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Abstract

Over the last decade, the price of PV modules has fallen largely due to the globalisation of the PV sector. If
residential PV systems coupled with batteries become economically competitive in the near future, end
users will be willing to switch tihe selfconsumption of PV electricity instead of using power from the
network. If the transition of PV salbnsumption in the residential sector occurs massively or suddenly, the
national energy system would be faced with a radical change. This artilgses the economic feasibility

of French residential PV systems combined witbrLbatteries in 2030 to anticipate the possible change

in future energy systems. It also includes a stakeholder analysis with respect to the@®@visetiption

model to analyse the systemic effects of PV integration into dleetricitysystem. Our study provides a
theoretical explanation of the impact on the current electricity market and quantifies the expected impact
on the most influential stakeholder group. The ultimabjective is to help policymakers forecast possible
scenarios for PV satbnsumption so they can prepare for the future transition with strategic actions. By
way of conclusion, we discuss the policy implications and elaborate policy recommendatezhsrbdse
results of this study

Keywords Economic analysis, Energy policy, Photovoltaic (P @etumption, PV residential systems
with batteries, Stakeholder analysis, Systemic effects

1. INTRODUCTION

The PV sectdnas demonstrated visible progressenthe last decade, reachingore than 300gigawatts
(GW)of installed capacity i2016 (IEA PVPS, 2002 to 2015; Solar Power Europe,. 201 yeduced cost
of PV modules hdelped enhancéhe economic competitivenesd PV systemdnd-usershaveeconomic
incentives to adapt thenode of seHconsumption of P\électricity when it helps them to reduce their
electricity bills compared with theonventional way of purchasirgectricity from the grid.

Theratio of selfconsumption, which defines the rate between onsite consumption and the total production
of the system installed on the site, is a very important factor in terms of defining the economics of the self
consumed model of PV poweérhe wealcorrelation inthe ssparate residential sector can be increased via
some methods; e.g. demand responsélisation of smart electric home appliancesr storage solutions
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like batteries.The @pital costs of lithiumon (Ltion) batteries are expected to come down over threxn
years(Deutsche Bank, 2016; Beetz, 2018)ispossiblecost reductionrmakes thelarge-scaledeployment
of PV systems in the residential sectofieasible solution

If residential PV systems coupled with battsrbecomeeconomicallycompetitivewith ahighratio of self
consumptionin the near future, eneusers will be willing to switch to the selbnsumption of PV electricity
instead ofusingpower from the networkA rupture (or radical changegould impactthe national power
systemif the transition of PV selconsumption in the residential sectooccursmassively or suddenly
Such change will influentke interests ofthe electricity marketstakeholdersand can behe problematics
for the national energy sysin. Policymakersvould therefore have to focus aen optimal mix of PV power
to achieve a carefudalance withthe other energy technologiesndgrid financingThis is whyolicymakers
need to understandhe timing of this transitionin order to detect ary changesand to anticipate any
transformation.

In this context, this studgets outto forecast any radical changésthe residential sector and discuss the
role of policy. The article assesses théuture economic attractiveness of French residenti®l §/stems
coupled with lithiumion (Liion) batteries it employs the learning curve approadio estimate the critical
moments of this transitionno PV seHconsumption The study has chosean unfavourable French case
where the electricity tariffs are ratively low and the PV system prices are highcompared with its
neighbouringcountries so ago give a late threshold heultimate objective is to help policymakefsrecast
possible scenariofor PV seliconsumptionso they camprepare for the futuretransition with strategic
actions.

2. RESEARCH CONTEXT AND QUESTIONS

2.1 Solar PV energy in power systems according to IEA scenarios in 2030

The Paris Agreement defined the international climate objectives to keep the mean global temperature
rise to well below2 degrees above primdustrial levels and to limit the temperature rise even further to

1.5 degrees above piiedustrial levelstUNFCCC, 20155o0lar PV energy is highlighted as a solution
making it possible to meet such obfe@s. According to the IEA-lénewable (hiRen) scenario, 16% of

the global electricity will be supplied by solar PV power by 206 study was based on two IEA energy
scenarioqIEA, 2014; 2014hd estimate he PV system prices in 20&DS and hRen. The IEA 2 degree
scenario (2DS) proposes a radical energy system transformation to achieve the goal of a mean global
temperature rise limited to 2°C by 21Q&A, 2014b)Furthermore the IEA hRen scenaribsuggests that

even greater efforts are required to shift to a laxarbon energy system based on the larger integration of
renewable energies.

