system aBguation(5.4) shows the simplified

formula The investment costs of the base <ca
'O . Likewise, the operating costs of the PV sy&terare the sole contributors to

the overall operating cog&ewriting the profity according to Equatiof.5), the

desired penalty cosis; appearThe profit without penaltiey  is listed in

Table5.3. Note the correction for the six missing days in the simulation (also refer to
sectiord.3.3.

. . : . p 0 P
- 5.4
0 (@) Y o0 2 o 0 (54)
. ceA , oA

3 5 5.5
YOOV R 0k O ook 69

Inserting(5.5) into (5.4) and solving fod ; yields Equatio(b.6).

. . . w O oUu W
(o Y i 0 z (5.6)

.
p_Q P oou
P Q z710

All necessamalues areitherknown or can be calculat@tiey are listed ihable5.4
for reference.

Tableb.4: Necessary values for penalty factor calculation

Parameter Value Reference
Y ok 2,033,712 EUR Table5.3

O O0EUR

0 600 20 p It wp w5 2 Table3.l

6 V0O 20 j ¢ olw o ®5 PA Table3.1

0 30 a Table3.1

Q 0.051 Sectiod.3.3




52 Results

Inserting them yields the desired yearly penalty costs of the base case that are necessary
to achieve thaeet present value of zero (Eq7)).

. %5 2
Orp Yihpnas UOT (5.7)
Based on these penalty costs, the penalty factors of the two suleeraézulated.
Rearranging Equatiof8.17), Equation(5.8) gives the factor for the fee penalty
schemef around 466&UR/MWh. The ramp rate violation energy of the base case
O j is 181.79 MWh (sdableC.2 in the appendix).

‘ 5 i %5 2 s
g Te®w (58)

Combining and rearrangigguationg3.18), (3.19 and(3.20, a formula for the tax
penalty factor is derived. Since the tax fa¢t@hanges everyeek, depending on
the nonrcompliance, the profit and the ratio of f@mpliant time stepseed to be

evaluated in weekly intervals and added up afterizqudsion(5.9) shows the final

result of this process.

i —— &t '@ (59

Beforestarting with the detailed economic analygswo different penalty schemes

fee and taxare compared against each other in order to find similarities and
differencesA total of 19 unique configurations are presented during the course of
this analysis, 17 of which implement penalties. A complete list of the configurations
and thecorresponding results can be found in appéhdixiese 17 configurations

are processed with both, the fee and tax penalty scheme and the results are compared.
Tableb.5 shows the summarized findings. Even though both penalty factors were
calculated by setting the NPV of the base case to zero, the tax penalty scheme ended
up imposing slightly smaller penalty costs when applied onto all configurations. These
di fferences however, donot have a | arge
100% means that in both schemes all configurations are ranked the same when sorted
by net presnt value. Absolute and relative NPV deviations between the two schemes
are also lowl'he absolute Bias is negative, meaning the NPVs are generally higher in
the tax penalty scheme (due to lower average costs). Relative to the net present value
of each cofiguration however, the Bias is slightly positive. This is due to small
absolute deviations leading to higher relative desimtiaronfigurations where the

NPV is relatively low.
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Table5.5: Comparisorbetween fee and tax penalty sclseme
Fee Tax
Average costs [EUR/MWh] 4668.59 4655.16
NPV ranking consistency [%] 100
Max. 132,939
Absolute NPV deviation [EUR Bias -13,539
MAE 87,791
Max. 5.53
Relative NPV deviation [%] Bias 0.39
MAE 1.%

Overall, with a relative MAE of less than%,&he differences between the schemes
are considered negligible and therefore only the fee penalty scheme is chosen for the

further analysis.

