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1. TheProject

1.1 Preface
The MERCURY projecti a 2 RSt Ay 3 (KS 9 dzNRP LISt y-cdrhdrs SNJ 4SO
generation technologies (renewables, CCS, nuclear), the electric infrastructure and
GKSANI NBfS Ay GKS 9! S| RS[NEIK AL NS -Qf A0 Ri2S¢
Curie 2015 Global Fellowshiarded out by the Fellow Samuel Carrara.

The Beneficiary is Fondazione Eni Enrico Mattei (FEEM), Milan, Italy. The outgoing host
is the Renewable & Appropriate Energy Laboratory (RAEL) of the University of
California, Berkeley (UC Berkeley). The projegteBusor at FEEM is Prof. Massimo
Tavoni, while the Supervisor at UC Berkeley is Prof. Daniel M. Kammen.

The project lasts two years. It started on January 16, 2017 and it will finish on January
15, 2019. The first year is dedicated to the outgoing phdsgé Berkeley, while the
second yearsdedicated to the return phase at FEEM.

1.2 Proposalbstract

The reduction of greenhouse gas emissions is a vital target for the coming decades.
From a technology perspective, power generation is the largest resporfsibleQ
emissions, therefore great mitigation efforts will be required in this area. From a policy
perspective, it is common opinion that the European Union is and will remain leader in
implementing clean policies.

Basing on these considerations, the paveector and the European Union will be the
two key actors of this project. The main tool adopted in this work will be WITCH, the
Integrated AssessmentModel (IAM) developed at Fondazione Eni Enrico Mattei
(FEEM).

The description of the power generationcer in WITCH is quite detailed, but needs

to be integrated, especially as far as the electric infrastructure downstream the power

generation system is concerned. In the first half of the project, developed at the

outgoing host, the modeling of the eleatrsector will thus be completed and refined.

In particular, four main aspects need to be assessed: i) system integration (i.e. the
issues related to the nenegligible penetration of intermittent renewables in the grid),

ii) electricity storage, iii) eledtal grid, and iv) electricity trade.

In the second half of the project, developed at the return host, the improved WITCH
model will be employed in scenario assessment calculations. Firstly, the prospects in
Europe of renewables, Carbon Capture and S®i@&LS) and nuclear will be analysed.

In particular, attention will be focused not so much on the pure technology aspects,

4
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but rather on policy issues such as the role of incentives in renewable diffusion, the
slow CCS deployment, or the effects of the lerac reactors ageing, or of their phase
out.

Secondly, the focus will move on assessing the role of these technologies (and the
consequent evolution of the electric infrastructure) according to different mitigation
scenarios, and in particular consideridifferent levels of global participation in Hed
climate mitigation.

1.3 Note on Work Packageahd Scope of Deliverable D1.1

According to the proposal, the first year of the MERCURY project (corresponding to

Work Package X at 23 SNJ aSO0 2N YRYRISHEA) A 38 YRBIR ¥SIV( S
improvement of the power sector modeling in the WITCH model, adopting the SWITCH

model as a referenceAs reported in the previous section, WITCH is litegrated

Assessment Modedleveloped atFEEM, while SWITCH is tthetailed energy model

developed at the Renewable & Appropriate Energy Laboratory of the University of
California, Berkeley As mentioned,four main aspects are considereth WP1.:

1) system integration of Variable Renewable Emes into the electrical system

(Taskl.2), 2) electricity storag€lrask 1.3), 3) electrical grid (Task 1.4), and 4) electricity

trade (Task 1.5). Two deliverablesre planned with reference to these activities: the

first one (D1.1¢ Gt 26 SNJ AY FNIF a0 NHzZOG dzB X FRSILAY I £ A Y
dedicated to Tasks 1.2, 1.3, and 1.4, while the second one (D12 f SO0 NMANOA G & {0 N.
2 L ¢ /)wasdedicated to Task 1.5.

During the first months of the project, however, two issues arose in this context.

First of all, it became clear that a more interactive, tway collaboration between the

two models could be more fruitful than the mere improvement of WITCH referring to
SWITCH: on the one hand, as planned, WIW@slimproved also taking inspiration
from SWITCH (in addition to the IAM literature), but on the other hand more direct
interactions between the two models, as well as the possibility to integrate SWITCH in
an integrated assessment model framewonlere explored.

Additionally, a more wdepth anaysis of the issue questioned the actual necessity and
value added of implementing electricity trade in the WITCH model. After all, this point
is not considered among the priorities in the IAM research community as far as the
power sector modeling is conaeed.

In this light, Task 1.has beerdiverted accordinglywith a consequentpartial revision

of the deliverable plan of the first year. D1lths remainedthe same in terms of

content,but it has beenrenamedt 2 6 SNJ a SO0 2NJ Y2RSt Ay3 AYLINERC
Y 2 RSt ¢ishinseaadedicated to the interactioabetween WITCH and SWITCH and
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2. Introduction

2.1 ClimateChangeand itsMitigation

Climate change is one of the bigges$tallenges thamankind has to face in the 21
century. According to the Fifth Assessment Report (AR5) released by the
Intergovernmental Panel on @late Change (IPCC) (IPCC420here isundisputable
scientific evidence that world climate e&xperiencingglobal warming.The average
temperature of the atmosphere has been growing since about half of tffecedtury

and it has noweached1°C higher than the prmdustrial levelsThe Greenbuse Gas
emissions (GHG) related to human activitiésstered by economic and population
growth, K S 6SSy ARSYGATASR I a 06SAy3a aSEGNBYSE
(Clarkeand Kejun2014).

It has been evaluated that, without any structuratarventions in terms of emission
abatement, global temperature is likely to increasedulditional 23°C (or even 4°C

in the worst estimatespy the end of the century (i.e. 3°C to 5.5°C with respect the
pre-industrial era), which could imply dramatic csequences both from an
environmental and a socieconomic point of viewA 2°Gincrease has in fact been
identified as the threshold beyond which irreversible changes in natural ecosystems
may occur.

This consideration has been the cornerstone of theAgreement, signed at the end

of 2015 at the 21 Conference of Partie€COP21)where almost all world countries

I 3 NI SsRengthn tlde global response to the threat of climate change by keeping a
global temperature rise this century well below 2°@wabpreindustrial levels and to
pursue efforts to limit the temperature increase even further to EFWUNFCCC,
2015a). This agreement has been translated into Intendddtionally Determined
Contributions (INDCs), in which every country ratifyingghaocol (1750n 195 as of
March 2018 spedies which mitigation and adaptation measures is going to
implement to contribute to this global goUNFCCC, 2015b aRageljet al., 2016).
Mitigation and adaptation are two concepthat refer to the fact that, in generathe
actions against climate change can be twofold: on the one hand, efforts can be made
to limit the extent of the phenomenon (mitigation), essentially by reducing GHG
emissions, while on the other hand solutions minimize the impacts of climate
change can also be put in place (adaptation). In this work the geners foidl always

be the first one, however.
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Carbon dioxide (Cis the main contributor among GHGs, accounting for 76% of the
overall greenhouse eft#, among which 65% is related to fossil fuel and industr
(FF&I) while the remaining 11% is related to forestry and other land (iS&cC, 2014).
The power sector generates the relative majority of,@&missions, accounting for
about 4®6 of the emissionBom the FF&I sectoflEA, 2017)therefore great emission
abatement efforts argequired in this area: the power sector is the main focus of the
MERCURY project

2.2 TheRole and theModeling of Variable Renewable Energies

Modeling the pathways to achievemission reduction in the power sector requires
integrated tools that be able to capture the multiple dimension of the climate change,
since this entails implications on the economy, energy, the environmerggiated
Assessment Modelare the most suitale tool for such an analysis, as they do couple
representations of economic, environmental and energy systems to obtain a
comprehensive picture of the impacts of different climate policies (Clarke and Kejun,
2014 and Kagler et al., 2014). For some fifiegears,FEENMhas been developing its

own IAM, WITCH. This model has been used in a number of research projects and
scenario exercises and it is the tool that is being adopted throughout this project.
Section 3 reports a description of the model.