Tablel illustrates the IEA solar PV gowaiigh respect toPV installed capacity and PV electricity generation
by 2030 and 2050Supported by the political efforts of many countries aiming to reduce their carbon
footprint or to increase their energy independence, the PV sector is currently ontoaoket the 2DS
target (IEA, 2016, p. 88)

2 Articles 2 and 4

3 The scenario is a variant of the 2DS model, assuming the slower deployment of nuclear energy, the delayed
introduction of carbm capture and storage (CCS) technologies and the more rapid deployment of renewables,
notably solar and wind energies.



Actual 2DS Hi-Ren
Year 2015 2030 2050 2030 2050
Installed PV capacity | 227 GW | 841 GW | 2785 GW | 1721 GW | 4674 GW
PV electricity] 285 TWh | 1141 TWh | 3824 TWh | 2370 TWh 6300
generation

Tablel: IEA's solar P¥argets for 2030 and 2050
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The rapid decline in PV system costs is closely associated with the economics ctEBiNssefiption Over

the past few gars, the PV market has largely gained in price competitiveness. Faced with the globalisation
of the sector, the reduced cost of PV modules has helped improve the economic competitiveness of PV
systemqYu, et al., 2016}gure 1 indicates the historical variations in the PV residential system prices in
several countrie§lEA PVPS, 2002 to 2015)

The current coss of French residential PV systemary degending on thetype of system building
integrated PV systems (BIPA()$2.67Wp* and thebuildingattached PV systems (BARN$2.05/Wp in

2015 (the BIPV cost is 30% higher than the BAPV cost for existing bui({tEfRYPS fance, 2016)

French PV system prices are higher compared with its neighbouring countries and the electricity tariffs are
relatively low.Since this article isased on an unfavourable French case, our economic calcuitiesa

late threshold of the ¥ selfconsumption.ln our study the PV system prices in 2030 were estimated by
means of the learning curve approach based on the PV installation targets proposed by the IEA energy
scenarios (cf3.2.2.

2005 2007 2009 2011 2013 2015
= = Low rang modules ———High range modules

— — Low range residential PV systems

High range residential PV systems

Figure1: Historical variations in the PV residential system prices in several countries
(! dzii KetaNdmation based on IEA PVPS data)
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2.3 Impacts of cost dynamics dfiion batterieson the residential PV selfonsumption

2.3.1 Lk#on batteries costs and the prospect

Thestudy aims to define théuture economic feasiltity of residential PV systems.igtthus important to
examinethe trendsof batterycost asacomplementary measureo increase the ratio of sefonsumption
This articlehas considered lithiuaon (Ltion) batteries, one of the most developed storage technologies
with potential cost reduction by economies of scale in the near future. They have demonstrated a rapid
change with the development of mobile devices over thetpdecades, leading to the remarkable
reduction in their volume and price. The development eibhi batteries is still driven by mobile device
needs, and the emerging electrical vehicle (EV) markets accelerate the prognesability of Lion
batteriesto be coupled directly with distributed PV systegan give a comparative advantage ttee
residentialsystems if economically feasibany other promising storage technologies exist, however,
the analysis with Libn batteries can provide a basic scanao define the potential opportunities for the
large deployment of PV systems coupled with batteries in the future electricity mix.
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Figure2: Lkion battery price projections @i K2 NQ& St 02Nl GA2y o6FaSR 2y aSg

Figure2 displays the different projections of the-ibin battery price& Theestimated battery price would
drop below $200/kWh between 2020 and 2025. In addition, the price would fall further between
$100/kWh and$150/kWh in 2030 with a stabilised price. These reduced battery prices would bring
synergies related to the residential or comroial usage of the PV systenis.this regard, our calculation
considered a price of $500/kWh in 2015 and a price of $150/kK\\20380.