5.3.3.Nowcast and storage

Afterimplementation of the penalties, the-ideal nowcastg strategiesre analysed

and benchmarked against the designed storages and the bBgpicts@ shows
the yearly penalties, imbalance costs and resulting profit as well as the net present

value and the LCOE with and without penalties for all strsagiesLooking at

the penalties, the four nowcasting strategies exhibit major reductions amlythe ye
costs compared to the base case. Correlating with the number of ramps shown in

Table5.2, OMi néd achieves the | owest

ern al t vy

successful mitigation of all ramps, both storage configurations, the 1C and the 2C, pay
zero penalties.Xe€ept during active ramp prevention and recharging to the target
SOC, the storages arhbalanced, which tefers ta desra
from the dayahead trades, artderefore achieve very low imbalance costs. The
imbalance costs of the nowcasting strategies show a reverse arraongedment

t hus
t he |

penalties. They correlate with the curtailment Tabée5.2) and

experiences the highest and oLastéd
not feature lower imbalance costs than the storage configurations is caused by the

potentialcompensation of negative with positive imbalance and vicebyettsa

storagesluring the 15ninute settlement periods (secdad. 3.

any

Low imbalance costs and nanaky payments lead to the highest profits for the

storage configurations. The nowcasting strategies generate

lower

profits

f

0 Mi

proportionally to the sum of penalties and imbalance costs. Since they outperform the
base case, the imbalance costs causeddjmmnt are clearly overcompensated by

the savings in penalty paymehte.i s al so | eads to
of the four strategies.
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c
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Figure5.6: Economic comparison abwcasting and designed stoamgdigurations

Until now the results were directly correlated to the physical performance of the
configurations. This changes with the net present value. Here the investment and
operating costs are also taken into consimerd his especially shows in the poor
performance of the storagBgspitegenerating the highest yearly profits by far, their
NPVs are at the lower end of the spectrwith the 1C storage only barely above
zero.The nowcasts capitalize on their lowesygosts, resulting in higher net present

valuesOf all sevestrategied6 Nowc a st

NPV of more than 8 million EUR.
Because of the high system costs, the storage configuakstidrave the highest
LCOEs.The dtaineds.25 and 5.7&/kWh are within the range for utility scale PV
systems with storage determined by L4288y dThe LCOEs without penalties are
subject to theosts of the system and @®ount of energy solBven though the

system costs are the samed o wc a st

mi no

mi no

iI's the superior

possesses the

nowcasting strategias it feeds in less energy due to hightilovent The LCOEs
with penalties include the penalty payments and show the inthesntave on

(
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energy costs. Higher penalties obviously lead to larger deviations fronpératign

LCOE with oONowcast | ast 6t/kVehxAs pecteadjtreg a de
LCOE with penalties mirrors the ranking order of the net present values among the
strategies wi t h O Nowcast mindéd emerging as the
4.18ct/kWh.

The increase in energy costs caused by the investigated ramp metiydditon,

represented by penalties, is obtaimgecomparing the LCOE with penalties of
ONowcast minod against the L OReHesutistrhout pe
increase of 0.748/kWh.

This analysis shows the great potential of nowcastimggulatory environment that

features ramp penalties. Not only does it provide a comfortably positive net present

value and therefore a valid business case, it also, depending on the strategy applied,
outperforms the designed storage configurationse\gwhe mitigation of ramps

comes at a cost. Comparing the NPV of 0Nc
case scenario without regulations (Ealele5.3), a total reduction of almost
5millionEUR is observed. This is supported by the aforementioned increase in
LCOE.

As seen irFigureb.6 and also observed in the sensitivity analysis in sgeefian
C-rate ofd 'Y ¢ is always superito 6 'Y p. This is due to thiargeoversizing of
the storage (see sect®bh.3, which is less extreme oty ¢. Thus only the higher
rated configurations are analysddritmerdetail.

