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Abstract— This paper analyzes the impact of storage
installations on grid electricity demand. Storage pstems allow
the decoupling of consumption from electricity genetion and
therefore have the potential to change the daily deand profile
seen by the network in a significant way. This hafar reaching
consequences for many stakeholders, as changes ime tnet
demand would for example impact electricity pricesor change
the requirements for peak generation. The developedpproach
considers the installation of storage devices to dérease self-
consumption of locally generated electricity in a esidential and
small commercial end users context as well as itpplication for
electricity arbitrage. Assumptions about their implementation
on a system level are described and their impact ooverall
electricity demand is determined considering the Genan case.
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renewable generation in several countries, makesl lo
electricity generation for self-consumption an attive
alternative. Photovoltaic (PV) installations arepexsally
popular, as they can easily be integrated in exgdbuildings.
Storage systems allow consumers to further recusie grid
electricity demand, as excess generation can bedstior
consumption when no local generation is available.

To estimate the potential impact of storage instialhs
for time-shifting of locally generated electricityn grid
electricity demand, the generation of PV units ahe
operation of storage equipment was simulated tsfgdbcal
demand. The modified demand then serves as basthdo
decision making process regarding the use of adstrby
market agents. Last, the combined effect on gridatel is
analyzed.

After this introduction, Section Il provides an oview

In the last few decades the generation mix of stvePn recent related work in this area. Section I$aiibes the

countries changed considerably with the strong cbdhe
share of installations using renewable sources iasl w&nd
solar. As an example, in 2014 27.3% of the Germamahd
was supplied by renewable units [1]. The volatildf the
primary resource used by some of these units plaegs
challenges on the operation of power systems. @nother
hand, small- to medium sized storage technologiesreced
considerably in recent years. In addition, econsrofescale in
their production as well as increasing competit@mong
manufacturers have started a price decline, magotgntial
applications also interesting from an economic extve.
Future energy systems will therefore include arreasing
number of storage installations, which will havei@pact on
the demand profile.

One of the potential applications for storage systas
arbitrage of electricity prices, benefitting fronmet price
differentials between valley and peak-demand hoWkile
this strategy has been exploited by pumped-hydnage for
many years, additional capacity has been diffidolt be
installed due to geographic requirements and iejecby
residents and environmentalists. On the contramalls to

approach which was developed. Obtained results are
presented in Section IV. Finally, Section V proidee most
relevant findings and discusses remaining questions

Il. RECENTDEVELOPMENTSREGARDING THEUSE OF
STORAGE EQUIPMENTS INELECTRICITY SYSTEMS

Publications [2], [3] provide an overview over thest
relevant storage technologies as well as discussr th
characteristics and technological maturity. Lithion based
battery systems seem to be a well suited techndbogjy for
installations in residential and small commerciettings as
well as for installations pursuing arbitrage.

A growing number of studies is looking at storage
installations at the consumer side [4]-[6] or idamslic
networks [7]. Most authors find the application stbrage
devices for time-shifting of locally generated ager
marginally profitable today, and expect an increes¢heir
economic attractiveness admitting that electricéyes will
increase and installation costs will decline.

Hollinger et al. [8] analyzed the impact of smdthrage

medium scaled storage systems (such as batteryd bagystems on grid demand. They found that the adtditiba

installations) can be easily deployed.

Another potential application for storage systemshe
time-shifting of locally generated electricity foater self-
consumption. Rising electricity prices, among athdue to
the redistribution of cost associated with the &libs paid to

storage system to a PV installation can reliefritiistion grids
and lead to a steadier residual load, as the mamifeed-in
power during midday as well as peak grid demandndur
evening are both reduced, if the operation algaritis



adequately optimized. Bldenbender et al. [9] repbst
storage systems can effectively level out peaks.

Steffen [10] looked at the prospects for pumpedrbyd

storage in Germany. He found that arbitrage couid
performed in the German electricity market bupitsfitability
strongly depends on the price spread between pealof
peak hours. Kondziella and Bruckner [11] analyzée t
potential impact of storage installations pursuamigitrage on
the German electricity market. They identified duetion in
the daily range between minimum and maximum load, &
general smoothing of the load curve.