S¢Satl LINRPLRAaSR || oFGGSNE aeadsSy T2NJ NSaAaARSyuGuAlt dzal 3S
and $3,000 for 7 kW(iresla motor)If the installation cost is included, the Deutsche Bankrested the cost of the
battery at $500/kWhDeutsche Bank, 201®) ! OO2NRAyYy 3 (2 GKS 5SdziaOKS . Iy1Qa NI

by 57% to $150/kWh in 2017 and by 71% to $100/kWh in ZD24itshe Bank, 2015)The Japan EV roadmap aims
to reduce the battery price to $270/kWh in 2020 and $130/kWh in 203 committee on climate change, 2012)
Furthermore, Mc Kinsey & Company expected the price-minLbattery paks to reach $197/kWh in 2020 and
$163/kWh in 202%Hensley, et al., 2012)



2.3.2 Increasedatio of PV seHconsumptionthank to the usage obatteries

The poor correlatioof PV selconsumptionin the residential sector can be improved by combining with
the storagesystems. Theontinuous price decling both Liion batteries and PV systentsinaccelerate

the distributed PV diffusion procedsigure3 illustrates theprincipalof using theresidential PV batteries.
They allowstoring the electricity not consumed in order to releasehen there is demandt is important

to well definethe optimum systemsize to achieve a significant level of PV-setisumption in the
residential sectorA smalsizedPV system compared with the electricity demand profile is more likely to
be compétely selfconsumed without storage solutions, but the gains with respect to the total onsite
consumption will be small. However, a largeale PV system will require a large amouonit storage
capacity leading tdiigh capital costsVarious literatures haw definedthe optimal sizes of batteries
combined with distributed PV systemEhere are still very few articles and research available specifically
related to the French context.

-

Energy
storage

= Average residential power consumption (June) Time of day

Power (kW)

R

Average PV power production (3 kWp PV system in Junc)
==Sclf-consumption with batteries

FigureS: Principal of using the residentiaV/®atteries

Our study considedthe use of 3 kWp PV systems, which are commonly installed in the residential sector.
This articlavas based oa fewGerman studies although France uses more energy in the residential sector
because of the high rate of elgical heatingHowever, this difference was ignored in our study to obtain

a more penalising case (French data can increase the ratio of Rdssifmption in our model). Based on
our analysis of several German studi&eniger, et al., 2014; Huld, et al., 2014; Partlin, et al., 20\&as
assumed that the combination of 3 kWp PV systems with 4 k\WdnLibatteries provided an optimal
solution up to 80% PV salbnsumption for an average household that samesaround4000 kWh/year

of electricity.

2.4 Researchobjectivesand questions

Until recently the objective oPV diffusiorpolicies wasnainly to create the market to help reduce the PV
costs along with technological progress and industrializatitvi maket development in the near future

will present a very different aspect as a result of the sharp decline in the prices of PV systems and related
products like lithiurdon batteries as well a@ssociated services. ThembinedPV systemwith batteries
increasethe ratio of sefconsumption of digibuted energy supply and opemp new opportunities for
associated serviced.he demand for electricity is prigeelasticand minimizingthe costs is a way of
maximizing the utility of endisers.



In this regard this study first determineghe economic attractivenes®f PV seliconsumption model
combined with lithiumion batteries inthe residential P\sectorin 203Q Our study was based on the
current market designTheobjective of this article is to predichg possible radicathangesdn the near
future energy system by PV selinsumption in Francd& he large penetration of PV power driven by the
cost reduction of PV power may in fact result in higher systemic costs. Therefore, the articleaaisteex
the systemic effects and potential risks causedaliypassive transition towards PV setinsumption We
consdered a time horizon to 203(hisarticle attempted toaddress thdollowing questions.

1 What costs for French residential PV selfisumptionsystenscoupled withlithium-ion batteries
in 20307?

1 Whatpotentialaggregatedemand for residential PV salbnsumption in France?

1 What systemic effects undelifferent scenaris?

At the end of this article, we discuesbthe policy implications and elaborafalicy recommendations

based on the results of this study.

3. MODELLING METHODOLOGIES
3.1 Schematic dynamic modelfaesidential P\self-consumption with batteries

A schematic dynamic model of residential PV-seffsumption was developed in order to analyse the
pattern of consumer behaviour andpple effects in case the PV power generation costs become more
attractive in the near future. The current energy system is composed of seveuasgof stakeholders. It is
important to give an overall understanding sfakeholder viewpoints ithe electricitysystemswhen the
transition toward PV selfonsumption happens.