5.3.4.0ptimization and hybrid

So far, the hybridtrategieh ave been omitted from the ec
because it is not economically viable to combine a nowcasting systensuaiitie the

large designed storage that is also used for the separate storage configuration. In such

a combination the nowcasting would not add any value tgsteean3he hybrid

strategieare only relevant if their potential to reduce the storage needs dampare

the standalone storage configuration is considrenedermore, when full ramp rate

compliance is not considered essential anymore, refining the optimal economic
solution becomes attainable for the standalone storage configuration as well.
Achievinghis enhancement involves decreasing the power and size of the battery.
Consequently, a sensitivity analysis with varying maximum storage powers is

performed. Whereby ar@te of6 'Y — ¢ is maintained and the storage capacity
set accordinglAll four hybridconfigurationsis well as the storagmnfiguratiorare

optimized for a maximum net present value. The results of the sensitivity analysis are
shown inFigureb.7.
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Figureb.7: Sensitivity analysis of the net present value to different maximum storage powers

All curves that correspond tacanfiguratiorwith storage show a clear maximum.

Their shape demonstrates the two competing influences on the net present value. Left
of the optimum, the number of missed ramps increases and penalty costs become too
high. On the right, the storage gets too large and the increasing system costs
overpowethe benefits.

For reference, the net present values aidhetoragestrategie are also plotted. At

a storage power of 0 the hybrid configurations are indistinguishable from their
nowcasting counterparts and consequently line up with them at thihmogtorage
strategyines up with the base cahethe right end of the graph the NPVs for the
originally designed storage power (se8tib8 can be ready comparing with the
maximum values, it becomes evident how economically inadequate such a high storage
power is

Two general observations are made from this analyshg. thiesiower the number

of missed ramps and consequently the higher the NR\bowtasting strategy is, the
small er the benefits from adding a storage
abl e to sur pass .Sdeandlyohylidvaordigutationsithatase llessn e
aggressive nowcasting strategeesd bigger storages reach their optimunBy
extension, the standalone storage configuration needs the largest battery.

Using the results of the sensitivity analyssideal storage power for each of the
configurationss chosen and listed Treble5.6. Note that the accuracy of these
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optimums is limited by the resolution of the sensitivity analysis, whicthwathe
designed power (~ 160,000 W) directly around the maximums.

Table 5.6: Optimized maximum storage powers

Configuration Max. storage power [V

Storage 4,751,928
Hybrid min 989,985

Hybrid mean 2,851,157
Hybrid weighted 2,851,157
Hybrid last 3,959,940

Before comparinthe optimized storage and hylrahfigurations, the resultstbé

strategwi t h t he hi ghest net m@repeeseatadiingreatdrue, O
detail A complete collection of inputs and results fdiSalhvestigatezbnfiguations

is attached in appendix

Table5.7 lists the utilizedinputsfort he OHybri d wei.glihda edd <co
previously determined maximum storage pdmen Table5.6 is used and the
correspondingpecificstorage cosé 6 060 andi 0 ©® are obtained according

to sectior3.1.2 Multiplyingthe specific investment cosish the maximum power

gives the total investment cogir the storage system (ExL0).

O 6600 20 j plx vip o W5 2 (5.10
Theyearlyoperating costs are derived according to Equatidi
6 000 z0 o ¢ o— (611

Investment and operating costs of the nowcasting system are Tistelé5r7 and
the costs of the PV system have been calculatatlab.4.
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Tableb.7: Detailed inputs of the hybrid weighted configuration

Description Variable name  Unit Value
Configuration config - hybrid
Nowcast strategy nc_strat - weighted
Ramp rate limit i [%6/min] 10

Max. storage power 0 & [W] 2,851,157
C-rate 0'Y - 2

Target idlSOC soc_aim - 0.5

SOC equalizing factor adump_limit i 0.5
Penalty scheme p_scheme - fee
Penalty factor n [EUR/MWh]  4668.59
Discount rate Q - 0.051
PV investment costs 6 6 0G0 [EUR/KWp] 676.38
PV operating costs 000 [EUR/kWp/a] 12.52
Storage investment costs 6 6 0G0 [EUR/KW] 614.22
Storage operating costs 000 [EUR/ kW/a] 12.28
Nowecasting investment costs 6 6 0G0 [EUR] 25,000
Nowcasting operatirgpsts 00O [EUR/a] 1430

These inputs ardilized and the resultsTiable5.8 are generated.