As discused in Section 1,he main objective of the MERCURY project is to explore
pathways of decarbonization of the power sector, especially focusing on the European
Union In order to do so, it is fundamental to have a reliable and eyl modeling

tool, espeially regarding the modeling of renewables.

It is now common opinion that renewable energies will be a major driver for the
decarbonization of the power sector in the next decades. Variable Renewable Energies
(VRE), i.e. wind and solar, have been charadd by a huge growth in recent years
and, thanks to their enormous potential and technological advancements, they are
deemed to be by far the main technologies in the future renewable lands{i&re
2017)

The penetration of high shares of VRESs in tleeteicity mix is not a trivial matter from

a technical point of view, however. It is in fact known that the correct management of
the electrical grid requires that supply and demand be instantaneously in equilibrium.
This is not a major issue for dispaatie technologies (such as fossil fuel plants,
nuclear, or hydro), but becomes critical when the power technology is fed by a
resource which is variable by nature like wind and solar radiatoproper modeling

of VRE diffusion thus requires an adequagsdatiption of this aspect

! The remaining 24% is divided between methane (16%), nitrous oxide (6%), and fluorinated
gases (2%).
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Modeling the penetration of VRES in the electricity sysiermparticularly awkward in
Integrated Assessment Modelthough As said, hese models aim at capturing in an
integrated framework, over an horizon of several decades amd global scale, the
different dimensions of climate changbut this isin contrast with the very small time
and space scales which characterize VRE variafiligtzckeret al., 2017) Hence,
modeling solutions which be at the same time compatibl¢hwhe IAM framework
and effective in describing the VRE variability must be implemented in order to
generate credible energy scenarios.

In the past years, a considerable modeling effort was made to improve the VRE
modeling in the WITCH model, especiatlythe context of the ADVANCE profect
(Pietzckeret al., 2017 and Luderer et al., 20which will be described in the next
section. However, as will bdiscussed many issues were still to be tackled at the
beginning of the MERCURY project. The objeabiveéhe first part of the workg
described in this deliverable was thus to achieve the state of the art considering the
system integration modeling, and gdoeyond it considering the grid and storage
modeling.

3. State of theArt

3.1 The WITCModel

WITCH (Wdd Induced Teanical Change Hybrid) is an 1Adiming at studying the
socioeconomic im@cts of climate change througho the 21 century. It is a
regionally disaggregated hybrid global model with a neoclassical Ragsepptimal
growth structure (topdown) combined with adetailed energy input component
(bottom-up) (Bosetti et al., 2006 and Emmerling et al., 20Id)e energy sector is
particularly detailed and hartinked withthe economy sdhat energy investments and
resources are chosen optimally cdering the trend of macroeconomic variabland
policy-induced economistimuli. Technological change is accounted for endogenously,
mainy@Al £ SENYyAy3 OdzZNBSa GKI G AMefimdegigsdeS G KS A
dedicated R&D investments(learningby-researching) and/or capacity deployment
(learningby-doing) see Section 3.1.3.

Ly A& RSTlIdzZ G O2y U3 dzNT thikednyrégion§ EggregatédR St A &
according to geographic and/or economic contiguitye thirteen economic igons

are USA (United States), (HIIRO (\Wstern EU and EFTA countries), NEEYRO
(Eastern EU countries), KOSAU (South Korea, South Africa and Australia), CAJAZ

? http://www.fp7 -advance.eu/
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(Canada, Japan and New Zealand), TE (Transition Economies, namely Russia and
Former Soviet Union ates and norEU Eastern European countries), MENA (Middle

East and North Africa), SSA (Sdharan Africa except South Africa), SASIA (South

Asian countries except India), EASIA (S@uthd G ! &A1y O2dzy i NAS&a0 >
Democratic Republic of China amdiwan), LACA (Latin America and Central America)

and INDIA (India)f regions are facing a global policy target, they can either behave
independently or form coalitions: in the second case, coalitions of regions optimize

their total welfare as a whole.

3.1.1 TheEconomy

In the model, a social planner with perfect foresighaximizes a utility functioasthe

sum of regional discounted utility of each coalition. The regional utility function at any
point in time and each region is based on Constant RelataleARiersion (CRRA) utility
function derived from consumption per capita (and dslgaped). If no coalitions are
present, the model optimizes considering each region as a coalition.

Consumption, the argument of the utility function, is given by the budgestraint as

the output of a single region, frold KA OK Ay @SadyYSyidta oAy Uyl f
extraction setor, R&D, grid and adaptation) araperation and maintenance costs

(O&M) are subtracted, as they represent competing claims of the economy. The
econonic output of each region is represented by a nesteddoiciion function

combining labo, capital (these two aggregated in a Cdbbuglas function) and energy
ASNBAOSA Ay | [/ 2yaidlyd 9ftladAaoAadte 27F { dzoadAa
climate damage function, cost of fossil fuels and GHG emissions mitigation, reducing
theoulddzi @ ! £ f SO2y 2 YA On200EUnied SiatdsPallars. NE RSUY SR

3.1.2 The CEBamework

The CEgroduction function is a macroeconomic functional form that sees the dutpu
as a function of a number of inputshis function accounts for the extent to which one
input (e.g. labor) can be substituted by anothereo(e.g. capital) to produce thg y | f
output, through the concept of elasticity of substitution. Equati®ii represents a
general twovariable CES production function.

ch _ cp 1
Y = AlaX] + (1 — a)X7]? [3.1]
The output Y depends on the productivity A, on the two inpuytand %, on a,which

determinesit KS 2 LJGA YL f RA &G NRX o tihAsanyturn2aFunchiofi loddzi a = |
© 3 the @l&stity of substitutin between the two outputsdefined as 11/ (1b ).
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TISNBEF2NBZ AT =~ thd ZLHSHundbhd HecomesylibesriandSthe two

output become perfect substitutes.€. the two inputs can be used equivalently to

generate the s¥S 2 dzi LIzl 0 @ ¢ KS Y2NB =~ F LILINRIF OKSa 1 ¢
become complements, so a certain amount of both should always be provided to

obtain the output, and the margin to substitute one source of input with another
decreasegHenningserA.and HeningsenG, 2011).

3.1.3 TheEknergySector

The energy sectoin WITCHs described with good etail, thus justifying thed K @ 6 NRA R £
nature ofthe model onthe one hand, the economy is described in a very aggregated
way (topdown), while on the other hand the level of detail allows to account for the

R A O S &Brgytechnologies and their performance, primary fuel requirements and
pollutant emissions (bottorup).