Endusers prosumer3 have economic drivets install PV systems for their own use when it allows them
to reduce their electricity bill or make mewg from the PV system installation. We evaluitbe household
profitability of the investment in PV system&he profitability compares the generation cosfsthe self
consumedPV electricityto the residential electricity tariffs. The aimtis anticipae the critical timing of
transition to PV selfonsumption.As Figure4 shows, we identified importantrivers of the solar PV
economics. However, the PV setfonsumption diffusion changes the existindeatricity market
mechanisnby influencing othestakeholder interestsStakeholdersif particular Jatent groug) who have
little interest in the PV sector biavethe power to cause major disruptions to the PV developnstmiuld
be closely examined®hen the P\policies to promote seltonsumptionare expected to conflict with the
interests of these stakeholders they will strongly oppose the poligyaking process and disturb the
development of the PV setfonsumed mode(Energy and Pigly Institute, 2014)For examplea large
diffusion of PV selfonsumption can reduce revenuesaufnventional power production companieand
grid operators(Ueckerdt, et al., 2013; Yu & Popiolek, 2045jewer PV seltonsumers buy electricity
from the grid.

5 Latent group has low interest in the subject and high power in the electricity systems. Refer to a stakeholder analysis
of PV selconsumption, authdlD & YN RofidleR, 2015)
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The remaining part ofhis article addresgd perspectives of different stakehdlers in the electricity
systems.Thisarticle firstdetermined the economic attractiveness of PV setihsumptionaccording to
householdperspectiveto understandan individual investment decision makirihearticle then fgured

out how thePV dynamicshange the existinglectricitymarket mechanisnisystemic effectAndinfluence

other stakeholder interestéthe perspective of latenigroup). Thisultimately aimedto help policymakers
predict anypossble radical changes in thature energy system byesidential PV sekconsumption and
prepare strategic actions to address them.

3.2 Drivers of householdnvestmentdecisions

3.2.1 Profitability of households

Theprofitability isa crucial determinandf household investment decisionakingwhen predicting future
demand for PV setfonsumption.Electricity eneusers will become PV prosumers if the investment in PV
systens for selfconsumptionleads to the savings on the electrichiifl or a positive return oimvestment
(ROI) In our model, theprofitability compaesthe generated earningy PV selEonsumption to the total
expenses and other relevant cosiiscluding taxjf applicable)jncurredduring a specific period of tim&he
earningnormallyincludes not only thevoidedelectricity bills but alseoncerngevenuesfrom selling the
surplus of electricityr political support (e.g. PV selbnsumption bonus or green certifica)es

7¢KS o0l &AAO0 AGNHOGANBE yR ALSOATAO SELXLFyLGA2y (Ya,F GKS &
2016)



We definal the profit investment ratio(PIRj%as below:
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If the modelconsiders no value for the excess PV electricity and exctasdepremiumand subsidiesve
can simplifithe equation as below.

The breakeven indicates the critical point at which it becomes relevant for households to install PV systems
to reduce the energy bill§ he investment will be consideraghenthe index igreater thanl. The timing

of breakeven is directly related to the position of government on the PMamiBumption. For example, if

the government prepares appropriate policy support and the institutional framework to provide favourable
conditions for residential PV salbnsumption, it can advance the breaken point and vice versa.

Thedefinition of grid parity (or socket parity) needs to be revisitediscuss the breakeven of residential
PV seliconsumption(Equation 2)Grid paity often indicates a milestonefor the PV diffusior{Breyer, et
al., 2009) It happenswhen PV generation cogttersect with the price ofretail electricity tarifs. The PV
grid parity for the residential sector was reachadsome countries as a consequence of increasing
residential electricity tariffs and reducing PV systems pr{gésniger, et al., 2014However, electricity
retail tariffs often include grid management cosiad taxes However the comparisonremains still
important whendiscussinghe momentumof residential PV setfonsumptiongrowth.

