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Abstract
France aims to boost the share of solar power generation in its electricity mix by 2030. When PV self-

consumption systems become economically competitive, end-users will be willing to switch to PV self-
consumption instead of using power from the grid. However, high penetration of distributed solar PV
provokes a significant impact on the stability of electricity. The major systemic issues concern seasonal
back-up power system associated with variable PV integration. Policymakers thus need to work on
systemic solutions (e.g. load management, peak shaving) to support the large-scale integration of variable
solar power. In this regards, this study aims to propose an innovative load management model based on
the secondary application of residential batteries already installed for PV self-consumption. We performed
a prospective economic analysis to identify potential system contribution of French residential PV-battery
systems in 2030. The aim is to reduce systemic impact of distributed solar PV system integration thanks to
collective use of distributed residential batteries for load management when they are not in use in winter.
A sensitivity analysis has been conducted based on different projections of residential PV self-
consumption in 2030 (RTE, Enedis). Our study then concludes with key messages and policy
recommendations.
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1 Introduction

The electricity system is in the process of trammafog from traditional models to a decarbonizederys
spurred on by a rapid increase in renewable ertexdynologies and associated solutions. The largie-sc
diffusion of distributed storage accelerates theed&ralization of electricity systems and allowstomers

to participate in the market more proactively. Tohenbination of a rapid reduction in PV power co8is,
decreasing feed-in-tariff and the increasing retégictricity prices for household customers leadst
transition toward PV self-consumption (Merei, et @D16; IEA-RETD, 2014). The market dynamics of
the PV sector coupled with lithium-ion (Li-ion) baies enhance the economics of residential PV self
consumption. PV self-consumption systems will beeoaconomically competitive in the near future
without subsidies (Yu, 2018). End-users will beliwg to switch to PV self-consumption instead oihgs
power from the grid when there is an economic itigenHowever, the large penetration of PV systems
in the electricity mix provokes systemic effectgy(eadditional costs related to the integratiorP®finto

the existing electricity system). The majority ofsemic costs concern the back-up power system
associated with variable PV integration (Pudjiambal., 2013; Keppler & Cometto, 2012). France has
higher back-up power costs compared with otheoregas France’s annual electricity consumption peak
occur in the winter evenings. This means that thegive and rapid integration of PV without stragegi
can affect more significantly the energy systemiclPmakers thus need to work on systemic solutions
(e.g. load management, peak shaving) to suppayedscale integration of variable solar power. This
study aims to propose an innovative load managemmutel based on the secondary application of
residential batteries already installed for PV -selfisumption. We performed a prospective economic
assessment to analyse maximum systemic contribafidistributed PV-batteries based on French energy
transition scenarios in 2030. The aim is to inceethe load flexibility associated with high pengtma of
distributed PV systems thanks to collective useesifdential batteries of self-consumption when they

almost not in use in winter.

2 Literature review

The purpose of this article is to amplify the syeof PV-battery systems for PV self-consumption in
order to reduce the systemic effects provoked byldlge penetration of PV power. Our literatureeav
focuses on the coupling of PV systems with battemgrgy storage for decentralized systems. The
fundamental limitations of integrating solar PVard traditional electric power grid lie in the patiel
mismatching of the PV supply and electricity demaite integration of non-dispatchable variable

energies like solar and wind into an electric pogygstem is a complex task because of uncertairdy an

1 Non-dispatchable PV power contributes very littigopower generation system adequacy in Europétenibng-term back-up costs concern the
investment, operation and maintenance costs to thheetemand at all times.



intermittency factors. However, conventional baadlgenerators are limited when it comes to respondi
to rapid load changes. The system integration tsfioeed to be considered to assess economic vhlue o
these variable energy sources in power systemsp{eg Cometto, 2012; Hirth, 2014; Haas, et al.120
Pudjianto, et al., 2013).

Pena-Bellcet al. (2017) describe an optimization method for différypes of applications based on PV
with grid charging, tariffs and battery capaciti€he study indicates that a small battery capdoityPV
self-consumption is only preferable under a sitigietariff and that investment in a storage capafor

the sole purpose of demand-load shifting is notetitve for households in Switzerland. With a dyimam
tariff, batteries should perform both PV self-comgtion and demand-load shifting simultaneously to
increase the economic attractiveness. The econahiesidential batteries can be enhanced by imofud
additional functions such as system-wide demand gbeaving or frequency control together with PV
self-consumption and demand load shifting.

Daviset al. (2016) focus on the economics of residential biatealone. This study evaluates the uptake
of batteries in UK households related to time-badedtricity tariffs. It suggests adding batteriesthe

UK residential sector to displace the daytime peakshe domestic electricity demand; batteries are
charged with the excessive electricity in timeslaf demand when electricity is cheap, and then the
electricity is drawn from the batteries insteadttod national grid when electricity is expensiveafpe
demand time). However, the economic side of thigclar barely includes the systemic effects of
residential batteries on the overall power systbtareover, Denholnet al (2013) explain that power
storage provides a number of systemic benefits ffattens the consumption variation. However, desp
these systemic benefits, the authors concludethleatevenue generated by the use of storage isHass
the net benefit offered by the system under thesatielectricity market model because of the deseréa
the price differential of on/off-peak period. Thene therefore a number of issues to overcomedardo
correctly integrate the storage system into theectipower system.

Yu (2018) attempts to conduct a system-wide ecoaamalysis of residential PV system consumption
coupled with batteries. The study quantifies thetesyic effects (integration costs) of residentigl P
systems with distributed batteries on the Frenattet power system. The article concludes that
residential PV self-consumption combined with Litibatteries could be profitable without any sulesdi
for an individual investor before 2030 in France. dddition, this combination will generate fewer
systemic effects on the national power systems eoegpwith centralized PV deployment with full grid
injection. However, the article indicates that B\-battery coupling system still needs a back-upt&m

to address the annual peak during the winter egenin

The systemic advantage of batteries for grid mamege is widely discussed with respect to coupling
models for PV and electric vehicles (EV) (RichamsB013). Many articles focus on the economic and