Referring to the CES tree reported in Figure Edergy ServicefES)are provided

SAGKSNI gAGK Ay@SadyYSyida Ay SYOASYyO& AYLINER G
for and build the stock of energy R&D (RDEM)via actual energy consumpti¢iN)

that is in turn a CES combination of elec{iit Jand nonelectric energyNEL) The two

sub-sectors are described in detail and decomposed to the level of the single
technology: the choice among different energy production options is determined by

the utility maximization, where a CH®e structure determines substitutability and
complementarity between technologies, to avoid 2 s OF f £ SR y@o laye3 dzi A 2 v «
where technological choice is purely based on cost minimization and all the
investments are shiftedowards the most economical option, without any inertia of

the energy sector. Electric sector includes both fasaged plants, such as gas, coal

and oil, and low carbon options suchrasclear,wind, solar, biomass, Carbon Capture

and Storage (CCS) angdho, plus an electric backstop technology (representing a

basket of promising technological options, far from commercializdtiodonelectric

demand regards transportation, industrial, commercial and residential sectors. Cost of
production includes inv&ments, O&M and fuel costs.

® It is normally thoughts nuclear fusion or advanced, wastee nuclear fission.

10
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Figure 3.1¢ The CES structure in WITCH.

Investment costs inraditional energy technologies (e.g. fossil fuel power plants or

nuclear) are constant over time, while those of neamergy technologies (e.g.

backstop, wind, asi solar)l N3 &adzo 2SO0 (2 G662 RAGSNByYy(d (&L
cost improvements in the future:

)l

Learning by doing: investment costs decrease proportionally to cumulative

installed capacity, therefore endogenously. Befthes work, the technologies
bSYSUGAY3a FNRY (KAa GeLlsS 2F tSIENyAy3a ¢St
Sorage technologietave beeradded during the MERCURY project

Learning by researching: similarly to what is done for general energy intensity

of the economy, it is possible iavest money and accumulate an R&D capital

stock, whose growth determines a technology cost decrease. This is done for

the two backstop technologies (electric and relectric) and for energy
SYOASYyO& AYLINRGSYSyGaszr gyKdemandRaSamelSl aS Gk
output level.

11
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The existing capital of generation technologies and grid undergoes depreciation,
meaning that capital shrinks in time if no further investments are done. WITCH uses a
standard exponential depreciation rule: the depreciation rate is cafédudl based on a

UYyAdS dzaSTdzZ fAFS 2F SIOK GSOKy2f23esx gAlK
the end of the lifetime and full depreciation thereafter. Based on realistic plant
lifetimes, the exponential depreciation rate is found equalizihg integral of both

depreciation schedules. Operation and maintenance cost are constant in time for all

the technologies, while the priseof fossil fuels and exhaustible resources (oil, gas,

coal and uranium) areletermined by th& marginal cost of exaction, which in turn

depends on curreinand cumulative extractionA regional markip is added to mimic
RAGSNBY(G NBIA2ylf Ozaida AyOfdzRAY3I GNI yaLR2 N
takes into account the domestic extraction and fuel imports,deiermine the fuel

expenditure of each region.

3.1.4 Climate

GHG emissions are responsible for climate change, and can be generated by energy
sector (power production, residential heating, transportation and industry) and land
use. Emissions include Carbbioxide (Cg), NitrousOxide (NO), Methane (Chl and
Fluorinated gases (targets of Kyoto Protocol). The estimates of agriculture, forestry
and bioenergy emissions are provided in input from Global Biosphere Management
Model (GLOBIOM)a landuse model sfi-linked with WITCH. As regards the relation
betweenGHG concentration in the atmospie and temperature increase, WITCH can
internally convert regional emissions or can alternatively be-koked with a climate

model (vhich is the option adopted in thiwork: Model for the Assessment of
Greenhousegas Induced Climate Change (MAGICC)

3.2 Modeling ofSystemintegration in Integrated Assessment Models

As discussed in Section 21AMs are useful instruments to understand the role of

energy technologies imeeting longterm climate policy targetsRepresenting the

dynamics that lie behind the existence of VRE irdg&gn costis a challenge for IAMs,

due to their high level of matial and temporal aggregatiomo compensate for this

weakness, |IAMs feature@ i @8 f AT SR NBLINBaSyidlidAazy 2F GKSA
levels of detail and accurag¢geeUeckerdt et al., 2015and Pietzcker et al., 2017 for

more information):

* http://www.globiom.org/
> http://wiki.magicc.org/index.php?title=Main_Page
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Upper bounds to maximum VRE generation shateils a simple yet rigid

measure, that neitE NJ a4 LISOA UO f{ MwirdSaxpeiiedzddsicatg aNJ NI | €
reliable.

Integration cost markupg 2 F 4GSy RSUYSR Fa | 02ald LISy
generation, growing with the VRE share,is a less rigid approach but it does

y20i OF LI dzNB (i K RRE shdire alz®tyied owez Fant& in Tekns af

operation and istalled capacity requirement.

CAESR Ay@SadyYSyida Ay: ey dSeOMRINGRE shyiréd & NI (0 A 2y
F3a20AF0S GKS RAOGdzZAAZ2Y 2F 6AYR |yR az2fl
YA E 6n@ eaparity ffom ga NBR LR gSNI LX Fydaz St SO
transmission infrastructure). Nevertheless, the mitigation option to invest in is

often only one, so the model is né¢t freely choose the most coss 0 SOG4 A @S
integration option. Moreover, VRitegration entails multife challenges (see

Section 2, that cannot be addressed laysingle technical solution.

Time slice¥ &2 YS YezeRtidte anerdgydémand in timeepresenting

OKIF NI OGSNRAGAO aArddzZ GA2ya AycaeksBnglLd?2 6 SNI 3
levels of temporal detail (seasonal variability, day/night, weekday/holiday). The

goal isto capture demand variability with the lowest number of times slices

possible, leveraging the regularity of load patterns in time, to minimize the

model complexity. Howeverthis approach does not allow capturintpe

correlation between load and solar/wind generation patterns, that requires a

Y2NB | OOdzNI G6S &aLJ GAL f FYR GSYLIR2NI € RS
complexity and computational time

Flexibilityand capacity constraintsome models$ry to incorporate the concept

of reliability of electricity supply in the modeling framework, elaborating on the

concept of adequacy. This feature is intended both as the capability of an
electric power system (gridl Y R ISY SN} GA 2y DbSSGo G2 al (A
demand, plus some extra reserves to face possible contingencies and outages
(capacity requirement), and as the possibility to adjust generation over
RAGSNBY GAYS aoOlftSa Ay NEbealdemaadS G2 T
BENRIFGA2YyEa ObDSEAOAfAGE NBAdZANBYSyildood . 2(
in a stylized, parametric way: a capacity constraint equation, representing the

FILOG GKIFIG GSOKy2t23ASa IINB FofS (2 020SI
reliabilty (depending mostly on the availability of the primary resource); a
bSEAOAfAGE NBIJIANBYSYyiGZ AYyRAOFGAY3A AF S
bSEAOAtAGE (2 (GKS &deaidsSYy 2N NBIljdzA NBa I RF
imposing a balance betweemSEA 6 f Sh EYROfYGy2LIiA2yad | Y3
description of the theoretical background and the actual implementation of

these two equations is provided in Sectir3.1.
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Application of RLDCsthis innovative approach stems from the model
implementationof the socalled Residual Load Duration Curves (RLIRCE)Cs
NEBLINSASY(l GKS Rdz2N} GAz2zy 2F St SOGNROAGE R
GAGKAY | 3S23INI LKAOIT I NNREpoweKsbuicks. Ydza i ¢
They can be used to estimate the capgcitalue of VRE technologies, the

fraction of VRE curtailment, and the impacts on capacity factors of\iB

technologies with an increasing share of renewables. They are built starting

from Load Duration Curves (LDCs), a representation of the instantaneou

power demandthat a certain load area experiences, ordered according to the

number of hours this load céA G A2y A& GSNJ OeRhapedSS CA 3
RLDCs changes with the VRE share in the region of interest: the higher the

amount of VRE generatiothe steeper the slope of the RLDC, that can even

assume negative values for a small amount of hours per year, meaning that
renewables production exceeds demand requireméhitis beingcurtailed. The

advantageof RLDCs is that they allow capturikey featires of VRE sources,

adzOK a GKSANI £2¢g OIF LI OAGeé ONBRAUGUEZ GKSAI
dispatchable power plants and possible VRE -@veduction. Nevertheless, this

approach pesents some shortcomingsformation is lostabout the temporal

sequence of demand and supply, so it is not possible to represent accurately

features such as shoeterm storage or demandide management, thaare

subject to fast dynamics.