In addition, thehousehold electricity tariffis a critical parameter to calculate the expectaévenuesof
household (e.g. bill saving®lasson, et al., 2014)Ve thus compard the results with the estimated price
of electricity in 203Qo anticipatethe future demand. Thenethodological approach and data provided
were described in greater detail in the next secti

8 A modification of the net present vadumethod.

¥ With

(0] : PV electricity produced in the year t,

| . Selfconsumption ratio,

0 : Electricity prices in case of sebhsumption| ‘O 0 : electricity bill saving in the yed#y,
N : Selfconsumption pemium,

0 : Purchase price of PV electricity surplus sent to the grid,

T : Tax on PV electricity revenues,

kO] : PV system investment in the year t,

0Q0 : Operation and maintenance costs in the year t (including the replacementtefiea),

i

: Discount rate.



3.2.2 Method for calculating the COEof solar energy

The Levelized Cost of Electricity (La@&gesents the lifecycle cost per kilowdtour (KWh) of building and
operating power generation aet. The resulting value indicates a breaken value that amwvestor would
need to obtain pekilowatt-hour (kwh) as the minimum sales revenue over the lifetime in order to justify
the entire investment of a particular power generation faciliBeichelstein & Yorston, 2013olar PV
power is commonly priced as LCOE ($/R\Wimany international studig$-raunhofer ISE, 2015; IEA, 2014;
IRENA, 2015; EPIA, 20aa)i scientific articlegCartelise, et al., 2013; Hernanddoro & MartinezDuart,
2013; Reichelstein & Yorston, 2018¥ollow the pogress of the PV technologies.

Key inputs to calculatinthe LCOEnNclude investment and variable operations and maintenance (O&M)
costs, fuel cets, financial costglectricityoutput, plant lifetime and system performanc8olar PV system
costs are one of the important levers to calculate solar LTBéenergy production is calculated based on
various parameters such as lifetime, localizatisreather conditiors, module efficiency, installation
specification, and system performande. our study, we added the costs of battefié® evaluate the
combined PV system costs for residential P\famisumption A simplified LCOE equatidifior residental

PV with batteries is indicated as below.
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The LCOE method includes a high degree of sdtysttivhe initial assumptions and paramete@ur study
thus conductedh sensitivity analysi$HernandezaMoro & MartinezDuart, 2013pf the PV cost assessment
However as he electrcity system is very constrainedhe large penetration of variable andnon
dispatchableelectricity sourcesinfluences the balance fothe whole electricity gstem. The LCOE
methodology is thugncomplete to evaluate the market value dhtermittent renewable energiedike
solar(Borenstein, 2012; Joskow, 2011; Keppler & Com&@&2; Hirth, 2014; Hirth, et al., 2015; Ueckerdt,
et al., 2013)However, he LCOERpproachcan be usedo estimatethe profitability ofresidentialPV sel
consumption model Theevaluation perspective can be broadened itwlude systemiceffects of PV
integration for the comprehensiveeconomic value assessment of PV electricity in a socCidétyy were
further discussedh the sectior3.3.

3.2.3 Dynamics of PV costs and the utilization of experience curve to @bV cost reductions

In this studythe experience curve method wassed toestimate the PV pricajectories.The experience
curve is an empirical approach to project a cost reduction in industfies. diffusion and adoption of
technologies depend ohow further costs are reduced through innovation and experience accumulation
(Arrow, 1962) The experience cun(@elle, 1979)also known as a learning curve, describes the correlation

10 The battery yield losses were ignored.

L with:
‘O : Investment in PV systentsthe yeart,
0 . Investment in batterieq the yeatrt,

0Q0 :Operation and maintenance costs in theay t,
‘O : PV electricity produced in the year t,
i : Discount rate.
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between thereduction in production costs and the level of experiefean den Wall Bake, et al., 2009;
Byrne & Kurdgelashvili, 2011; Boston Consulting Group, 1972; Abell & Hammond, 197%: $hizen
1990) The general rules for the experience cdfie that the cost goes down by a constant percentage
(the learning rate) with each doubling of the total number of units produced. The experience curve is
usually used for longerm strategic anbysis rather than shosterm tactic review; experience curgean

be used to project future cost trends based on past cost reduc{Byme & Kurdgelashvili, 2011)

PV modules have demonstrated a consistent feabfriearningby doing over the last decadeghe global

PV module market now takes advantage of the cumulative knowledge stock and experience, thereby
sharing a similar price around $0.5/Wp in 20V magazine, 2016EA PVPS, 2016Jhe positive

correlation between the module price drop and the size of the cumulative installations has been
RSY2Yy &GN} SR Ay YlIyeée &aiddRASasT 6A0GK GKS t+ Y2Rdz SQ
literature (Timilsina, et al., 2012; Reichelstein & Yorston, 2013; IEA, 2014; Kersten, et al.H20deer,

the learning experience for complete PV systems is usually considered slower than that for the modules
because of lodavariations in normodule costqYu, et al., 2015We thus consideredhat the observed

Wi SINRRKYI GNBYRQ 2F az2ftl N t+ G§SOKy2f23ASa ¢2dA R
future system.