environmental aspects of PV-EV coupling models {@ah, et al.,, 2017; Li, et al., 2017). However,
numerous studies focus on the functionality of¢bapling model, which concerns the systemic bemefit
to facilitate the integration of variable energiet® the power system (Mohamed, et al., 2014; Ea@).,
2016; Hu, et al., 2016; Bhatti, et al., 2016; Ridsan, 2013; Habib, et al., 2015). EVs can sigaifity
reduce the amount of excess renewable energy peddacan electric system (Richardson, 2013) and a
storage bank can help smooth the intermittent kbigolar and wind power productions. Habktbal.
(2015) analyse the advantages of EVs with vehilgrid (V2G) application in the power system. V2G
can provide a solution for variable renewable eiesrgnith ancillary services in a power system
(including spinning reserve, voltage control andgfrency control). Nunest al. (2016) analyse the
relevance of using vast car park for installingas@arports for EVs. EVs can play a vital role imoyding

grid services and solar car park can be aggregafded/s in the power system. If the right systems a
properly implemented, the excess EV battery capaeih be used to export power back to the gridtand
supply power during peak hours (Lépez, et al., 20Hdwever, the integration of EVs based on random
charging will largely influence the power systemthwsignificant challenges such as load balancing,
overload, or power quality degradation. Howeverdigs on the impact of EV charging on the distiiut
network mostly concern the daily balancing solutiather than the long-term seasonal perspective.

It is important to note that back-up capacitiesséove yearly load peak demand is essential issue to
maintain the security of the power system. Howegristing studies that examine the possible utitira

of residential batteries are mostly based on dieont- perspective even though some articles inditete
concept of systemic values without detailed optatian modelling. In addition, there is no literauhat
models the use of batteries directly from residgmlV systems with the objective of addressingatek-

up issue in France. Therefore, this subject méuitther investigation in order to evaluate the sgst
values and potential application of PV self-constiamp combined with residential batteries. In this
context, the purpose of our study is to recommendva grid service model of flexible load management
by introducing a secondary application of resid#ntiatteries installed for PV self-consumption. The
model can provide systemic benefits in line witk thrge diffusion of residential PV self-consumptio

and thus help reduce the annual back-up costs.

3 Research context
3.1 French power systems

Nuclear power has long played an important rolghim national electricity sector in France. In 2018,
France decided to reduce the share of nuclear gnerie national power production to 50% by 2035
from the current 75% as part of its energy traosistrategy. In this context, RTE proposed foufiedé#nt

scenarios to achieve the 50% reduction target 35 ZRTE, 2017). The simulations rely on a stable or



decreasing electricity consumption. These scendgaisto strong growth in renewable energies ttdtaui
future French electricity system, the massive dgpknt of electric vehicles and a rapid increasthan
self-consumption of electricity. For example, RTEBmpére scenario plans the closure of 18 of the 58
reactors currently in operation and a significardréase in renewable energies. In this scenamoPth
electricity supply will be increased from the cumr@% (8.7 TWh) to around 12 % (58 TWh) in 2035. Al
scenarios expect a significant increase in resiadPY self-consumption.

B Renewables B Renewables

B Nuclear H Nuclear

B Thermal ® Thermal

Figure 1: French power supply mix (2016, 2035) (RTE&L6)

The residential sector accounts for one third ef ¢hrrent national power consumption in France. The
transition towards PV self-consumption will accaterthe decentralization of the French power system
However, France has its annual peak demand inititemevenings due to the high power consumption of
electric heating. Electric power systems need tsfgademand at all times and variable energy sesirc
like solar power require a back-up capacity to mewsystem security. However, solar energy has an
almost zero capacity credit in France when the mlakand occurs in the winter evenings (Keppler &
Cometto, 2012). Therefore, the transition towardseatvariable solar energy sources in the electiegn
system will require an effective development ofifidity (e.g. storage, demand response, control of
recharging of electric cars (RTE, 2017)) to guasantystem security. Taking into account the growing
demand for residential PV self-consumption, itngportant to find a way to meet the seasonal demand
peaks in the winter months with regard to a larggdesPV penetration in the French electric powstem.

Our research therefore sets out to address thetensg challenges.
3.2 Research objectives

This article proposes a new grid service modelfi@xible load management to support French energy
transition policy plans that increase variable selzergies in the future power system. The studyaged

on collective use of residential batteries usedHbr self-consumption for peak shaving during winter

months (December to February) when they are almostin use. During this period, the residential

battery capacity for self-consumption is not edaéfdr small residential systems (3kWp) becauseRN



production rarely exceeds the consumption in wiirielfrance. Since the annual power demand peak in
France occurs in the winter evening, our grid servnodel of daily peak shaving would directly regluc
French annual load peaks. In this regard, thisyséwdluates the potential systemic benefit of sdaop
use application of French residential PV-batteirne2030.
This study adopts a numeric simulation model bamedempirical French data (RTE and Enedis) to
evaluate the potential benefits of collective udedistributed residential batteries. This articleug
attempts to address the following questions.
What are the potential systemic benefits (dailybeing and annual back-up) from the secondary-
use application of French residential batterieB\fself-consumption in 20307
What economic benefits will result from using thhregented grid service model?
At the end of this article, we discuss the polimplications and give a few policy recommendatioasdual

on the results of this study.

4  Methodologies and data
4.1 Utilization of batteries from residential PV selfirisumption systems

The functionality of batteries is important to uretand before discussing our battery grid serviogleh
of PV self-consumption. The utilization of batterifor residential PV systems makes it possibletdoes
the surplus PV electricity during the daytime aaktase the stored excess power when needed. Cgpuplin

with batteries provides a higher ratio of PV salfisumption in the residential sector.

July January

= =Initial ——Residual i PV self- Battery use = =Initial ——Residual PV sclf- ~— Ballery use

Figure 2: Mechanisms of PV self-consumption based residential PV system (3kWp) with Li-ion bate (4kWh capacity)
(author’s calculation based on the average enadfiles)

Figure 2 explains the mechanisms behind the uattéries coupled with a PV system in the residénti
sector. When PV systems produce more than the ssrgeesidential consumption, the surplus is stored
within the range of the defined battery size. Ttogesl electricity is released when consumption edse

the PV production. We consider that there is nd gijection to avoid additional systemic effectsidg



overload, electricity overproduction, etc.). PVfsminsumption happens during the day and the lyatter
stored electricity is used in the evening and ghniHowever, battery usage is impacted by seasonal
differences: batteries are almost never used inalgrwhile households use stored electricity betwge
pm and 3 am in July. According to our analysis dtirseasons, the average usage rate of the 4 kWh
residential batteries coupled with a 3 kWp PV gsyste about 65% throughout the year (100% = 1 full
cycle per day). As Figure 3 illustrates, the uséatteries becomes almost null during the wintentin®
because the PV production decreases despite tteagecin the residential power consumption.