Wuﬁmim

Figure R ¢ The residual power supply time series over the year (leftsimped to
represent the RLDC (right, sdiite), while he dashed line repsents the actual LDC
(source: Ueckerdt et al., 201kha
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3.3 Original Modeling of System Integration, Grid, and Sorage in
WITCH

3.3.1 Systemnintegration

The implemented modeling solutias based on Sullivan et al., 2013, who developed

the methodology for the MESSAGE model, and it is described in Carrara and
Marangoni, 2017.

The modeling scheme is based on two constraints: the flexibditd the capacity

constraints.

The capacity constrai Sy 4 dzNB&a GKIF G &adzYOASyd UNXY OF LI O
demand and reliably face contingency everReferring to Equatio3.2, the peak load

is computed as approximately twitasthe average annual loadvhichis given by the

ratio between the yeas electricity demand, Q _EL_TOT, and the yearly hours,.8760
Non-VREplants contribute withtheir full nhameplate capacity KL, while storage

contributes with 85% of & capacityOn the other hand, to account for their variability

and unpredictability, VRE I LJF OAGAS& | NB YdzZ GALX ASR o0& (KS
as the ratio between full production hours of a power plant over the number of hours

in a year, 8760) and their capacity valug @presentinghe VRE capability of actually

O2 y i NRA 0 dmirkoyii@meit2vhidd detreases with the sharef wind and solar

penetration.

Z K_EL(jel,t,n) + Z K_EL(jel, t,n) x CF(jel,t,n)
jellnon V RE jel|VRE

x C'V(jgel,t,n) + K_ELgorage(t,n) X CCsorage [3.2]
Q_ELTOT(t,n)

> firm_req(n) x
' yearly_hours

The fexibility constraint(Equation 3.3) ensuresthe operational reliability in each

Y2RSt SR NBIA2YS o0& lFaaAadayAy3ad SIOK 3ISYSNI (A
(constant over time and across regions) betweehn and 1, that multiplies the

electricity generag y 2 F (1 KS & LIS GA)UApodi SOK yi23 RA@A tfonvipe O
YSItya GKIFIGO aLSOAUO GSOKyz2f23e Aa FoftS (2 L
instance rapidly ramping up or down its production to follow the load), while a

yS3al iAgdS inpesStNaOtheSechinology provides inflexity to the system, or

in other wordsit requires flexibility. Numericallyj K S b Sdasffidignt quaintdies

®The real values firm_reqc depends on regions and is comprised between 1.5 and 2.
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the flexibility required by an additional unit of generation from that technology.

{G2NX3S Aa FaadzySR | a | & Reny 4dts nanepl@ik y 2 f 2 3 &

capacity (KElswraggd for 2000 hours a year (yearly_storadeours). The load is also
FaaA3y SR |y S3LoidARBIBad)Od epfedentStyefact 2hat, even in

absence of negativ€ / (1 SOKy 2t 2 3A S & Hrequigedts folloviteeNoad A ( &

which is not constant

Z Q_EL(jel, t,n) x FC(jel) + K_ELgorage(t,n) x yearly_storage_hours
jel [3.3]
x FC _storage + FCload x Q_EL_TOT(t,n) >0

Table3.1AK264 GKS bSEAOAfAGE O02SYOASyd 2F ISy SN

Technology Flexibility coefficient
Load -0.1
Wind -0.08
PV -0.05
Nuclear 0
CSpP 0
Coal ST 0.15
IGCC 0.15
Coal CCS 0.15
Oil 0.3
Biomass 0.3
Combined cycle 0.5
Gas CCS 0.5
hydroelectric 0.5
Storage 1

Table3.1 ¢ Flexibility co#ficients inthe original WITCH formulation.

3.3.2 Grid

WITCH represents the electricity transmission and distribution gradf@smogeneous,
generic capital with no technological distinctiompdergoing depreciation, featuring
the same cost all over the worldnd no associated electricity loss@he capital g
expressed in TVéquivalen.

The modeling solution is based on two equations. The first one calculates the installed
grid capacity, which iBnearly proportional to the inmlled generation capacity, with
the addition of two further contributiongEquaton 3.4).
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K_ELGRID(t,n)= >  K_EL(jel,t,n)
jellnon_V RE

+ Z Z K_EL_D(jel,t,n,distance) x

jel|V RE distance

transme_cost(jel, distance)

grid_cost [34]

+ Z K_EL(jel,t,n) x (1 + SHARE_EL(jel,t,n))

jel|VRE

Where K_EL(jel,t,n) = jictance K-EL_D(jel t,n, distance) Vjel|V RE.

Firstly, there aresome costmarkups (transm_cost)for wind and solar PV plants

depending on their distance from the load cen{er from shore, in case of offshore

wind), KS& | NB Of I a3 USSHENN B € o T IYyNRE BSpeS TheE Ay G
adopted grid investment cost gri¢ost was equal to 4002805/kW and had been

obtained averaging costs over lengths and capacities of transmission lines

Secondly, theequation featuresa simplifiedNBS LINS A Sy G GA2zy 2F GKS 3N
that is the tendency to improve the grid connection over large areas to smooth VRE
variability by means of londistance high voltage (D& AC) lines or smart controls.

Thisis included through a formulation takefrom the REMIND modeThe latter term
wasRSUY SR FT2NJ SI OK w9 (SOKY withah#@ gendrafidR Ay ONB I
share SHARE_EL of the single VRE with an exponent b equal f@udsger et al.,

2013)

The second equation is the capital stock equation. This equation, for every region and
time step, accounts for the aging and the consequent retirement of the existing grid
capacity and the capacity addition due to the yearly investments in grid.

The main weaknesses of this formulati@me the lack of a distinction between
transmission and diribution lines, the absence of a representation of thermal losses
onthelinesl YR (KS O2F NAS RSaONA Liiinisgestarch Worki KS 3 NA
has naturally been directed taavds solving these issues.

3.3.3 Storage

Investments in a single type short-term storage (i.edeaing with intra-day VRE

output variability) are endogenoushccounted for in WITCH. Howevstorage is not

'y | Otdzr £ St SOUNROAGE (&ShélogRin BhBRthe mbal Y 2 NB
can invest and whichositively conNA 6 dzi Sa (2 OF LI OAGé FyR bSERX
actually entering the CES or and being associated to any econoiie wathe

production function.
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As discussed in Section 3.3 Aetinstalled storage capacitanprovide a contribution

within the cap OA G & O2y aidNI Ayd GKNRdAK /LI OAde
Moreover, itisA Y @2f OSR Ay DSEAOAftAGE O2ya0NIAY(H |3
hours, to obtaina sort of (U O G AH 3P HMT ( SBASKSNBEBSEAOAT AGE O3
equal to 1. Ths, investingn storage capacity represenjgst a measure tdacilitate

the installation ofhigh capacities of VRE, characterized by a low contribution to
YSSGAy3a GKS LISH] 2R YR o0& | yS3alFiAgdS bSE
However, thiformulation hassomeclé NJ f AYAGF GA2ya RdzS G2 GKS
of the operation of storage technologies. In particular, the absence of an electricity

input from the other generation technologies and of an electricity output to the grid,
F3a20AF 0SSR (2 eprebentddii@mSiyvidaknesS2asanal stdxdge, that

could smooth antcorrelations between supply andemand on a seasonal basis

(Ueckerdt et al., 201 is alsonot represented irthis version.