Adding the direct output and the storage output aintayields theyearlysystem

output during daytimef almost 33.GWh.

Combining this with the storage output at nighbtsmbtracting the result from the
validation energy gives the curtailment and storage lossedvidf/I6&iliring one

year of operation.

Of the total 463,322 simulated time steps, 264 remain with gradients above the ramp
rate limitand entail a ramp rate violation energy of almost 12 MWh. Inserting into
Equation(3.17) yields the penalty costs of 55,708 pEgRyearThese, together with

6 and'Y reduce the daghead earnings and give the final yearly profit of
1.944million EUR.LCOE and NPV are calculated according to Equa@dd)sand

(4.3) with all costs, benefits and energies remaining constant for all 30 years of
operation. The only exception is year 16 where the storage and nowcastsg system
reach their end of life anéed reinvestment of 30 % of the original doatsulated

in Equation(5.10) and listed iMable5.7 respectivelyalso refer to sectiagh3.3.
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Tableb.8: Detailed results of the hybrid weighted configuration

Description Variable name  Unit Value
Validation energy 0 [MWh] 34,702.83
Direct output 0 [MWh] 33,837.46
Storage output at day O [MWh] 24.48
System output at day 0O [MWh] 33,861.94
Storage output at night O [MWh] 159.88
Total storage output 0 [MWh] 184.36
Curtailment and storage losst O [MWh] 681.01
Number of missed ramps € - 264
Number of time steps € - 463,322
Max. ramp gradient i [%/min] -33.16
Mean ramp gradient i [%/min] -15.67
Ramp rate violation energy O [MWh] 11.93
Day-ahead benefits o) [EUR] 2,039,156
Imbalance costs 0 [EUR] 50,592
Equalize SOC net caibw Y [EUR] 10,810
Profit before penalties Y [EUR] 1,999,374
Penalty costs 0 [EUR] 55,708
Profit Y [EUR] 1,943,666
LCOE without penalties 000 [ct/kWh] 3.97
LCOE with penalties 0060 [ct/kWh] 4.14
Net present value 00w [EUR] 9,152,650
For the analysiand compason oft he technol ogi cal perfor

wei ght ed¢d strategiethbireperfortndneerparameters, previously shown

in Table5.2 need to be updated in order to reflect the changes in storage powers and
capacities he updated results of the optimizedfigurationgre listed iTable5.9.
oNowcast mi nfdrcongparisolpwepmses h o wn

Except for some minor rounding errors, the direct output sfrategiestays the

same as imable5.2. However, the less powerful and smaller storages have an effect
on the storage outputs, which are lower than b&obsequently, curtailment values

are higher.
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Table5.9: Performance comparisonsifategies withptimizedstorage$or the complete

year
Energy Ramps
[MWh] [#, %/min, %/min]
Direct . Storage ,,. Max. Mean
Strategy output Curtailmen outpug[ Missed gradient gradient
Storage 34604.9¢  11.73 86.14 246  -34.48 -14.73
Nowcast min 31,921.56 2781.27 0 725  -36.21 -14.59
Hybrid min 31,923.24 2701.77 7782 370 -34.02 -15.04
Hybrid mean 33738.25 776.87 187.72 253 -35.04 -15.77
Hybrid weighted 33837.4€¢ 681.01 184.36 264 -33.16 -15.67
Hybrid last 34454.73  95.47 152.63| 227  -28.19 -14.79

Looking at the ramps, alrategiesow feature a low threigit number of missed
ramps, with OHybrid | asté
maximum gradient. This is likely the cause of having the largest stordybrad all

performing best

configurations and the ability to predict some ramps compared to the standalone

storage setup.