\100% -

W

0% -

AW -

WY -
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Figure 3: Average battery use by month (2015 td®201

The purpose of the model is to optimize the useesidential batteries throughout the year to create
secondary-use application for batteries to smaathpower demand and to address the back-up issue of
PV integration in France.

As the use of residential batteries to manage RPdymtion in the winter is almost null, our battengdel
proposes a new grid service by using the instalégzicities of residential batteries only duringwheter
months when the demand peaks occur in the Frensbrpgystems. Households consume power from the
grid to charge batteries during off-peak electyiciemand hours. During peak hours, the storedraigt

can be released for residential self-consumptichawit grid injection. By doing so, residential leaits
make it possible to shave peak demand in the d#youti additional systemic costs induced by grid

injection.



Figure 4: Grid services from residential batteries
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Figure 5: Potential energy shifting through the ofeesidential batteries

The ultimate objective of the study is to achieptiroal use of residential batteries in a way tHsnges

the residential power consumption profile to batatite remaining national consumption variationsx{no
residential: industrial, commercial, etc.). Where tremaining consumption is high, the residential
consumption should be reduced, and when the rengaginsumption is low, the residential consumption
can be increased (Figure 6). This approach canreelpce PV integration costs because it reduces the
national electricity demand peak without additionastallation. In addition, this can enhance the

economics of battery investment.
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Figure 6: Targeted changes in the residential vesidonsumption to minimize peaks
There are alternative options for power systemrzatey. For example, demand response (DR) leads to

changes in the power consumption to better matehpthwer demand for power supply profile. RTE
estimated the demand response made available thtati§f-based schemes at 800 MW in the winter of
2016-2017 (RTE). However, we considered that thistdfell out of the scope of our study.

The methodological approach to develop the grigisermodel and data provided are explained in Hetai
in the following sections.

4.2 Schematic model of PV batteries with grid service
We developed a model of the PV-battery-grid sen(ie¥-B-GS) to increase the systemic value of
residential PV self-consumption in France. Thisoimed developing a numeric simulation tool that
defines the mechanism behind the optimal use afleasal batteries for peak shaving. The following

schematic (conceptual) diagram explains the lodioal of our model (Figure 7).
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Figure 7: Logic flow diagram of the PV-B-GS (PV-teay-grid service) model

This PV-B-GS model has been developed based onefd¢@asumption systems coupled with Li-ion
batteries in the French residential sector. Wet filsfined the input data of the PV-battery system
specifications to design the French residentiasBN-consumption model.
The model considers the residential battery chgrfdischarging rates and times as variable paraméter
order to determine the optimal conditions. The nadlas at minimizing the national demand peaks, and
the optimal parameters are defined via a numergdimization loop that links a set of individual
consumption data with the national aggregated aopson.
The scope of analysis includes the systemic effeessilting from the secondary-use application of
residential batteries in the winter months. Thetesyic effects are measured with the numerical tool
known as PVSEMoSPV Systemic Effects Modelling and Simulation). $®MoS is a numerical
simulation code that allows us to evaluate theesyit effects of integrating PV into the definedctlie
power systems on a national scale. By using thie cib is possible to estimate the systemic effetthe
grid services provided to the French power systEhis approach enables us to measure the aggregate
systemic benefits of the secondary-use applicaifaesidential batteries in the national power aysts
it considers a high level of PV penetration withidential PV self-consumption systems.
Our analysis is based on three scenarios:

- Reference case: 2019 situation of PV integratioh ef.)

- Scenario 1. PV self-consumption with batteriesdrid injection) (PV-B model)

- Scenario 2: PV self-consumption with batteries w igeid services (no grid injection) (PV-B-GS

model)

4.3 Data and assumptions
The French transmission and distribution systenraipes (Réseau de transport d'électricité (RTE) and
Enedis) provides open platforms for their energgteay database (RTE, 2020; Enedis, 2020). Our
simulation thus uses exogenous data based on tiemalshour-by-hour power consumption by segment
and the national PV hour-by-hour production fromERTThe model uses the hour-to-hour dataset for the
entire years of 2015 to 2019.

4.3.1 Baseline design of PV self-consumption with batt®ri

This article aims at developing a new grid serwnedel using residential batteries to increase the
flexibility of PV self-consumption. We first defidethe residential PV-battery self-consumption maxel

a baseline. This study is based on the model dpgdlin the author’s previous article (Yu, 2018)isTh

study considers that the combination of 3 kWp Psteaps (commonly installed in the residential sgctor
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with 4 kWh Li-ion batteries provides an optimalgan up to 80% PV self-consumption for an average
household. Our simulation takes the French sitnatipo 2019 as a reference case with a cumulative
installed PV capacity of 6.5 GWp (around 2% of deenestic power consumption). At first, we assumed
that the 18.8 million individual housesere equipped with the 3 kWp PV system coupleth tie 4 kWh
battery as an enveloping case. Based on these conditan®V self-consumption model assumed a total
cumulated residential storage capacity of 75.2 GAvti an additional 56.4 GWp of PV capacity in the
French power mix. The ensuing PV production reprssabout 10% of the French power supply on the
condition that the power demand remains constattiénfuture. We also considered that the excess PV
electricity had no value and that there was no igijiettion of the PV power production surplus. ®imar
battery model aimed to develop a secondary-useicafiph of residential batteries of PV self-
consumption, we excluded other ways of direct arstiaint use of the cumulative capacity of residéntia
batteries to address the annual peak demand. VBeaisumed no grid injection of battery-stored power
for balancing (they are considered for onsite congion). We also assumed that the battery response
time is immediate and the frequency constraintspateaside. As this approach identifies the maximum
uptake, we then conducted a sensitivity analyséethan different assumptions of cumulated capaaity
define the national systemic benefits of the seapndse application of residential batteries. We
considered the projections of RTE and Enedis: Raiisiders that the self-consumption could concern up
to 3.8 million houses by 2035 and Enedis assuméseba 5.8 and 11.6 million consumers, for low
voltage alone (CRE, 2018).