Ill. DEVELOPPEDAPPROACH

To account for differing installation sizes, sevesgstem
combinations are considered. Capacities of resaent
installations are assumed to be normally distritheteound a

ean of 7 kW PV peak power and 7 kWh effective agjer
apacity with a standard deviation of 2 kW and 2hk\&nd
correlated with 0.6. Household load is set fixed.@00 kwWh
/ year. Any variance thereof is assumed to be densd in
the variability of the installed systems. For comoied
clients, typical installation capacities were assdno be 20
kW for the PV system and 20 kWh for the storageesgs
with a standard deviation of 5 kW and 5 kWh and a
correlation of 0.6. Annual demand was set at 201000.

The operation of the storage system is definedkmnfs.

The following section presents the developed amd,roaPhotovoltaic generation is first matched with lodamand. If

First, storage operations to increase self-consompof
locally generated electricity are
assumptions detailed. Thereafter, the developedoapp for
storage systems pursuing energy arbitrage is diedus

A. Soragefor sdf-consumption

Electricity demand by individual agents is chardzesl
according to standard load profiles specified by @erman
Federal Association of the Energy and Water Ingukt].
These profiles reflect the typical electric loadtt@mns for
different consumer groups. Figure 1 shows the easidl and
commercial load profiles.
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Figure 1: Standard Load Profiles for residential aammercial consumers
(for 1 MWh annual demand).
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Total electricity demand of residential consumsralimost
unchanged between different days, with a distireakpat
about 6 pm. On Sundays, there is an additional peaknd

introduced ande tH

PV generation exceeds local demand, the battechasged
p to its full capacity. Thereafter, further geriena is fed
into the grid. If generation from the PV system prdoelow
local demand, the battery is discharged until ilépleted.
Further demand is satisfied from the grid. Efficgnosses,
maximum power ratings and further technical limdas of
the storage system, such as the Depth of Disch&g®),
were not considered in this study.

According to data made available by the German feéde
Network Agency, there are more than 500.000 phdtaio
systems with up to 10 kW capacity (assumed to benfr
residential installations) currently installed ine@any.
There are also more than 400.000 installations ngaa
capacity between 10-40 kW (assumed to be from caowiaie
installations) [14]. In the forthcoming analysis.e vadmit
there will be a strong increase in PV units as wsllin the
profitability of storage equipment. We thereforsware a PV
capacity addition of 3.5 GW by residential consusnend of
7.6 GW by commercial consumers, and that all tlsgseems
are equipped with a storage system.

B. Soragefor energy arbitrage

Arbitrage describes a storage operating stratedyerev
the storage operator tries to exploit price difféieds by
taking energy from the grid and storing it, whiteeegy prices
are low. Once higher prices prevail, the storageicgeis
discharged back into the grid. As our interest by ahe
determination of the impact on total electricitymand and
not the monetary valuation, it is assumed thatgnir taken
from the grid to charge the storage device whenaehris
lowest and fed back to the grid at demand peaks.ofgider
uncertainty, the timing error of market participants
assumed to be normal distributed around the optimatging

noon time. Demand during winter exceeds summer-ddmaooint in time with a standard deviation of one hour

by more than 40%. Commercial consumption differdekyi
between the different days of the week with demduarng
Sundays almost 50% lower than during a workdaythis
case, the difference between seasons is minimal.

Local generation is assumed to be provided
photovoltaic systems, as they can be easily intedran
existing buildings and do not have any further egeisite.
Expected annual generation is 913 kWh per kW afalfesd
capacity, and it exhibits a strong seasonal vdiigalpi 3].

Maximum combined power generation of pumped storage
installations in Germany was 5 GW during the yelaP@l4
with an average maximum daily generation of 2.8 @\8].

In our further analysis, we assume the additiofudher 5

KyW / 10 GWh of capacity, modeled as 1000 storagetgl

with 5 MW / 10 MWh each. Besides the maximum power
rating, no further technical storage limitations aonsidered.