Whil e all optimized configurations
comes to missed ramps and maximum gradient, they actually are worse when
comparinghe mean gradient. One explanation for this circumstance is the fact that

the storage power is only sufficient for smoothing smaller ramps and fails to prevent
larger ones, thus shifting the average. This is supported by the observation that
0 Hy b r i, ldavidg #he largest storage, achieves the highest reduction in maximum
gradient compared to ONowcast
achieve much smaller changes,

only improving by percentage points over pisrelynowcasting counterpart.

Next, the final economic analysis is performed. Justhdikgevious performance

manage

| ast 6. The

wi t h

OHybrid

comparison, the five optimizednfigurationsare benchmarked against the best
standalone nowcasting configuratiod Nowc a st
Figure5.8. Compared td-igure5.6, adding the storage systems enabled the hybrid
configurationsatdrastically reduce the number of missed ramps and subsequently the
penalty costall of them outperform the most conservative nowcasting strategy with

penalties between 46 andkE®&JR/a compared to 14KEUR/a. Imbalance costs

mi n o .

The

resul t s

remain more or less identical to the nowcasting counterparts, since the total imbalance
volumes, i.e. thedelta between validation energy and actual direct,anputot

significantly influenced by the introductod storages.
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Figure5.8: Economic comparison of optimized storage and hybrid configurations

Looking at the yearly profit, 0Storagebd
virtually equal values. All hybrid configurations manage to improve compared to the
respective standal one nowcasting strateg
storage gap is the only one that experiences a slight reduction in profit compared to
Figure5.6 due tothe zero penalty costs in the original configuration.

Analysing the nepresent value, it is apparent that all optimezedigurations

out perfor m 0 No wgctheveralhiffarénces ad niubhcsmaljer than

in the previous compariscmHy br i d wei ghteddé is identifi
investment, very closélyo | | owed by oOMeandé and oLast 6.
smal | i mprovement over ONowcast miné an

strategies. Contrary to the previous comparison, the optimized storage configuration
is now superior to standalone nowcastimgugh not as profitable as most of the
hybrid strategies.

Whi | e 0 No wstheshigheshniLGOB withcut penalties of alldtemdalone

nowcasting strategies,| | hybrid configurations surpa
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addition of storage3he hybris et up wi th the | argest storag
possesses the highest LCOE of the four configurations. This increase overpowers the

expected reduction due to reduced curtailment and consequently more sold energy
compared to the nowcasting counterpartS.t o r a g & to reduaenita gCOE

significantly due to the smaller battery, however still features the biggest storage of

the compared configurations and thus has the highest LCOE.

Adding the penalties to the rcaaglecouliast isan Iclh e
most expensive optioit, is now followed by No wc a sandondiyrbad i d | ast 0.
OHybri d weighteddéd, the strategy with the hi
of 4.14ct/kWh and thus is considered the overall economically best aptitve f

given circumstances. The total minimum increase in energy costs compared to the

base case without any penalty scheme now 2/Q\Wh8.

Besides the finding of the bestitegythe analysis also shows that when no storage

is present, higturtailment is bearable and conservative nowcasting strategies perform

best. Apart from that, less conservative and more aggressive strategies are superior in
combination with a storage. Another important observation is the fact that nowcasting

alone cannocompete with an optimally designed storage. However, due to the
relatively small differences in NPV and the lower investment costs, the nowcasting
configuration might be more accessible and still be a viable business case.

Ultimately, eacktrategjhasi s own st r e n g entaildowirVestmena st mi n o
costs, feaiiebowgeonrt ai | mdastqw ndmbegr bf missed | ast 6
ramps and 0 Hyprbvidésdhéighestnet présentvalue.

5.4.Sensitivity analysis

The analyses in postprocegsare based on many input parameters with some of

them being subject to uncertainties. In order to analyse their influence on the results

a sensitivity analyssperformed. A total of eight critical parameters are determined

and used as variables. Thepat metric for comparison is chosen to be the net

present valudigure5.9 shows the results for seven of the eight relevant parameters.