4.3.2 Residential consumption profile

The total consumption in 2019 provided by RTE wseaduas the baseline for our simulation, i.e. 47thTW
As Table 1shows, the residual consumption of the current rekGluding wind and PV production,
represents 424 TWh (2019). The simulation consitterslectricity consumption at its assumed comnstan
level in the future. We also considered a constaare of wind since the analysis of wind powersfall

outside of scope of our study.

Table 1: Current electricity consumption and PVdurction

Current situation 2019
Total consumption 470 TWh
PV production 11.6 TWh

2 Source: (ADEME, 2013) (the number of individualises and the total number of residences in France)

3 Residential PV production: This study is basedhenreal PV production profile in France in 20¥8rious factors should be taken into account
to produce accurate residential PV production cur¥r example, solar PV production varies accgrdonthe location and system type or
installation specifications. We have very limiteztess to the aggregated bottom-up dataset andisheoeavailable data on the distribution of all
the houses in France. It was thus not possiblefioe accurate residential PV production curve=lation to the location of residences in France.
Our model thus assumed identical solar resouraeallfoesidences in our calculations (~1100 kWh/Kyégr). This also includes the smoothing
effect induced by the geographical spread of P\dpction. However, as the article sets out to meathe systemic effects of our residential
battery model on a national scale, we consideratlttiis assumption was counterbalanced seeingathtite modified residential profiles are
reintegrated on a national level. Therefore, teedeine the PV production of an average resider nftional PV production profile was
divided by the total installed capacity in Franoeobtain an average unit production profile by Wtk (Wp) installed. The unit profile was
multiplied by the installed residential capacitk\(8p) to simulate the residential behaviour.

11



| Residual consumption | 424 TWh]

RTE provides hour-by-hour consumption data by serré consumption. The residential consumption
represented 148 TWh (35% of the total consumpiim2D19.

The French residential consumption represents 2lfomiesidences including 18.8 million individual
houses (see Figure’80ur PV self-consumption model with battery grahsces has been developed
based on an individual house consumption profileipgaed with a PV-battery system. Because of a lack
of bottom-up data on different types of residenees,decided to simulate the national systemic &ffec
assuming that most residences in France sharedilarsconsumption profile. Our aim is to change the
power consumption profile in the residential sethanks to the use of batteries. The modified fofill
change the national power consumption pattern,ingatb peak shaving and less efforts for PV

integration.

27 million
residences

18.8 million
individual houses

E Residential & Commercial Industry @ Other

Figure 8: Annual consumption profiles by sectorl@0
In our model, we considered that the battery pridnacan only be self-consumed within the maximum

consumption amount and that there was no grid tioje¢o limit the negative effects on the grid. §ls
important for defining the battery parameters. Hesvethis assumption introduces a limit on the dogtt
discharging rate that must be lower than the copsiom of the residence; consequently, it introduges
limit on the amount of power that a house can shihks to batteries.

We also assumed that each PV system owner was aednto the grid, at which point the system
operator can control residential battery charging discharging. By doing so, the batteries considlers

a whole can provide a considerable capacity enghlgto design a system balancing mechanism. We
also considered that the residential PV systemk béitteries were equipped with battery-management
software and hardware to allow two-way power floasd effective communication between residential

systems and grid operators. The losses inducedwgmstorage were also neglected.

4 The average yearly residential consumption is I8 T 27 million = 5480 kWh/year.
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5 Results and discussions
5.1 Identification of parameters for optimal performanc

The performance of grid services is related to howhe systems are configured. In order to dedign t
optimal grid service model, we first estimated thecessary conditions for numerical simulation.
Therefore, prior to obtaining the simulation resulve aimed at defining the basic parameters for ou

simulation.

5.1.1 Time-based charging and discharging of batteries
As indicated, the PV self-consumption model charthesdemand profile of individual households and

the aggregate profile will largely influence theioaal load profile.

80

N s New mid-day
= off-peak period

0 2 4 6 8 10 12 14 16 18 20 22
3 Hours
= —Without PV - peak day
—Without PV - monthly maximum value

—With PV - monthly maximum value

Figure 9: Example of hour-to-hour daily nationadoconsumption values (peak day and monthly maxiwveioes) in January
2019 in France

Figure 9 shows the hour-to-hour daily grid demamdJanuary, the month during which the annual peak
was reached in 2019. The dashed line shows theloadl consumption profile without PV self-
consumption during the peak day. Since the stunhs &t reducing the national consumption peak, we
needed to consider the maximum load consumptiamegabecause a change in the profile can move the
peak to another day in the month. Therefore, the bhe shows the maximum load consumption for each
hour of the day throughout the month without PVf-sehsumption while the red line shows the
maximum load consumption with PV self-consumptiés. Figure 9 shows, PV self-consumption will
lead to a new mid-day off-peak period and causep@aks, namely the morning peak and evening peak.
By analysing the national profile of the residuadd consumption, we obtained new load consumption

profiles for the winter months (December, Januarg &ebruary). As Figure 10 indicates, the PV self-
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consumption model gives two periods of high powemdnd from the grid and two periods of low power
demand from the grid.
Our grid service battery model aims at chargingdesgtial batteries from the grid during off-peakipds
in order to release the stored power during thé& peaods. Therefore, we decided to define theggisriof
residential battery charging and discharging basetthe identified periods of high and low demand.
Battery charging: from 1 am to 5 am, from 12 pn3 fom
Battery discharging: from 7 am to 9 am and 5 prhltgm
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w High \\;._/ High
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demand demand
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Low Low
demand demand
50 L
(4] 2 4 6 8 10 12 14 16 18 20 22
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Figure 10: Example of maximum national demand &arhehour of the day with PV self-consumption focBraber, January and
February 2019

5.1.2 Battery charging and discharging rates

The battery charging and discharging rate is aroitapt parameter to take into account if we intemd
achieve the intended simulation results. We careexa shift in the peak demand to different timisslo
and a rapid change in the demand profile direelgted to the battery charging and dischargingsit@ci
(e.g. risks related to concurrent automatic chaggin

It is important to note that daily peak demand bocan be changed depending on how the battery
charging or discharging rate is defined. As Figliteindicates, the increase in the battery-chargatg
makes it possible to move a greater amount of enand reduce the current peak demand until the load
consumption for charging batteries starts to craatew peak. An increase in the battery-dischargiteg
reduces the peak demand until the rate becomeligboand empties the battery too quickly to manage
the evening peak. In this regard, we use our nualeoptimization tool to set the rates and we degtith

fix a rate of 0.3 kWh/hour for charging and 0.35 i\ for discharging in our simulation model (see
Figure 12).