IV. RESULTS

First, we simulated the residential
consumers using storage for self-consumption atich&gd
their impact on grid demand. Then, we used storage
arbitrage operations and finally the combined inhpecboth
applications on grid demand is analyzed and discliss

A. Soragefor sdf-consumption

Figure 2 shows the electric demand, PV generatiotlze
resulting storage operation for a typical individcammercial
consumer over four days. During the morning, PVegation
beyond instantaneous demand is first used to chtrge
battery. Once the battery is full, excess genarasded into
the grid. After sunset, the battery is dischargedupply local
demand. Once the battery is depleted, energy eétltkm the
grid to match demand.

According to the assumptions mentioned in IllIl.A, we

estimated the impact of storage installations fa@if-s
consumption on a system level.
electricity demand on grid-level, the change in dadchdue to
the PV and storage installations, as well as theanging grid

electricity demand for a four day period.

As demand during the morning hours is satisfiedth®y
PV installations, no energy is taken from the gl hence
electricity demand from the grid drops. Once batemare
fully charged around midday or in the early aftemmoexcess
PV generation is fed into the network. Demand redato the
initial situation drops even further, as consunass® become
producers. During the early evening, grid demandaias
lower as consumption is satisfied by battery disghaOnly
during the night and early morning hours, oncelihttery is
depleted, grid demand remains unchanged at preigvats.

However, due to the variability of solar radiaticime

and commerci

Figure 3 displays IE
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Figure 4: Grid demand reduction for residential anchmercial consumers.

As expected, the impact of storage installationsn@e

trongest impact is observed by midday and eatgrradons
in summer time, when excess generation after fthigrging

the battery is fed into the grid. If the batteryswaore or less
fully charged during the day, demand during eaklgnéng

remains subdued and the battery is sufficient tacimshe

demand. The lowest impact occurs during the nightia the

early morning hours.

These results are also interesting when considetieg
possibility of combining storage systems with drigtPV
units. This might be financially attractive in Geany once
existing PV units fall out of the subsidized feadtariffs.
With only a PV system, excess production was imateti
fed into the grid. Having a storage system allowcirsg
energy and therefore less energy is injected ingtiee while
storage is charging. When PV is not sufficient twer the

impact on grid demand of installing a combined Pl a demand, energy has to be supplied by the storageedand

storage system varies along the vyear.

For comnterdfsnecessary by the grid. By equipping PV unitshwatstorage

consumers, there are also significant differenastwéen the device, energy injection to the grid is reducedsomshine
days of the week. Figure 4 shows the average demdmdrs, and grid demand is reduced during eveningsho

reduction for different system combinations.
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Figure 2: Exemplary electric load, photovoltaic giettion and resulting storage operation in spram@ftypical commercial consumer
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Figure3: Change in electricity demand from the grid duseti-consumption andeec-in.

ronounced on months with high PV generation. The
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Figure 5: Grid load and storage arbitrage operataver an exemplary four day period.

B. Soragefor energy arbitrage

Figure 5 displays the total electricity demand rattee
impact of storage installations for self-consummptiche
operation of the developed arbitrage algorithm ahd
resulting remaining load over an illustrative falay period
for a total installed capacity of 10 GWh / 5 GW.eT$torage
device is charged during the night, when demankber,
and thereby the total load is increased duringethesley
hours. During peak demand hours, this processvisrsed
and the storage device is discharged. The reduatigreak
demand as well as the increase of base load idyclgsible.
The effect is identical along the year.

C. Integrated impact on system level

The overall impact of the simulated storage openation
the grid demand is shown in Figure 6. From midnigfil 5
am, overall electricity demand increases in allesadue to
the charging operations of storage installationssying
arbitrage. This increase is slightly offset by desitial and
commercial consumers during spring and summer nsotith
fact, these agents previously took energy fromghe, but
are now matching their demand by discharging thaitery.
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Figure 6: Change in grid load for typical wintgering and summer days.