The influence of the maximu storage power has already been presented in

Figureb.7.

Each subplot features the variable being adjusted oraiii® either as absolute

values or as relativetars. A black dashed line pinpoints the original value used in

the previous analyses. In most subplots the NPV is étofour differentstrategies

the overall best hybrid setup OHybrid weig
oOoNowcast miné, the optimized storage and t
option achievable with tlproachused. Some plots omit the base case, due to it

beingout of scope or not of interest for a certain parameter.



Results 63

C-rate [1/h] Penalties [EUR/MWh]
—91 : — \ !
o o 101 1
) | > —_—
£° = £ =
2 i 2 i
o H o 1
=2 71 ! p= !
i ‘ ‘ ‘ ‘ oL ‘ a ‘
2 4 6 8 10 0 2000 4000 6000 8000
Discount rate [%] CAPEX PV system [factor]
201 t
1
—_ ' —_
3 151 i & 107
w : w
E10 - E
> ! > 51
= > \:\ :
=2 : =2
01 : : . : : 01 : : ‘ : : :
2 3 4 5 6 7 07 08 09 10 11 1.2 1.3
10 CAPEX storage [factor] 92 CAPEX nowcasting [factor]
z i z 9]
o) 91 ] 2 !
w i 8.8 i
1S ! e !
— 1 — 1
z | 2 8.6 i
= 84 ! =z i
: 8.41 :
07 08 09 10 11 12 1.3 07 08 09 1.0 11 12 1.3
Ramp rate limit [%/min]
10.04 i /% .
= P ————— —— Base case
2 7.5 /E = Hybrid weighted
£ 504 i Nowcast min
z i —— Storage
Z 2.51 | = = Default value
0.01 ‘ ‘ ‘
5 10 15 20 25

Figureb.9: Sensitivity analysis of the net present value to seven different pardieters
coloured lines represent the optimieedfigurations. The vertical line shows the default value
of the respective parameter.

Starting with variation of the-r@te, the results clearly show the benefit of higher
C-rates for both battergontaining configurationfnterestingly, the -Gate of 6
determined in sectid1.2is not the economic optimum but rather even higher rates
are to be preferred. It should be noted however, that especially thrajostagion
is highly inaccurate at these higtates as they would necessitate different battery
technologies ando not representurrently feasibleonfigurations Further, a
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potential optimization regarding the maximum power at differeate<is not
considered.

The penalties are a central assumption in this work and their value has been defined
by setting the NPV of the base case to zero. As to be expected, variatiens in t
penalties affect thostrategiesnost, that contain the highest number of missed
ramps. This leads to intersections of the (linear) NPV curves, whestratbgies

become more or less viable. The lower the penalties, the less its worth to invest in
ramp rate mitigation measures and ONowcast
profitable. Higher penalties lead to superiority of the stooatgning
configurations. The exact point where an i
this way, since the ciges in optimal storage sizes and strategies are not taken into
account.

Discount rate has the strongest influence of all examined parameters on the overall
net present values. The boundaries for the sensitivity analysis are set to the lowest
value foundn literature (2.2 for Germany if91]) and the most recent estition

by Lazard (7.% for the USAIn [93). On the one hand, when taking the rate for
Germany, the net present values st@tegiemore tran double compared to Spain.
However, it should be noted that the low discount rates for Germany are from a
period before 2022 with historically low interest rates, which are no longer attained.
On the other hand, when taking the recent estinsafiiortheUSA the NPVs are

less than half of the default values. This shows, that very high discount rates, as
currently the trend, could present a serious challenge for the investigated
configurationsbut alsofor any investment in general. While no big diffesenc
between the configurations are observed, the effect seemslighthdarger on
configurationsvith higher investment costs.