Relatively simple and standardized control systesei®e considered with the following functions:

Automatic battery charging/ discharging based endifined time slots
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Possibility to set the battery charging/dischargig to reduce the risk of generating other peaks.
In our study, we used basic nation-wide paramdtardattery charging/ discharging times and rates.
However, the model may need to liaise with a mophssticated solution to smooth the start and tite e
of charging/discharging and to handle issues réleidrequency variations. We can design finestatem
control systems (e.g. time-based by geographicsprand sub-level management (e.g. collaborative
actions with aggregators). Therefore, we need tkwo methods to facilitate the systemic functidyal

of residential batteries, e.g. regional controteys smart charging and communication methods.
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Figure 11: Examples of impacts of charge and diggheates on the national demand profile in Jangaib
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Figure 12: Results of battery charging and disahargates obtained by the optimization loop for 201
5.2 Systemic effects

5.2.1 Smoothing daily variations (peak shaving)

The systemic benefits of our grid service modelenanalysed based on the configuration with optimal
parameters. Table 2 summarizes the impact of P\etpwion on the total electricity consumption
according to different scenarios. It should be ddteat the PV-B-GS model does not make any chaages
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the residual load demand volume; the function efdtid service is to smooth daily variations by imgv

a fraction of the consumption during national petaksther time zones. The algorithm of the numérica
simulations validates this effect.

Table 2: Impact on the total electricity consumptio 2019

Current PV self-cqnsump.tion with batteries .
(10% PV integration, PV-B or PV-B-GS scenario)
Total consumption 470 TWh 470 TWh
PV production consumed 11.6 TWh 62 TWh
Residual consumption (excluding wind) 425 TWh JIh

We thus decided to focus on the smoothing effégtpire 13 illustrates the residential load profthue)
according to two different scenarios. We used thiéy grofile of 24 January 2019 (the annual peakg

can see that the grid service model modifies tlagl lprofile. The left graph indicates the peak deinan
occurred in the evening of that day. However, am tight graph, we can see the decrease in the load
demand in the morning and the evening and an igerdaring the night and at midday. The residential
consumption during the peak at night is higher, ibhould be noted that this happens during a low
national demand period.

PV self-consumption without battery grid services PV self-consumption with battery grid services
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Figure 13: Residential profiles without (left) awith grid services (right): 24 January 2019 (anmesk)

Figure 14 shows the aggregate result on a national lerelhe peak day. There appears to be a flatter
national profile for load consumption with a sigeént decrease in the evening peak. Therefore, we
concluded that the PV-B-GS model could smooth thiéy doad variation, which means less balancing
efforts. Figure 15 shows the average daily loadsaoption of December, January and February for two
scenarios. We quantified the systemic benefit of battery grid service model by comparing the
maximum to minimum values of the average daily atésh for each scenario. The average gain varies
from 3.6 GW (February) to 8.2 GW (January) for ylears 2015-2019 (Table 3). We find that the new

grid service model helps flatten the daily loadveufor all the months (December, January and Feyrua
in question.
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Figure 14: National consumption profiles basedrenexample of 24 January 2019 (peak day)

Figure 15: Grid services to smooth the daily loadation (December-January-February)

Table 3: Average gains in daily balancing for tleans 2015 to 2019

Average consumption variation PV-B scenario PV-8-€&enario Delta
December 17.7 GW 10.7 GW -1GW
January 18.5 GW 10.3 GW -8.2 GW
February 20 GW 16.5 GW -3.6 GW

5.2.2 Annual peak shaving

We will now demonstrate the extent to which thedgmodel can help reduce the required back-up
capacity in the French electric power system. Thenwl power mix gives different yearly operation

times to each plant based on the virtual mix (seaeXes). The virtual mix that we use has nucledr an

coal for baseload power units, coal or gas forrmegliate loads, and combustion turbines for peaking
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units. The optimal mix can be defined based omilmmum costs of power generation to meet the annua
electricity demand. Table 4 shows the annualléat hours and capacities of dispatchable planteen
optimal power mix in 2019 considering a £frice of €30.51C@ These generators have different
investment costs and electricity generation cdstelear power plants offer the cheapest solutidhefy
operate over 5943 h throughout the year becaugenthee high investment costs with low variable sost
However, most peaking units have low investmentscaad high operational costs (e.g. oil combustion

turbine).

Table 4: Optimal power generation mix and yearlylbad hours of dispatchable capacities — Refezesoenario with virtual
electricity mix in 2019

Supply Demand
(Current residual load: 425 TWh)

Dispatchable capacities Full-load Dispatchable % of total residual % of total demand

hours/year capacities  (GW) demand

(optimal) (optimal)
Nuclear 4981h-8760h 44.9 86.7% 78.3%
Coal 3765h-4981h 3.5 3.2% 3.2%
Combined-cycle gas turbine318h-3764h 24.5 9.45% 8.5%
(CCGT)
Combustion turbine (CT) 0h-317h 13.4 0.3% 0.3%

The aggregate production of 56 GW PV based on H\teasumption is equivalent to around 10% of the
electricity demand in France. The integration of pver into the power system will change the optima
condition of yearly full load hours of dispatchalolgpacities and the power production mix. The optim
capacities of dispatchable plants under these tenasios have been changed. The optimal powerguppl
mixes are different between two scenarios dependmgvhether the grid service model is used. The
scenario with grid services requires less CCGTambustion turbine (CT). The optimal capacity foe t
CT decreases from 15.9 GW to 10.1 EW

We can evaluate the systemic and economic impattteomix based on this result.

Table 5: Optimal power generation mix and yearlylbad hours of dispatchable capacities

Supply Demand

Dispatchable capacities (GW) (optimal) % of total demand
Dispatchable capacities PV-B PV-B-GS PV-B PV-B-GS
Nuclear 37.8 37.8 65.3% 65.4%
Coal 3.8 3.8 3.5% 3.5%
Combined-cycle gas turbine28.7 27.8 10.4% 10.4%
(CCGT)
Combustion turbine (CT) 15.9 10.3 0.3% 0.2%

Figure 16 indicates the annual load duration ctiovalifferent cases. The load duration curve shtives
required dispatchable power capacity needed to thegbower demand in descending order. This curve
can be produced to assess the contribution of iddisgrvice model to the seasonal back-up capatits.