3.4 The ADVANOEamework

The modeling solutions described $ection 33 were mostly developedh the context

of the already mentioned European ADVANCE project, and in particular in the task
titeda wSLI2 NI R20dzYSylGAy3a YSiK2R®BdVRBIKBrergy | LILINE |
Systema 2 RS & ¢

In particular, a list of B features of the fundamental dynamics and drivers of VRE
system integratiorwasdefinedin the ADVANCE project in order to qualitatively assess
the ability of the participating models to proggrmodel the VRE penetration in the
electricity systemsee Thle 3.2(Pietzcker et al., 201 7ror each feature, each model is
assigned a qualitative mark (0, +, ++, or +++) depending on its abiligptare the
relevant dynamics. Table 3.3 shows the detailed results for the analysis in \&$TCH
reported in Pietz&er et al., 2017 The table also addsome information concerning
specific points which have not been thoroughly discussed in the main text.

Translating theb Qr@to numbers (1, 2, or 3), the scores shownHRigure 3.3 are
obtained for the six models patrticipating in the ADVANCE exercise. WITCH s
characterized by 15/54, quite far from the stabéthe-art level of 2530/54 achieved

by the other models.

A further modeling improvement was thus necessahys has beerthe starting point
for the MERCURY project.

18



L MERCURYMODELINGHEEUROPEAROWERSECTORVOLUTIONOW
MERCURY CARBOENERATIONECHNOLOGIHFSENEWABLESCSNUCLEARYHE
o ELECTRIMNFRASTRUCTURKDIHEIRROLENTHEEULEADERSHIR

CLIMATEOLICY

PROJECNO706330

DELIVERABLHNO. 1.1

Investment dynamics Investment into dispatchable technologies
differentiated by load band
Investment into VRE
Expansion dynamics
Capital stock inertia and vintaging
Structural shift of generation capacity mix
Love of variety

Power system operation Dispatch
Flexibility and ramping
Capacity adequacy
Curtailment

Temporal matching of VRE and demand Wind/solar complementarity
Demand profile evolution

Storage Short-term storage
Seasonal storage
Demand response

Grid General transmission and distribution grid
Grid expansion linked to VRE

Pooling effect from grid expansion

Table 3.Z; Features of VRE system integration modeling: list.

Feature Description of the modeling solution in WITCH Mark

Investment into dispatchabl¢{ Homogeneous goodjflex&cap constraints with

power plants differentiated fixed parameters creates demand for peakd +

by load band technologies

I_nvestment nto VRE Optimization accounts for feedback of VRE

(including feedback on th - . : . +
flexibility constraint and capacity equation (+)

system)

Expansiorynamics Hard constraints on expansion rate +

Capital stock inertia an . . . :

vintaging Exponential vintaging (+); early retirement (+) ++

Structural shift of generation b, 1o 1t limited by CES with elasticity 5 ¥

capacity mix

Love of variety CES +

Dispatch Capacilty factor as upper limit allows outp +
reduction

Flexibility and ramping flexibility constraint with fixed parameters +

Capacity adequacy CV for each VRE type decreases with VRE shar{  +
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Curtailment Implicitly contained irthe CES function +

Wind-Solar complementarity NorHlinear CES function favours mix of wind g +
solar

Demand profile evolution N/A 0

Endogenous storage investm. driven by capacit

Shortterm storage flexibility equation with fixed coeffcients

Seasonal storage N/A 0

Demgnd response (|_nc Basic representation: reduction of cap. & fle

electric vehicles and vehielé . +
. requirements from V2G

to-grid)

General transmission an| Grid capital linearly proportional to tota +

distribution grid electricity-producing capacity

Aggregated grid cost markups depending on \
Grid expansion linked to VR share; also included implicitly as grid capacity +
calculated from capacity, not energy+

Pooling effect from grig

. N/A 0
expansion

Table 33 ¢ Features of VRE system integration modeMgr CHdriginal).
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Figure3.3 ¢ Features of VRE system integration modelimgDVANCEnodel scores.
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4. TheNew System Integration Modeling

4.1 PreliminaryConsiderations

The MESSAGE model has again been taken as a referetice faw modeling oVRE
system integration (Johnson et al., 2017). The new modeling in MESSAGE does not
directly implement the Residual Load Duration Curves developed during the ADVANCE
project, butrather indirectly uses them to refine the formulation of the flexibility and
capacity constraintsas well asto derive additional informationIn the indirect
MESSAGE formulatianand thus in WITCH electricity is treated as a homogeneous
good over theyear, while RLDCs typically consider different load segments (e.g. peak
load, intermediate load, base load, with a possible additional differentiation). This is
normally unnecessary in Integrated Assessment Models, since they typically provide
average yedy data with multiyear time steps. The MESSAGE modeling framework
was thus deemed to be a very effective way to implement the information richness
included in the RLDCs, assuring at the same time modeling simplicity and
manageability.

One limitation of he approach is that the new coefficients and curves derived for the
flexibility and capacity constraints are strictly valid only for a band of wind/PV slvare

the electricity mix RLDCs are in fact produced for a set of wind/PV shares, &nd th
shape vaes accordingly. On the other handdgnamic formulation updated in each
iteration with the new wind/PV share would be practically impossible ® b
implemented. The MESSAGE tedmas thus produced theupdated parameters
referring tothe averagevind/PV shaes that they normally obtained in their scenarios

The first step was thus to check if there is at least a general compatibility betineen
MESSAGE and WITCH results. First of all, the 11 regions modeled in MESSAGE are
practically identical to the 13 regis modeled in WITCHThis allows a direct
comparison between the two sets of result&dditionally, comparing the wind/PV
share in average ADVANCE scenarios, one can see that in gapemab models are
compatible, se Figure 4.1. The MESSAGE fornutatan thus be applied to the
WITCH model.

Indeed, as Figure 4.2 suggests, the differences in the RLDCs are quite limited also in the
Go2NRGE OFasSa o0fA1S LYRAFOZ YSFyAy3a GKIFQ
be so differentalsoif the wind/PV penetration sharesvere markedly different.