As indicated, or cdculation is based on the IEA scenarios, which forecast world PV installations in 2030
with a focus on Zlegree scenarios (2DS) andRénewable scenarios (Rien)' We calculated the PV
system prices in 2030 by using the learning curve with a learniegofdt8%(IEA, 2010, p. 18)

3.3 Yystemic effects oPV integrationin the electricity systems

3.3.1 Definition of systemic effects

A shift towards PV sefonsumption in the residential sectovill involve systemic effectsn the power
systemsThe integration of PV powénto the existing electricity systemmequires efforts with additional

costs (integration costs). These efforts include not only an engineering perspective to ensure the operation
of all physicakystemsbut also economicaspectin regard tosystemicvalue ofPV integrationThe value
evaluation of PV power in a society needs to be discussed in a more comprehensive manner by taking into
account systemic effects involved.

2 Themathematical modelis described in equations (4) and (5).
o "H
ACA ()
En b ©)

1

=

With:
0 : Cost of unit production atme t ($/W),8 : Cumulative production at time t (W)
o Experience index: this is used to calculate the relative cost reducti@®)(for each doubling of the
cumulative production
0 "Ygrhe learning rate: the fractional reduction in price exgetas the cumulative production double

Initial condition:

0 : Reference cos8 dReference cumulative production.
BThe study excludes the 6DS scenaBidS is a basease scenario based on the condition that the current trends
continue; it progcts that the energy demand will increase by more than-thiods between 2011 and 2050. In
addition, associated G@missions are expected to rise even more rapidly, pushing the global mean temperature up
by 6°C.

11



Thesystemic effect®f variable PV egrationcan beclassified intadhree levels The first level concerns
impacts on theechnical aspects like infrastructure, grid and electricity production naxmaintain the
operation of electricity system3.he secondevel of systemic effects indirect financialimpactsrelated
to regulatory mechanisms of electricity systenfey example, electricity tariff systermd electricity price
formation. The lastlevel involves different types of externalitiesof PV integrationinto the society.
Variouspostive or negativeaspectswhich influence on the national system and social welfdreuld be
considered:i.e. environment,technology, economyjobsand strategic pagon. The higher the level of
systemic effectss, the broader scope of analyss expe&ted because ofliversecorrelation with other
contextual, social or systemic variables.

In this contextour studywascompleted bya systemic analysis of integration costs with respect to PV
penetration into the electricity system. This is an imporia step in understanding stakeholdé€ds
perspectivesin relation toour PV seftonsumption transition scenario. helps policymakergrepare
actionsto counter any riskereated by these stakeholder®©ur study mainly focused on the systemic
effects of PV itegration related to power systems and thigird levelis beyond the scope of the study.

3.3.2 Integration costs

The systemic effectdirectly connected with power systemainlyconcern theintermittency of PV power

and unique characteristics of electricity gypdemand mechanism.The variable PV electriciig not
dispatchable and is nadble to meet the electricity demand at akasons of the year. Thalue of
electricity varies according to time of production and location because aifitigpie feature of &ctricity

mix. The integration of PV into the existing grislystemrequires additionalefforts to deal with its
intermittency compared with dispatchable technologies reflection on the integration efforts for PV
penetration and dynamic impacts on theeetricity systems has been provided by various studies
(Borenstein, 2012; Joskow, 2011; Keppler & Cometto, 2012; Hirth, 2014; Hirth, et al., 2015; Ueckerdt, et
al., 2013)

Keppler and Comat (2012)largely divided thesystemiccosts @rid-level cost$ of PV integration into two

parts: 1) additional investments to extend and upgrade the existing grid, and 2) the costs for increased
short-term balancing and for maintaining the loteym adequacy of electricity supply integrate variable
energies. Shortterm balancing concerns the seconby-second balancingf electricity supply and
demard (e.g. realtime adjustment, daybefore forecasting)lt is closely related to the accuracy of the
weather forecast and the predictability of supply and demand. The improved forecast and prediction
would decrease uncertainty on the production planning and would enhance the management of the
production capaities for a day. More importantly, the level of flexible capacity in the electricity mix and
the size of the interconnected electricity system influence the balancing task in terms of the instantaneous
adjustment to match changes in demand. Therefore, ¢nes that have a large share of flexible
technology capacities (e.g. hydropower) in their energy mix need less balancing costs.