5 The coal production capacity is highly dependenth@ carbon price. An increase in this price shifshare of the coal production to CCGT and
nuclear plants.
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black line indicates the yearly residual load of mference scenario in 2019 (425 TWh in 2019) avttie
red dotted line represents the new residual loadecafter adding a new installed solar PV capacity6
GWp based on PV self-consumption with batteries-B)V The green line represents the modified
residual load curve by adding grid services toRKeself-consumption model (PV-B-GS).

We can see that PV self-consumption with no griglise results in a significant reduction in theidesl
load supplied by conventional power plants anddieve is steeper than the current residual load (se
black dashed line vs. red dotted line). The gridise model creates a new shape that is flatter tha
red dotted curve. As indicated, the differencehim tesidual load demand between two scenariosllis nu
However, the grid service model (green curve) nesguless from conventional peaking units, which
allows us to move a share of the residual poweswmption during the highest demand period (between
0 h to 500 h) to different time zones (between B@Hhid 2500 h).

Figure 16: Changes in the load duration curve
Figure 17 provides a close-up of three curves with focughenannual peak period. We can see that the

proposed model with grid service makes it possibleeduce the required back-up capacity by 6.4 GW
from 86.2 GW with the PV-B scenario to 79.8 GW witle PV-B-GS scenario.
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Figure 17: Focus on the annual peak period ofdhé turation curves

We have analysed the years of 2015 to 2019 basé&temame battery parameters. The following Table 6

demonstrates the reduction of annual peak:
Table 6: Reduction of annual peak for years 20120t0

Year 2015 | 2016 2017 2018 2019

Residual peak PV-B (GW) 869386846 91969 89747 86219

Residual peak PV-B-GS (GW) 803582958 85389 86640 79810

Peak reduction P-B-GS
(GW) 6580 | 3888 6580 3107 6409

A discernable peak reduction appears for each {iéereconomic effects induced by this modificafion

the power mix are calculated in the section 5.3.

5.2.3 Sensitivity analysis of systemic effects

The approach gave the maximum uptake of natiorslesyic benefits. We thus conducted a sensitivity
analysis with smaller uptakes based on differenfeptions of the residential PV self-consumption by
RTE and Enedis. Tableillustrates the projected PV self-consumption dgplent by 2035 in France.

Table 7: Parameters of sensitivity analysis

Number of houses with PV
o Aggregate capacities of Optimal rates of charging /
self-consumption in 2035 ] ) ]
. batteries (GWh) discharging (kWh/h)
(million houses)
Base case (maximum uptake) 18.8 75.2 0.3/0.35
Enedis (upper) 11.6 46.4 0.35/0.45
Enedis (lower) 5.8 23.2 0.55/0.75
RTE 3.8 15.3 0.65/0.95

We first fixed the optimal parameters for the ®a&tem configuration. The defined periods of rasidé
battery charging and discharging were taken forsthesitivity analysis (see 5.1.1). We then used our

numerical optimization tool to set the optimal sater each case to minimize the demand peak.
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Figure 18: Sensitivity analysis of annual peak gtgimpact on a national level

Figure 18 shows the aggregate result of annual pbalving on a national level according to the
progressive diffusion of PV self-consumption. Wa sae that the proposed grid service model enébles
largely reduce the required back-up capacity. Hawrethe annual peak shaving impact is significantly
greater in the beginning of the PV diffusion witkwier batteries. For example, according to RTE's
projection, the required back-up capacity can bieced to 82.7 GW based on only around one fiftthef
maximum storage capacity (15.3 GWh) (cf. 79.8 Gitththe maximum uptake).

5.3 Economic analysis

5.3.1 Saving in PV integration costs

In this section, we attempt to calculate the ecdnaffects of the grid service model. The integratof
solar generators into power systems generatesratimg costs. Annual back-up costs are important
economic issues with respect to increasing thetifracof variable renewable energies in a national
electricity mix. We therefore defined the potentsvings resulting from the implementation of the
proposed grid service model.

We have identified the cheapest technologies fgivan operating time of a year in order to obtain a
optimal mix in France according to different scéosr(Table 4 and Table 5). We concluded in the
previous section that the new grid service modahges the optimal power supply mix. The existerice o
the grid service model slightly changes the shdpberesidual load curve. This also implies ecolmom
changes in the national power system. These ecangeits or losses can be calculated by comparimg th

optimal power mix according to different scenaridsckerdtet al introduced the concept of profile costs.
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They can be calculated by comparing the cumulatstsdo meet the residual power demand induced by
PV penetration with the cumulated costs to mees#me residual demand calculated based on thenturre
average production costs (Ueckerdt, et al., 2018;2018) (equation®yL

— 1)
If the residual load duration curve is steeper ttencurrent reference curve, the profile costspasstive
and if the curve is flatter, the costs are negaliveddition, the profile costs are the most caitisegment
of integration costs (including the costs of gra@nforcement and balancing) with regard to the high
penetration of variable power generation (Ueckertlgl., 2013). The 2019 data was used as a bagelin
calculate the profile costs. Our analysis considi¢ie current residual demand as a reference. &fireed
optimal mix according to the different scenariaanirthe previous section was also used to calctiate
profile costs (Ueckerdt, et al., 2013). As seeRigure 16, PV integration with no grid service rabdas
a steeper load duration curve than the case withsgrvices. This indicates higher profile costabl€ 8
shows the profile costs of 56 GWp PV integratiopataling on the defined scenarios. According to our
analysis, the additional cost per each MWh of n&npPoduction ($/MWh PV) amounts to $26.1/MWh
under the PV-B scenario with no grid service. Hogrewthis cost can be reduced by around 33% to
$17.6/MWh based on our PV-B-GS scenario with gerviees provided by the secondary-use application
of batteries. The total savings based on our gratleh amount to $480 million per year. It is thus
important to highlight that the proposed model &ngely contribute to reducing PV integration costs
This facilitates a high level of PV integration bdson PV self-consumption with much lower integmati

costs in the future.