" Essentially? L ¢ / KASAU and CAJAZ are groupearily one Pacific OECD regi in
MESSAGEas well ag L ¢ / Indladand South Asia form a unique South Asia region
MESSAGHhis substantial coherence simplified the application to WITCH of the parameters
developed for the MESSAGE regions.
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Figure4.1¢ Wind/PV reference share in MESSAGE and WITCH.
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Figure4.2¢ RLDCs in Ind{@n the captionthe percentage indicatethe VRE
penetration, whilethe second number indicates the wind/PV share)
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4.2 CapacityQonstraint

Starting from the capacity constrairgquation in the form of Equation 3.Zo0ome
updates have been implementethasing onii KS Uy R A PG3@ased2Work w [
described in Johnson et al., 20145 mentioned above, the relevant RLDCs had been
produced in the context of the ADVANCE project (Ueckerdt et al., 2GbbBach
region, ¥ 2 NerdRtAshiares of VRE generaticemd for each sharef wind over PV
production

First of all,it is expected thati KS UNY)Y OF LJ OAG& NBIljdzZANBYSy iz
capacity required to meet the peak load as a multiple of the annual average Vaifd,

vary across regions and over time as electridéynand changes with development,

while now it isassumedconstant over time. The evolution ofthe UNY  OF LJ OA G &
NBIljdZANBYSY (G 2@0SNJ GAYS F2N) 46KS RAGSNByd NBE3)
by Heinen et al., 2011i.e.approximating the ratio between the annual peak load and

the annual average load from the project shares of residential and industrial

electricity demands and adding a margin of 20% to cover contingency eventgittso,

this new formulation, firmreq, which was only a function of regiort®gs becomea

function oftime as well.Figure 43 shows the pevious value of the requirement and

the new ones averaged over the century. The valueow (averagely)slightly lower

than before(the variation over time is very low, anyways)

Firm Capacity Requirement
2.5
2
15
1
0.5
0
é\’bx P @ &
B NEW (time average) M CURRENT

Figure4.3 ¢ Firm capacity requirement.
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The RLDCbkave alsdbeen used to quantify how the Capacity Values (CVs) of PV and

wind power plants change with increasing geneavatishares of these technologies.

¢KS OF LI OAGE @GFftdzS 2F | (SOKyz2f238 Aa RSUy
requirement and so its alily to cover the peak load. The capacity value of the single

VRE technology is calculated as the fraction of the technology capacity that contributes

to covering peak load. To express CV as a function of VRE share, it has been derived
FNRY &S @StNRLOCs, Ratdri§gNaB ificreasing VRE share. The overall analytic
formulation of the capacity constraint equatidms not changed (see Equation 3.2)

butnowii KS dzLJRF G SR AYLX SYSy Gl (A2 fortieSifigleA US & dz
VRE technologinthe diit SNBy & NB3IA2ya a + FdzyOilAiazy 27
considering curtailment) Therefore, the main improvement with respect to the
LINB@A2dza AYLX SYSyidlF A2y A& (KSbae@ohliiteSiS RA
regional RLDCs.

Figure 4.4 desdres how the capacity value of wind and PV technologies decreases
with an increasing generation share of these technologreshe USA It is worth
highlighting how the capacity value of PV technology starts at a much higher level than
the wind one at low gneration shares, but then it presents a much steeper decrease.
This is due to the fact that solar PV generationasmallywell-aligned with peak load

at low VRE deployment, but provides very little capadiue beyond a 30% share,
while the behavior bwind plants is more uniform.

400%

------ Solar PV
Wind

300%

200%

Average Capacity Value
[% of capacity factor)

100%

.....
s
..............
-------

0%

0% 20% 40% 60% 80% 100%
Solar PV/Wind share before curtailment

Figure 4.4¢ Average capacity value of VRE technologiethe USAas a function of
their generation share before curtailmefstource: Johnson et al., 2017).
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4.3 VRE Curtailment

Since VRE generation is intermittent and rbspatchable, a wide deployment of

iKSaS SySNH& &a2dz2NODSa Yire YSIy | aix3ayAaAuUoll yi
GAGK AYybSEAOES o61lasS t2FR 3ISySNIdGA2yd [ dzNJ
electricity prodwced by VRE technologies that is actually wasted, because this
generation would occur i period with a lower level of loadOne important feature

2T (GKS w[5/4&4 Aa (GKS lFoAtAGe G2 NBLINBaSyd Ol
of generation by VRE SOKy 2f 23ASad [/ dzNIFAfYSyd OFy o685
negative residual load, or VRE owggly, in a given RLDC (Figure)3A& negative

residual load indicates that VRE generation alone exceeds electricity demand. The
average total curtailmentisspli Ay G2 (62 RAGSNBYyG O2YLRYSyl

1 Shortterm curtailment the portion that can be addressed with shderm
(<24 h) storage and is due to the daily mismatch between VRE production and
electricity demand.

1 Seasonal curtailmentthe portion that can be handledith seasonal storage
and is caused by the seasonal mismatch of high VR&ugiion and high
electric load. The way this quantity is estimated in Johnson et al., 2017 is based
on Denholm and Hand, 2011.

Ly GKS a9{{! D9 Y2RSt I {dnithefregidrazRIDCS &sYaSy &1 A :
function of the VRE generation share before curtailment in that region. It is modeled

equal to zero until a certain VRE share aroung40 2 0 alLISOAUO 2F (KS NJ
increags with the generation share. Figure 4.5 showe tbehavio of the total

curtailment (sum of shorterm and seasonal) for the USA caseMESSAGE this curve

is approximated with a stepwise function presenting growing uniform values in 10%

wide VRESs shares bins

In the WITCH model, a similar represeraatof curtailment has been implemented,

GAUK GKS RAGSNBYOS 2F dzaAy3d | &aSO2yR RS3INEBS
TSNP ¢KS NBlFazy o0SKAYR (KAa OK2AO0S Ara (g2
of the model, which does not allow an ®arepresentation of discontinuous functions

2NJ Fdzy OllA2ya 6AGK RAaAO2y(Aydz2dzz UNBUOG RSN
second one is related to the fact that considering curtailment equal to zero up to VRE

shares around 480% appears unrealistic dmot able to represet what is actually

happening insysems with lower VRE shareséelbehavior of WITCH shetigrm and

seasonal curtailment is shown Figure 4.6or the USA case.
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Figure 4.5 Average total curtailmenin the USAas a function oftlte VRE share before
curtailment(source: Johnson et al., 2017).
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Figure 4.6¢ Shortterm and seasonal curtailment representation in WITCH as a
function of the VRE share before curtailment for the USA.
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VREs genation Q EL after considering curtailment is calculated in the WITCH model
a4 (KS RAGS NBdyich® befok icust&il®ght Q EBC and the curtailed
fraction of generabn Q EL/ ! w¢ O RSUYSR F2NJ It f 2¢@NBE (SOK

Q_EL(jvre,t,n) = Q_EL_BC(j_vre,t,n)
— Z Q_EL_CURT(j_vre, curt_type,t,n) [4.1]

curt_fype

4.4  FlexibilityGonstraint

The development of the WITCH model has followed three main guidelines set by the

recent improvenents in the MESSAGE mode regards the flexibility constraint

(Johnson et al., 2017):
T DAGSNBYGALFGAZ2Y 27T (inKahong héRR GISNBNaIA INSHE 29 &
T LYLNRODSR NBLINB&SYII (thambeletic powdriplardst S 2 LIS NI
T . SG30SN RMéySHIMRNYT R2iFe O02SYO0OASyGa F2N w9

4.4.1 FlexibilityCoefficient ofLoad
¢tKS DSEAOAfAGE O2SYOASYyld 2 of ol gBnerdtiBnLINB & Sy i
GKFG Ydzald o068 adzild ASR (2 YSSG bdzOlGdzr GA2ya
for each region, from the load duration curve with no VRE deployment and so, not
0SAY3 AybdzSYOSR o6& (KS &dzLJLJ) &R afeadiitforS a i NHzO
the load (Johnson et al., 2017). Figure gt@videsa comparison ofhe values of the
bSEAOAEfAGRE O2 S¥ Bxeighd of hé WITCHImBdel TnaheJcuiréat and
the new formulation. As one can sdt&s absolute value has ineased with respect to
the previous formulatiorfor all theregions exceptridia andsasia (it wasset equal to
-0.1 for all the regions)