Intermittent PV systems require thieng-term dispatchable baclup capacityto meet the electricity
demand at all timegPudjianto, et al., 2013; Keppler & Cometto, 20D)ndispatchable energies like PV
contribute very little to generation system adequacy in Eur@ipe capacity credibf PV poweln France
is very low). The longerm back-up costs include investment and operatiand maintenanceosts to give
additional adequacy capaw@t (demand increase) or to keep existing capasitavailable (constant
demand) these costs are necessary to maintain a certain level of system iigliatien variable energies
are integrated into the electricity mix. The bagf costs account for the large fraction of the gledel
costs.

12



In another studyUeckerdtet al. (Ueckerdt, et al., 2013hitroduced thenotion ofsystem LCOB evaluate

the integration costs of intermittent energiedeckerdtet al. decomposedhe integration costsinto grid
costs fietwork cost3, balancing costs (supplyd&mand) and profile costs (a sum of adequacy;laat

hour redudion and overproductiorof variable electricity. The study i®ased on thdoad duration curve
approach The load duration curvenethodinvolves ranking the required power capacity for each unit of
time (hourto-hour) in decreasing ordeA residual loadduration curvecan be obtained by subtracting
the power generation from variable wind or PV resources. The optimal mix can be obtained by taking the
minimum power generation costs into account to meet the annual electricity demEmel.most critical
segmeih of integration costs (variability) concernmofile costs and kalancingcostsis of secondary
economic importanceThe reduced rate of utilization of conventional dispatchable plants led by high
penetration of renewable energies is the key issue wéieRssinghe integrationcosts(Hirth, et al., 2015)
Ueckerdtet al. (2013)provided a mathematicahethod (Equation 6% to quantifythe integration costs

# # # # With # # —# ) (0]

They provided an irdepth insightinto the evaluation of integration cost of variable energies by
differentiating the timeframe ofntegration. Thestudyexplained the differences between shegrm (ST)
and longterm (LT )perspective of/ariable renewable energy¥/REintegration. Theshortterm perspective
represensafast deploynent of VRE without adaptation. Thenventionadispatchale capacities remain
unchangedafter introducing VREIn contrast, he longterm perceptive assumes an accomplishment of
the power system transition. Thdispatchable capacities havine to fully and optimallyadapt to the
integration of VRE with a new lottgrm equilibrium(optim). Ueckerdtet al. proposednew mathematial
expressiongo calculateprofile costsaccording to these two cas¢Bjuation (7) and (8)¥°. Theyallow to

¥ With:
0 :Integration costs ofariable renewable energies (VRE),
#  : Costs of grid extension and upgradi#g, : Balancing costs) : Profile costs,
o} . All other costs for the residual system with VRE integration (includingrgton costs of dispatchable
plants, costs for reserve requirements, balancing services, grid costs and storage systems)
0 ngc2aGFt O2ada G2 YSSO | aegaidisSyQa RSYFYR ¢A(K?2dzi

‘O : The resulting residual load wWit¥RE (provided by dispatchable power plants),

+ W

O dt 26SNJ a2adsSyQa Lyydzadt LR6SNI RSYFYR 6SE23Sy2dza Tl Of
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With
- 0 : Costs of residual system after VRE integratioalong-term perspective (the mix adapts

in response to the transformation with VRE integration),
- ‘O dPower generation from VRE

- N : Annual peak demand of electrigijt
- "YARO  : FulHoad hours for power demanth
- 6 "YnRho : Generation costs from the cheapest production capacity (i.e. nuclear, gas and

coal) to operate a fulload hours o4 Ko
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evaluate effect®f PV integration according to the different speed of integration, the stesrh and long
term. Our study quantifiedPVintegraion costsbasedon this mathematical approach.