The influence dhe investment cost® the net present values is examined next. Split

into separate analyses for the aoiséach component and varying thent 30 %,

three main conclusions are drawn. As expected, the PV system costs equally influence
allconfigurationsas they share the same PV plant. Higher costs obviously reduce the
NPV and vice versa. The CAPEX of thwage system only affects the NPVs of the
setups that implement a storgggrticularly thoseith larger batteries. If the costs

rise too much, the storagentainingconfigurationsbecome unattractive and
standalone nowcasting presents the better bsistase. Again, the exact costs at
which this happens cannot be determined from this graph, since the storage sizes
would first get reduced in order to adapt to the higher costs. The third observation
concerns the nowcasting system. Its costs are folnedsm low, that changes are
barely noticeable in the final NPV. The almost negligible influence of the nowcasting
costs justifies the relatively uncertain estimation of them in the first place
(sectior3.1.3.
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Besides the shown CAPEX, the OPEX of a system also influences the net present
value. Although not plotted, the observed effects of CAPEX variations are
transferable to OPEX variations with the NPV curves dsetnadimg the same
behaviour. For all three systems the absolute influence of the OPEX is smaller than
the CAPEXO®Os.

Lastly, different ramp rate limits are investigated. As to be expected, stricter limits
favour more consi st enthtseod & ta nodn so, S tnoarneeg eyo
limits lead to less ramps in general and thus investment into mitigation becomes less
sensible. At some point, even the base case outperforms all other configurations.

As with all previous sensitivity analyses, the purposetesshow tendencies and no
absolute results. The latter would require constant recalculation of the proper penalty
factor, optimization of the storage power and new selection of the best performing
strategyor every adjustment made and consequentilglw&ceed the scope of this
thesis.

Overall, the analysis demonstrates the reliability of the implemented postprocessing
tool, as no unexpected results from parameter variations are observed. Furthermore,
the influences of uncertain assumptions sucheapdhalties, discount rate and
nowcasting costs are examined and used to better gauge the final results.
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6. Conclusion

This thesis analysed the teckboonomic potential of nowcasting to reduce the
impact of irradiance ramps on PV power production. For this, a virtual power plant
was pl aced at t he |l ocati on of Cl EMATOSs
measurements of severateo stations across the site were obtained for a time frame
of one year and processed into a validation dataset containauguéiecurrent
irradiance, temperature, pressure and wind speed conditions at every time step.
Additionally,probabilisticnowasts from aléky imagers with a resolution of 30
seconds and df@inute lead times were generated and providedatmongredictions

of the irradiance for every time step. Both, the validation and irradiance nowcasts were
used as inputs for a detailed elodf the PV system. TH&V model has been
developed in a previous w1k but was adapted and improved to suit the use case.

In it, the irradiance maps provided by validation and noweastssed to calculate

the power output of each PV module, considering the local irradiance. The individual
powers were combined and transformed, resulting in the AC power output of the
entire plant. i8ce validation and nowcasts were used as, itipt®odel generated

a validation power output as well as a set of power nowcasts for the immediate future
for every time step of the year.

The validation power output of the standalone PV plant was focomtéam a lot of

high gradients. Gradients higher tha#oldf the maximum power output per minute

were defineds critical ramps. This definition corresponds to the most widely used
definition in various grid codes around the world (see s2@ion

Several algorithms were developed to control the fedver output and reduce the
number of ramps by making use of either noweatstpreemptive curtailment, a
starage system or a combination of bdth.algorithms proved successful, with a
large storage being the most reliable way of mitigating all ramps while featuring no
noteworthy curtailment. The best performing nowcasting algorithm managed to
reduce the numbef downramps from 4108 to 725 just by detectigh gradients

in the power predictions and curtailing preemptildeljwn ramps are especially
critical since unlike up ramps they cannot be mitigated through reactive curtailment
but rather need preempicurtailment or a battery to step in.