Table 8: Profile costs based on two scenarios

Profile costs Billion $/year (annual total costs) | $/MWh PV (Unit costs per megawatt-hours)
PV-B (no grid service) 1.47 26.1
PV-B-GS (grid service) 0.99 17.6

Figure 19 demonstrates the sensitivity analysiB\fprofile cost estimates according to the levePbf
self-consumption diffusion in France. We fixed omi parameters of charging and discharging to
maximize the peak reduction for each million housgsipped with PV self-consumption system coupled
with the residential battery. We can see that tiofilp costs with grid services increase linearlgtwthe

PV-B scenario (no grid service).

w4  All other costs for the residual system with VREegration (including generation costs of dispatib plants, costs for reserve
requirements, balancing services, grid costs ard@ systems)
suser (Total costs to meet a system’s demand without \gBferation
) s : Resulting residual load with VRE (provided bymditchable power plants)
Ysuse Power system’s annual power demand (exogenotmac
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However, it is interesting to note that the gridvge model can sharply reduce the profile costthat
early phase of PV diffusion. They can be negativetie diffusion of under around 5 million housexse
the proposed grid service model can optimally iasecthe efficiency of the power system compareld wit

the reference scenario.

Figure 19: Sensitivity of profile cost estimates

5.3.2 Remuneration of grid services

Our battery model attributes a secondary-use ayfit to the batteries. Since the aggregate cgpaftit
residential batteries can provide grid servicesthié& proposed PV-B-GS model, the value of residénti
batteries increases. The new grid service can Ipdeimented based on a new business model. We will
discuss this aspect with respect to evaluatingrhestment decision. We will now define the extent
which the grid service model can help advance te@albeven point for investment in residential PV-
battery systems when a proper remuneration sysémplemented. This analysis gives us an idea®f th
economic incentives needed for battery investnmiepblicymakers plan to deploy more residential PV
self-consumption with grid services.

Current French residential PV systems combined Wition batteries are not yet profitable without
subsidies for individual investors. Yu (2018) ewakd their profitability and concluded that resitin
PV-battery systems in France would become profité&in households before 2030 without subsidies. The
discounted annual costs of the investment to instaldential PV-battery systems in 2017 are shown
Table 9. These costs include the capex investoestdquire the system and the operation & maintemanc
costs over the system’s lifetime. Based on thetimfata provided in the previous section, we defined
these costs according to different locations imEea Households are expected to make savings thiage
will purchase a smaller share of electricity frdme grid by switching to PV self-consumption.
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Table 9: Discounted annual cost of the investmedtlattery service remuneration

Energy Discounted Discounted annual Gap between | Discounted | Remuneration
output annual costs of | gains from avoided grid| a & b ($) annual gap | of the power
kWh/kWp | the investment | consumption by PV (%) displaced
(%) (&) self-consumption ($) (b
Paris 1000 10723 7092 -3631 181 0.26 $/kWh
Average in 1100 10723 7801 -2922 146 0.21 $/kWh
France
Bordeaux 1270 10723 9007 -1716 86 0.12 $/kWHh
Nice 1460 10723 10355 -368 18 0.03 $/kWh

Data (see footnote)7

There is a clear gap between household investrmehsavings in electricity bills in locations witbw

levels of PV output. If the grid service model cva part of this gap, then PV investment couplad w

batteries can become profitable earlier than tise egdthout the grid service. This approach can ptem

PV-battery investment.

Figure 20: Sensitivity of the grid service tarifsbreak-even the investment for the energy output

In order to define shortage, we defined the gapvéen the discounted annual total cost and the

discounted annual total revenue over the lifetilhéPd-battery systems. If the grid model generates

additional revenues of around $181l/year over 20rsyethe PV-battery system in Paris become

economically feasible for an individual investoro Guarantee this amount, a tariff can be fixed. For

example, a tariff of $0.26/ kWh for power replacemef 688 kWh/year makes it possible to achieve

breakeven in Paris.

7 We used the following data and assumptions toth®PV production curve of PV self-consumption #relPV power generation costs:
PV system price $2/Wp, building integration (BIPfg) residential rooftops using c-Si PV technolotiyA PVPS, 2019)
Potential PV power output: provided by PVGIS (JR@dpean Commission, n.d.) based on optimal positeg c-Si cells, and
estimated system losses of 14%
O&M: 1.5% of the PV system price (European CommnissR013)
Lifetime: 20 years for the PV system and 10 yearsHe batteries (Mundada, et al., 2016). We canmeilithe repurchase of batteries
with the same replacement costs
A discount rate of 5% was used to consider the hitetyaverage costs of capital (WACC) for the respevestment (European
Commission, 2013; Fraunhofer ISE, 2013)
The LCOE of residential PV systems with batteriegdéd by the ratio of self-consumption.
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PV system costs has been declining with globatimagind this trend is continuing. In addition, tletéry
costs are expected to continue to decline in thé decades. The difference between investment and
expected revenues will be decreased in the nearefuivVe conducted a dynamic analysis for the requir
grid service tariffs to bridge the gap. We includied market dynamics in our analysis with regarth®
progressive (linear) decrease in PV system costsbhattery costs. In addition, we also considered th
PV-battery systems progressively diffused in thsidential sector until 2030. Figure 20 shows the
sensitivity of the grid service tariffs to breakeevthe investment for the energy output. We cantlsate
southern France requires lower tariffs and reathedreakeven point earlier by benefiting from leigh
insolation. Assuming the demand for PV self-constimmpgrows in the near future, if the grid services
were remunerated as proposed, the PV-battery syst&mld become profitable all over France around in
2030. Once breakeven is achieved, the additionamlsgean be used for other segments such as grid

financing.

Figure 21: Sensitivity of the peak shaving impau arofile cost reduction according to PV diffusion

The remuneration system can be designed basec aottribution to the grid services. Figure 21 show
the sensitivity of the peak shaving and profiletgesluction according to the PV diffusion level. Wave
seen that the peak shaving impact is greater iretity PV diffusion despite less battery capaaity t
support power system. In this case, the systemmtribotions of these batteries are greater tham lat
entrants (a higher level of remuneration can beldged for early participation). Referring to Figutl, a
system design based on an initial target of arodirdillion houses can be a reasonable objective of
remuneration scheme. We need a scheme that enesutaginvestment in new battery capacity and the
participation to the market mechanisms should bmved. For example, the public authorities can ask
RTE to organise auctions to secure a certain lyati@pacity during the winter months for annual peak

shaving. The contracts can be defined between wwemand grid operators. The aggregator could
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become an agent to facilitate the business prdoetggeen a number of battery owners and grid opesrato

by acting as a load management operator.