4.4.2 Flexible Operation of Therralectric Power Plants

Most thermcelectric power plant technologies can be managed tovpgie some

operating reserve to the system. Howevatlowing fork b SEA 6t S 2LISNI GA 2y
Ol dzaS &aA3IYyAUOI yi A YL dxdcapadtyfactom the MESSAGE S S Y OA
modeli 62 RAGSNBY(U Y2RSBE I DO28A088RIF2WM ol aSft 2
GKA& F2NXdzE | GA2Y GKS DSEAGES 2LISNI GA2Y LINEP
reserve, butthis comes with penalization in terms of higher O&M costs, lower
SYOASyOe IyR t26SNJ OF LI OAGE FIOG2N®D
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Figure 4% Ctf SEAOAf AGE IMAEHMOASYlH 2F 21 R

Sincea continuous representation is needed in WIT@tE to its numerical structure

GKS a9{{! D9 ILILINRIOK KIFa o06SSy LI NIHAIFIff& Y2F
Ly 2L¢/ 1 X (GKS Fyydzrf 3ISYSNIGA2Yy 2F | LI NI
following equation:

v 9 [ 62 S ELjelthyaF(jebkyeaflyhours [4.2]

where KEL is the installed full nameplate capacity of the technology in that year. The

capacity factor used ifquation 42 A4 RSUY SR Fa GKS GeLAOKf Y
capaity factor for each technology. Thus, the model is able to optimize the actual
generation between zero and the maximum possible valgeren the installed

capacity.

¢KS NBLNBaSyilGlidrazy 27F (KE&8ectrlw panerodladts i€ LIS NI G A
introducedadding the following equation:

Q _EL(jel,t,n) = K_EL(jel,ty0F REAL(jel)yearly hours [4.3]

where CFw9 ! [ 62Sf 0 Aa RSUYSR |a GKS | OdGdzat OF LI
jel at the period t, resulting from the optimized solution. StartfkdqNE Y G KS RSUY A G A
this new variable, the ratio between CREAL(jel) and the maximum achievable

capacity factor CF(jel) is used to derive the impacts of the operation mode on O&M
O2a0ax GKSNXIf SYOASyOde IyR bSEaplantsaiie 0O28Y
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The implemented formulation is the following. level equal ta#0% of the maximum
achievable capacity factor CF(jel) is set as the minimum load at which usually
thermoelectric power plants are able to wo(Kuma et al., 2012)In WITCH thee isa
further approximation because the model considers the overall installed capacity of a
particular technology in each region, and there is not a representation of each single
power plant. At the minimum load, the increase of O&M costs is derived firmmson

etal, 2017F YR GKS GKSNXIf SYOASYyOeéKunB&adaQiAz2Yy A
2012. In addition tointroducing the twolatter F2 Ny a 2F LISyl f AT FGA2Y ]
2LISNIF A2y Y2RS KlFha (GKS LRarAdAgsS SuaSoOt 27F A
tKS (SOKy2t238d ¢KS C/ Ay ON&NSHgdnologiasNI  KS

derived fromJohnson et al., 2018 set in correspondence of the minimum load. Then,

0KS FOlGdzlf @FNRIFGA2Y 2F GKS&aS GKNBS LI NI YS
FC inoement) is described as a lineamttion of the ratio between CIREAL(jel) and

the maximum achievable capacity factor CF(jel). In particular, the variatie set

equal to zero when CREAL(jel) = CF(jel) and so their ratio is 1 and equal to the above
mentioned values (derived from literatur@yhen the ratio is equal to 40%

Analyzinghe impact of this new formulatiorsome interesting insightsan be derived.

2 A0 K2dzi GKS RBAL)ytHe bptidhigatio® ®sulfs Gaye such that in some

time steps sora installed capacity of neNRE technologies was not producing at full

capacity factor, or even not producing at all. This could be explained by the fact that

the optimal solution included installing some nMRE capacity at a certain point to
meetthedemt YR 2NJ al GAafe (GKS OIF LI OAGE 2NJ bSEAO
when more favorable ways of meeting the objective were reached, the capacity was

just exploited less, because there were not associated penalties. With the new
formulation, includingCFw9 ! [ = GKS NXadzZ 6§a NS RAOSNByG
model never exploits NoVRE capacity a& lower capacity factor than the maximum
Ll2aaArAofS 2ySs 6SOFdzaS AdG FLWSEFNER GKIFG GKS
production are not economict f & 2dza i A USR SoNg DISKES: oL¥ZX. 3 &0 (G2 S
This béavior is explicable through theerfect foresightnature of the model, which

thusis able to optimize the amount of neviRE installed capacity to avoid that in the
subsequent time stepghe latter is used at lower capacity factor than the maximum

possible. The general impact on the energy system is a moderate change in the overall
generation of noAVRE technologies, together with a decrease in their installed

capacity with respect to the caswith the old formulation, because the installed

capacity isalwaysused at the highest capacity factor.
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4.4.3 VRE Flexibility Coefficient
Ly GKS fFad dzZZJRFGSa 2F a9{{! D9 Y2RSftx | &SI
increasing VRE shares hasbeedt SR (12 S&aiAYIGS K246 -VRKS DbSEA
generation varies wit increasing VRE deploymént ¢ KS bSEAO6Af AGE O2S8F
G§SOKy2t23ASa Aa RIS II 2FT0 ASYSRRYIRER Y 108
technologies (in kWh) required for onadditional kWh produced by VRE. This
F2NNdz F GA2Yy A& dzaSR Ay (GKS bSEAoAftAGE O;
ddzLJL) SYSy il NBE bSEAOAfAGE NBldANBR o0& ((KS
production. MESSAGE definésKk S Y I NBAY |l f @I NRK AXi2y O2BYDK Sy
6al NBAYlIt bSEAOAfAGE O2S8SYOASyidGa ac/ao GKI
ranges of VRE generation sharése values employed in MESSAGE for the USA are
shownin Table 4.1The values for the other regions can be retrievedonn¥on et al.,

2017.
VRE share BC Marginal VRE FC
0-15% -0.03
15-50% -0.39
>50 % 0.29

Table 4.cal NHA Y I § Ct SEAOAT AGE [/ 2SYOASYyGa 2F +w¢
VRE shares before curtailment tbe USA

These values have beemplemented inWITCHwith a continuous formulation in full
O2KSNBYOS gAGK (GKS a9{{!D9 F2N¥NdzZ I GA2Yy D L
O2NNBALRYRAY3I G2 | LI NIAOdzE  NJ AaKIFNB 2F +w9
GKS YIFINBAYIf w9 bSEAO0Zeb toidhe cobapdntidgisBayeli & RS NJ
This operation has been repeated for all VRE shares between 0 and 120% and the
resulting values have been then interpolated with & 8egree polynomial curve,

ensuring compatibility with the numerical structure of the \WWH modelin Figure 4.8

the two curves for the USA case can leers the dotted one representthe original

values calculated from the MFvalues and the solid one is the deriveti Begree

polynomial curve.