For the economic analysis, the power control algorithms were appended by a
marketing strategy and placed in a regulatory framework which imposed penalties
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dependant on the remaining ramps and the energy necesstigate tmem. The
marketing strategy calculated the yearly profits by trading electricity at the markets and
paying penaltieSogether withnvestment and operating cosite profitsvere used

to calculate the net present value and levelized cost gy @heny specific
configuration

Nowcasting algorithms were then combined with storages to form hybrid
configurations, the powers and capacities of which were optimized for yielding the
maximum net present value, thus meeting the sweet spot betwegstbigltosts

and high penalty payments.

Table6.1 presents an overview of the results of the teebanomic analysis

conducted under the regulated ramp rate emv@aono Hy br i d wei ght ed
nowcasting strategy where the lead times are weighted according to their accuracy
combined with a mediuBized storage, exhibited the highest NPV of all
configurations and thus is considered the opsitretegyunder the givengmalty

regulations. 26downramps were missed by this setup, a reduction of more than

93% from the original 4108own ramps.Comparison of the NPV with the

standalone storage solution clearly shows the benefit of nowcasting. The hybrid
solution achievealnet present value almost 600B0R higher, while implementing

a 40% smaller storage, thus saving resources and investment costs. Even though
standalone nowcasting canguitecompete \th a storage solution, it is much more
accessible regardingcasts d r esource needs and especia
strategy still provides a very profitable investment.

Table6.1: Overview ofselectedinal resultsThe analysis includes the base case without any
measures against down ramps, along with the outcomes of the best standalone nowcasting and
storage strategies, as well as the best hybrid strategy. All presented results reflect the outcome
under a regulated ramp rate environment.

Strategy Storage size Missed ramp: NPV LCOE
[kW] - [KEUR] [ct/kWh]
Base case 0 4108 0 5.88
Nowcast min 0 725 8310 4.18
Storage 473 246 8589 4.26
Hybrid weightec 2851 264 9153 4.14
However, the ability to mitigate ramps

configuration lsesaround 4,000,0@0UR net present value compared to a PV plant
in a completely unregulated ramp rate environiieistlarge deviation is the sum of
higher investment costs and lower profit due to curtailment and penalties. Similar
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observations were nedwhen comparing the LCQEsith the costs being
0.72ct/kWh higher than in an unregulated environment.

Ultimately, nowcasting and especially hybrid configurations not only show great
technological potential femoothing the output power and reducingti¥itya but

also provide the economically best solution under the investigated circumstances.

In order tokeepinvestments in renewable energy attractive, different or additional
regulations might need to be considered. System operators also needoto ttkecide
exactobjective thata potential ramp mitigating regulatgirould achieve. This
objectivecould be having no ramps at all, limiting the ramps to a manageable number
or, as implemented in this workducing the overall amount of needed balancing
energy or balancing poweitl whilekeeping the curtailment as low as possible
Regulations would need to incentivise investment into the solutions that achieve this
goal the best and ideally not reduce the net present value in the process.

Consideringuture developments, the potential of nowcasting is expected to increase
even further. The development of more accurate nowcasts and better algorithms for
power control will decrease the number of missed ramps and especially the faulty
curtailment significdly and thus improve the overall performance. Better nowcasts
also reduce the storage needs in the hybrid configuldBorsasein storage costs
not only influence the standalone storage setupsdHditiomally make hybrid
solutions more attractive.
While this thesis provided a qualitative analysis of nowcasting and its use cases, further
research is necessary in order to obtain reliable quantitative economic results. Key
points that neetirther researcéare:

1 More detailedsimulatios of the batterysystem with cycles, aging and

refurbishment

1 implementation of smarter control strategies such as introdJyéédaind
[13

utilization of storages for additional services

optimization of the nowcadata processing

investigation of sites with more challenging weather conditions
utilization of higher res@dvalidation data or actual power data
implementation of a more detailed and realistic marketing strategy
determination oh usecasespecific discount rate

consideration of settling times for power set points as well as investigation of
new battery technologies whiigher Crates

1 other potential regulations regarding ramp rate limifaicand penalisation

= =4 =4 -4 4 A 4
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