6 Conclusion and policy implications

As demand for the residential PV self-consumptioowg worldwide, we have proposed a new grid
service model of flexible load management by assga secondary application to residential battefie

PV self-consumption. The grid service model moaeshare of the consumption during daily peaks and
annual peak demand to other time zones when thHenahtload demand is low, which reduces the
additional efforts for PV integration to balance tsystem. We have concluded that our residential PV
self-consumption model with grid service increaesrate of battery use during winter and signiftba
helps address balancing and back-up issues. Fototlbe feasible, the model needs a relatively Isinpgt
standardized control system that includes autonugtération based on optimal conditions (rates, g)me

In addition, policy can support the developmenttbé model (e.g. regulation, standardizations).
Regulations can be designed to allow grid operdimraccess the battery capacity in order to address
seasonal peak demand. Intermediate load managepenrttors may facilitate the operation process.
However, possible risks with regard to the impletagan of grid services can arise due to the rapid
change in demand related to battery charging (gomctu automatic charging that can lead to quick
frequency variations). We can design more sophitgit solutions that can smooth the start and end of
battery charge and discharge. Based on institutisnpport, we can develop refined remote control
systems (e.g. time-based by geographical areasjudntbvel management (e.g. collaborative actioitis w
aggregators) to maximize the benefits of the geiise.

The aggregate use of residential batteries for @f/consumption can potentially play an importamier

in improving the penetration of variable renewalliles solar energy by providing an interesting bagk
option for a country like France. The coupling prieduction of PV systems and residential battevits
significantly enhance the economics of our modehannext decade. In addition, the study was based
the current carbon price. If we consider higheboarprices, the economic attractiveness of our mode
will be further increased. This helps to reduceitamithl investment in annual back-up capacitiesalpe
generation units). Moreover, revenue can be geserathen grid operators, aggregators or system
providers are allowed to use the capacities oflezgial batteries based on our grid service duwiimger.

This indicates that the grid service solution carhamce the profitability of residential PV self-
consumption systems.

Therefore, we suggest enhanced market design ggridce-based tariffs, auction-based mechanism) and
system process (intermediate load operators, agtmes) that allow grid operators to realise theppsed
load management model. In addition, revenue crdabed this approach can help enhance the economics
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of distributed PV systems and facilitate the endrgysition pathway. Policy makers can thus prepare
proper economic models and institutional incentigegromote the proposed application of distribuR&tl
batteries for flexible load management in accordamith the national plan of solar energy developmen
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Annexes

Modelling new residential consumption profiles

The following description presents the precise stagen to integrate the new residential profiguiced
by our PV self-consumption model into the curreahsumption profile. We therefore proceeded as

follows.

1. Split the total national consumption profile to eletine the residential consumption profile, :
Yos ) o+ Dws )+

2. Define an individual house consumption profije based on the total residential profjile. The
average residential consumption profile is theamati residential profile divided by the number of
residencesl, = 27 million) (., . . ) + 201, ). The number of residences includes the
number of individual house®1; = 18.8 million) and the number of other residen@ds, 01 , ).
Therefore, the total residential demandljs . ; 301, -. ., 3 01, 01, 4

3. Replace the individual house consumption profilthwhe PV self-consumptionsg; induced by our
PV self-consumption model and reintegrate the negfilp into the total residential consumption
profile) ;s67 . 567 301, -. . 3 01, 01,

4. Integrate the new residential profile into the katansumption profil§ osse7 ) +s67 - ) %s

) +

The same modelling process was applied to the soenih grid services.
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Modelling grid services and the optimization loop

The loop used to determine the optimal parametgpemts on the battery charging/ discharging times a
the battery charging/ discharging rates. The objeatf our optimization tool is to identify the dmial
conditions in terms of battery charging/ dischaggtimes and rates for national peak shaving. Our

approach involved the following steps.

1. Define the periods of low and high demand on thal tconsumption profilep o567 during the

day in winter.
2. Model the new profile of the modified household somption due to the use of residential

batteries8g; in winter with battery charging during national samption off-peaks and battery
discharging during national consumption peaks.

3. Aggregate th@1, household consumption profile on a national leyelzg; .8/567 301, -
.. 3 01, 01,

4. Reintegrate the new residential consumption prafite the total demancﬁ%$567 ) Ose7 -

),%$ ) + -
5. Use a loop to identify the optimal parameters thahinimize the peak:

)9,00//12;?567;<)9,%$5675 =>?@)gs67A =>?@Pugs67A B =>?2@)ygseA =>7@ f’ﬁ;ﬁiseﬁ
For the step 5, we consider€glas the battery charging ratg, as the battery discharging rated and
B5 F Gas the periods of battery charging/discharging élag. The objective function of optimization to
define the parameters is described as below:
G5 ¢ 5B 5 F® ; <E5 G5B R OB
=>?@)ygs6d =>? Hlyss67 GEGSBE | B =>2@)yg567A =>? ?0/;;5567@&:3;5 &355 %5 ? *A
With

M Posser GO GSBE 8567 GHESHBE 301, -. . 3 01, 01,
" Goe7 GOGOEOE . 567 -Np GOF Ny GOSE

K No G5F CpOP Qg SR TUV VTW S XOUF.Y Z[UFQ\5 ]k B5F
| Ny G5F =" @. 567 5GA OPsk S F: TUV VTW S XOUF.Y Z[UFQ\5 .}y IG5 F
K ‘ No G5 ‘ N G5F
J apeg 'e &Da#&R aped '€ &Da#&R
With:

- Qur: hours in a day

- Ny power consumed by the batteries during grid dhgrg
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- N,: power provided by batteries during dischar§ing

Investment and variable costs of different powemntd used in the virtual miPetitet, et al.,

2016)
Table 10: Investment and variable costs of theialrélectricity mix technologies
Nuclear Coal CCGT Combustion turbine

(oil)

Investment (k€/MW) 3910 1400 800 500

0&M (KE/MW/year) 75 30 20 10

Lifetime (year) 50 40 30 25

Variable cost (€/MWhe) 10 37 64 157

CO2 intensity (tCO2/MWhe) 0 0.8 0.35 0.8

** The assumed carbon price was €30.5/ t CO2, equlaétoarbon price of 2017.
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