3.3.3 Other financial impacts

As seen,lie PV integration into the existing electricity mix reduces the operation hourshenchpacity
factor of dispatchableonventional plant&nd eventuallyinfluencestheir profitability. This issue is critical
because they are compulsory to maintain the security of electricity systemsieffagive financial impacts
on existingdispatchable capacitiesan be discussed related to tearrent electricity price formationThe
current management of the electric power system ranks the capacities in ascending order of marginal costs
of production (merit order). The ranking is organised on the basis of thallesd declaration of available
capacitiesTheelectricity price isletermined by thehighest marginal costs of production units to satisfy
the demand. The price imposed to all other producers. Thaseload capacities have low variable costs
and they are ranked first (e.g. rwof-the-river hydroelectricity, nuclear). The pdag capacities have high
variable costs and they are ranked last (e.g. oil, gas).

PV electricity with low marginal costsranked first in the merit @ler before basdoad capacities and the
merit order shifts to the rightHowever, the electricity deand is inelastic; the price variability does not
have much impact on consumption. Therefore, the electricity price is reduced with the same demand
curve(Haas, et al., 2013; Commissariat Général a la Stratégie et jgetios (CGSP), 2014#)raises an
issue with the payment of the initial investmerbgses of infra marginal rentin addition, in terms of the
temporarily reduced demand, it is sometime technically too difficult to shut down a capacity for only a
shat time. This occursvhen PV production is maximufne. summer daytime)ln extreme cases, the
market price can be negativi alsoconcerns the reduced use of the peak capacities that in turn resluce
the revenues of conventional power plants. With theterioration in the pealcoefficient®, the extreme
peaking capacities become an issue since they cannot cover their fixedldogtn, 2005]the missing
money). This would thus exacerbate the problem in terms of future imvest choices; investors are
reluctant to build conventional plants because of the uncertainty in recoveringdpital invested. This
threatens the energy supply security.

o B Tihne e oy
A w 'Imﬂ'h Al Th Ay HI
nI er "I i i

With
- 0 : Costs of residual system after VRE integrationshat-term perspective (The dispatchable
capacities remainnchanged, the mix is not able to adapt in response to the transformation),
- 0 ‘QConsidered dispatchable power generation technologies (i.e. nuclear, gas and coal),
- N s andn iy :Thelower bound and the upper bound of the zommvered by technologies
0 ‘fespectively, on the vertical axis of residual load duration curve,
- "YRRO : Fulload hours for power demanq ,
- 6 "YnRho : Generation costs of technologiés@ith a fulHoad hour valuef "YRHO
1 The peak coefficient is the ratio between the average hourly production during the year and the peak production
(Heineneet al., 2011)
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Figure5: Merit order and electricity price formation

Another issue should be discussed with regardetectricity tariffs. The shift to PV setfonsumption

induces loss of grid operator revenu@& & Popiolek, 2015klectricity retail tariffsaare often composed

of various costéike electricity generationgrid managemenand taxesThemaximum grid capacity must

be kept to maintain the security of power supjpcause of a low capacity credit of.¥id operators will

have more activities to manage the integration of varid®lenergiesand it isimportant to secure budget

for grid financing. However, risks existated to electricity taiffs becausénidden lossesf&d (i I { SK2 f RS NI
revenuesoccur when fewer consumers purchase the electricity from the grid.

4. RESULTS AND DISCOSSI

4.1 What costsfor French residential PV setfonsumption systemén 20307

4.1.1 Prospect for PV system cost reductions

In order to project the PYower generation costs iB030, we first estimatedthe PV residential system
costsin 2030using Kuations (4)and (5) Asindicated our calculation was based on the costs of two types
of Frenchresidential PV systemssing €Si PV technology.e. BIPV system cost of $2.67/V\gmd BAN
system cost 0$2.05/Wpanda learning rate of 18%EA, 2010, p. 18)able2 presentsthe projected costs

of residentialPV systernin Francen 2030Q

2015 IEA scenarios for 2030
2DS HiRen
World PV cumulated installations (GW 227 842 1721
BIP\kystem cost ($/Wp) 2.67 1.83 1.49
BAP\&ystem cost ($/Wp) 2.05 1.41 1.15

Table2: Estimated residential PV system costs in 2030 based on the IEA scenarios
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