Residual Load

charge the battery, electricity demand from thel ghuring
the late evening hours is again unchanged.

The impact of storage installations during springd a
summer months is different due to the increasedaditity
of PV generation. Arbitrage storage systems areallysu
discharged during the late morning. Furthermorectekity
demand by residential and commercial consumersois n
supplied by local generation instead of the grdding to a
further demand reduction seen by the grid. Onceageo
systems for self-consumption are fully charged, essc
generation is injected into the grid. Demand durithg
evening hours and night is matched by the storaméce,
keeping electricity grid demand at a reduced level.

The most significant impact of the installationstbrage
systems on grid electricity load is the decreasepéak
demand (on average by 5.9%), both by arbitrageadipes as
well as by self-consumption. Whereas storage iiagi@hs
for self-consumption also slightly decrease demdndng
valley hours, charging for arbitrage operations entinan
offsets this effect, resulting in an overall demamcrease of
3.1% during valley hours. The range between mininand
maximum load therefore is also reduced, on avelggé.8
GW. The corresponding distribution of occurrenceshown
in Figure 7.
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Figure 7: Annual change in Peak- and valley load@bas resulting
reduction in daily range.

The resulting load duration curve is depicted iguFe 8.
Each of the graphs in this chart represents theshper year
that the demand exceeds a certain level. The rieduat

During winter months, grid demand remains unchang®gak-load hours is obvious. Even though not asifgignt,

untii PV generation starts to supply
commercial consumers over the late morning andrafts
hours. Storage taking advantage of arbitrage isallysu
discharged during the evening peak around 6 pmsdar
generation during the day was usually not suffictenfully

residentiald arvalley loads will

also occur less frequently. Wtleere
previously on 2127 hours grid demand exceeded 6Q @Bl/
number drops to 1301 hours considering the storage
installations admitted in this research. Loads \wefi GW
occurred previously during 721 hours. Due to theiteage
storage operations, this number decreases to 688.ho



hours / year
Figure 8: Load duration curves.

V. CONCLUSIONS ANDFUTURE WORK
In this paper we investigated the potential impatt

storage installations on grid demand by develogingodel
that considers two storage applications (self-comion and
arbitrage) and applying it to realistic load curvébe most
relevant findings of this work can be summarizedoiews:

Storage installations for self-consumption redueakp

70 N ; ; ; ; = Storage operations for self-consumption might
""-::_,__L ! ! ! influenced by further objectives such as reducing
s 60/ -7 ™ T maximum feed-in power (as for example required by
% sol_______ [ * -t'.’:j S L ] German storage subsidies) or maximum grid-demand.
2 ! ! h.:"‘:kh ! .. .. .
2 |m———- Load ! e, ; = The variation of electricity prices along the hoofsthe
4055555 Load (incl. seff-consumption) N day should be internalized in the model as sigual f
30 Load (incl. self-consumption' and arbitrage) | arbitrage operations. .Conversely, the impact ofd gri
0 2000 4000 6000 8000 demand changes on prices should also be evaluated.
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(1]
(2]

and valley-demand. While reductions in valley-dethan

are limited to the previous consumption, reductioms
peak-hours are more significant as local
generation is fed into the grid.

Arbitrage further reduces peak-demand, but

valley-demand, more than offsetting the reductioq§]

obtained from self-consumption.

Overall, the load duration curve becomes flattezsd
peak-generation is required, and base-load geoeras
well as grid-assets will be better utilized.

(6]

Impact on grid-demand by consumers with self-

consumption shows a strong seasonal componentadu
the variability of PV generation along the year.

Compared to individual PV units for self-consumptio
the injection on the grid of excess generation xtater

and demand during the evening and night remains

subdued due to the energy supply of the storagerays

Market participants pursuing arbitrage operatiores reot

only negatively impacted by further arbitrageursowh
reduce the range between valley and peak loadalbat |1

by consumers with storage installations, as thejce
the midday/evening peak demand in the grid.

Gt

(8]
9]
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