TKS F2NXdzE | GA2Yy 2F (ukify framSHe uipdldies dedcBbeddrptlyisa G NI A y
section isshown inthe followingEquation 4.4. With respect to Equation 3RCIoad is

nowdii SNEy G | ONP aa REBA fulcioa df theadctyay capadiy-factor of

the nonVRE technology jeFC_YRE isa function of he VRE share before curtailment,

as shown in Figure 4.8
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Figure 48 +w9 Cf SEAOAf AGE / 2 StNeQYA SWHR y O dihiBSv 9 R HNFED
02 SY OA Sy (Woh@sbri etla, 201far yhe USA case.

Z Q_EL(jel,t,n) x FC_non_VRE(jel)+
jellnon VRE
Y Q-EL(jel,t,n) x FC_VRE(jel)+
jelVRE [4.4]
K _ELgtorage(t,n) x C'F_storage x yearly_hours x FC_storage
+ FCload(n) x Q_ EL.TOT(t,n) >0

A44 NewL Yy G SNLINBGF GA2Y 2F +w9 CftSEAOAfAGE

A technical interpretationof the behaviorof the flexibility coefficienshown in Figure
4.8was deemed to be necessaryhe investigatiostarted from two considerations.

First of all, looking at the MFC valuesm Johnson et al., 20171, could benoted that

FT2NJ 42YS NXB3IA 2 yshVRE sh&res@hnde dzfosiflagparéntly Snedding

GKIFIG +w9 O2dzZ R LINRPOARS bSEAOAfAGED ¢KS AyQ
and ssa. Looking at the data abdbe electricity generation mix between 2005 and

2015 for theseregions from IEA Statistftdt has been possible to highlight that these

® https://www.iea.org/statistics/
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regions are currently characterized by a high share of generation provided by REN

bSEAOGT S ISy S Nltrash ®iyi dthet Kdioas, whyse €eRtyicity mix is

dominated by baseload technologies. Thus, since the RLDCs from which these values
KIFdS 0SSy RSNAGSR IINB o0dzZAfd F2N) 0KS Odz2NNBYyY
could be concluded that the posifiv @I f dzS 2F (KS O2SVY-Odpyd I
O02YSa FNBY G(G(KS KAIKSNI Gl AtloftS bSEAGAtAGER
that it is or has been possible to install low shares of VRE without increasing the
production fromnort w9 b SE xplantS. L2 6 S

¢tKS aSO2yR LRAYyG Aa tAYy1SR (42 GKS FIFO0dG GKI
O2SYOASY(G TFT2NJ +w9 0S02YSa LRaAGAGS Ay (GKS |
AYONBI aS Ay G(KS w9 DbSEAOATL AG&ive@enbtveOA Sy (i
beginning of the third bin (corresponding to a VRE share of 50%) and going on with
increasing VRE share, agsainbe cleary seen in Figure 4.8. This behavi®the result

of how the VRE MFCs have been calculatelbimson et al., 2017

4441 . SKAYR (GKS [/ FfOdA FdA2y 2F w9 al NH
The VRE MFC in a certain range of VRE shares has been calculated as the average
marginal increase of nen w9 b SEAG6f S 3ISy S Mhek@MNgowthiNE R dzO (i A 2
VRE generation. Thus, what happen A & G KIF 4G GKNRdzZAK GKS UNBG |
growth of VRE production goes together with a higher generation from-\VRE
bSEAGES LIRggSNI L Iyidaxr (G2 GKS RSONARYSyd 27
beginning of the third VRE shares bin, aliertincrease in VRE production must imply
also an absolute deease of nort w9 e §dhdration. Thisappenssimply because
the sum of the production shares of all the technologies is 100% and to have a further
increase of VRE share, theK | NB 2 §encva®is hasd decreaseaccordingly
Nonetheless, this should not mean that \6RBlone, are capable of requiring less
bSEAOAfAGEY 0SOlFdzaS GKS ySSR F2NJ bSEAOGAL AL
the VRE technologies and on their reliangean intermittent natural energy source.

Therefore, it is concluded thahe shape of the cwe resulting from VRE MF&lsown

inFigure 4802 dzA R y2{ NBLINBaSyi G(KS bSEAOAfAGE O2
but there should be another contribution &b allows the VRE technologies to ask for

fSaa DbDSEAOAfAGE G KAIK aKFNBad I!the LISNB2Y I
corresponding author of Johnson et al. 2017 Of  NAUSR (KI X Ay GKS e
contribution of grid upgrades to the integratiaf VRES is not explicitly modeled, but it

is intrinsically included in #h existing formulation. Thus, it wasoncluded that a

O2y iNROdziA2YyY NBEfFTGSR G2 (G4KS daaYFNISyAy3Ié |y
GKS +w9a (2 NBI dogyNBi D1 aSthSERNMMOMii® ABNS NI (
O2SYOASY(G 06S02YSa tSaa yS3aAlIGABSe ¢KAa O2y N
higher than 50% (that corresponds to the third MESSAGE deployment bin) because
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higher VREs shares are not likely to &ehieved without the above mentioned
interventions on the grid.

4442 Ct SEAOAtAGE /1 28SYOASYyG [/ dzZNBS | & { dzYy
Based on the considerations reported in the previous section, it is concludedhinat
+w9 AMSE AGE O2SYOAMBdralK O dMNSESdziAlya CAR diNSS & dzY
contributions:

T A curve representing thé | OlUbd8EME0Af A& O2SYOASYylH 2F +
they are installed and interact with the rest of the power system. This
contribution has been modeled as &"3legreepolynomial curve function of
the VRE share before curtailmetitat behaves as the overall FC curve in the
UNRG G2 +w9 akKlFINBa o0Aya FyR GKSy NBYI A
correspondence of the beginning of the third bin.

1 A curve representing theontribution of grid pooling, that stands for the whole
set of technology optionss(ich as area monitoring and control or integration of
VRE and distributed generatiprwhich could increase the electric grid
connection and reliability and allow high shares of VRE generation. This
contribution has been modeled as d“2degree positive polynomial curve
function of the VRE share before curtailment, starting fromull VRE share
andthSy Ay ONBIFaS NBFOKAY3I AAITYAUOLYyd @F t dzS
AaKIFNBa oAy® ¢2 UYyR (0KA&a Odz2NBS>Z || RAGSNSYy
the original MFCs values and the curve of VRE alone FC above mentioned has
been performed. Then, the ohined values have been interpolated with a 2rd
degree positive polynomial curve, starting from the origin and reaching the
I Qldz £ @FtdzS F2NJ I w9 &aKFENBE 2F MnE:od ¢
GAOUK GKS ANAR L2t Ay3a OhSvaldes &théicurveh h [ L b D
and whose meamig and use will be explained $ection 5.

~

Figure 4.9shows(i KS OdzNI»S&a NBLINBaSydAy3a GKS G2 RA
overall resulting FC curve could be seen for the USA edsée Figure 4.10 shows a

comparison between the ¥ degree polynomial curve of the overall VRE FC
implemented in WITCH anckesulting from the sum of the two abowsntioned

contributions, and the VRE F¢' 8egree polynomial curve derived from the original
MFCsvalues and also visible in Brg@ 4.8 The comparison highlights that the
implemented curves constitute a good approximation of the originally interpolated
ones.More details, and in particulait KS LI2f &y 2YAlf O2SYOASyidia «
Y2RSt F2NJ NBLINB alvesidesdhad initkKisSsecRoh, icah Mé&Sfguind irO

Marni and Prato, 2017.
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Figure 4.9%¢ VRE alone FQwe, grid poolingcurve and overall VRE FC curve for the
USA.

Figure 4.1@; Comparisorbetween the overall VRE E@ve implemented in WITCH and
the curve intepolated from the original MFCslaes taken from Johnson et al., 2017.
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