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MNpBa MefyHapozHa koHdepeHumja ETVIMA
First International Conference ETIMA

PREFACE

The Faculty of Electrical Engineering at University Goce Delcev (UGD), has organized the
International Conference Electrical Engineering, Informatics, Machinery and Automation -
Technical Sciences applied in Economy, Education and Industry-ETIMA.

ETIMA has a goal to gather the scientists, professors, experts and professionals from the field of
technical sciences in one place as a forum for exchange of ideas, to strengthen the multidisciplinary
research and cooperation and to promote the achievements of technology and its impact on every aspect
of living. We hope that this conference will continue to be a venue for presenting the latest research
results and developments on the field of technology.

Conference ETIMA was held as online conference where contributed more than sixty colleagues, from
six different countries with forty papers.

We would like to express our gratitude to all the colleagues, who contributed to the success of
ETIMA’21 by presenting the results of their current research activities and by launching the new ideas
through many fruitful discussions.

We invite you and your colleagues also to attend ETIMA Conference in the future. One should believe
that next time we will have opportunity to meet each other and exchange ideas, scientific knowledge
and useful information in direct contact, as well as to enjoy the social events together.

The Organizing Committee of the Conference
IIPE/ITOBOP

Merynapoanata konpeperuuja Enexmpomexnuxa, Texnonozuja, Hngpopmamuxa, Mawuncmeo u
Aemomamuxa-mexHuuKu HAyKu 60 ciyxycoa na ekonomuja, oopazoseanue u unoycmpuja-ETHMA e
opraHu3MpaHa oJi cTpaHa Ha ENeKTpOoTeXHUUKHUOT paKkynTeT npu YHuBep3uteToT [ome Jemues.
ETUMA wuma 3a men ma ru cobepe Ha €IHO MECTO HAYYHHUIUTE, Mpodecopute, eKCHEepTUTE H
npodeCHOHAIIINTE O] MTOJIETO Ha TEXHUYKUTE HAYKH U Ja IIpeJicTaByBa (OopyM 3a pa3MeHa Ha UJCH, a
IO 3ajKaHyBa MyJITHIUCIUIUTHHAPHOTO HCTPAXKYBamkhe U cOpadOTKa U J1a TH POMOBHPA TEXHOJIOIIKUTE
JNOCTUTHYBamba M HUBHOTO BJIMjaHHE BpP3 CEKOj aclekT of kuBeewmeTo. Ce HazeBaMe JeKa OBaa
KoH(epeHIIMja ke TPOJOJDKU Ja OMJe HACTaH Ha KOj Ke Ce Mpe3cHTHpaaT HajHOBUTE PE3YJITaTH O]
UCTpaXyBamaTa U pa3BojoT Ha IIOJIETO HAa TEXHOJIOTHjaTa.

Kondepennujata ETUMA ce onpika online u Ha Hea Jjajioa CBOj JOIMPHUHOC MOBEKE OJ1 IIEECET aBTOPH
O]l IIECT PA3IIMYHK 3eMjU CO YETUPHECET TPYIA.

Cakame 512 ja nckakeMe Hamiata OJaroJapHOCT O CHUTE KOJIETM KOHM JOIpHHEcOoa 3a YCIEXOT Ha
ETHMA’21 co npe3eHTHpame Ha pe3yaTaTH O] HUBHUTE TEKOBHU HCTPaXKyBama U CO JAHCHPAme Ha
HOBH HJIEU NPEKY MHOTY IJIOJHHU TUCKYCHH.

Be nokanyBame Bue u Bammte xonern na 3emere ydectBo Ha ETVIMA u Bo mnanna. BepyBame nmexa
CIEIHHOT MaT K& UMaMe MOXHOCT Ja C€ CpeTHeMe, Ja pa3MEHUME HUJEH, 3HACHE U KOPHUCHU

I/IH(l)OpMaIH/II/I BO IUPEKTCH KOHTAKT, HO UCTO TaKa Ja Y)KMBaM€ 3a€IHO U BO APYIITBCHUTC HACTaHU.

Opeanuzayuonen 0060p Ha KoOHepeHyujama
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COMPLEX EVALUATION MODEL OF A SMALL-SCALE
PHOTOVOLTAIC INSTALLATION PROFITABILITY

FrantiSek Janicek', Jan Ponican', Matej Sadloii*

1Slovak University of Technology in Bratislava, Faculty of Electrical Engineering and Information
Technology, Ilkovi¢ova 3, 812 19 Bratislava, Slovakia
frantisek.janicek@stuba.sk, jan.ponican@stuba.sk, matej.sadlon@stuba.sk

Abstract: Number of small-scale photovoltaic installations grows rapidly every year. A decade ago,
this was motivated solely by the attempt to reduce greenhouse gas emissions, because the investment itself
was not economically viable. Nowadays, the table is turning. Small-scale installations are becoming
profitable, if selected wisely. Therefore, the article discusses, what are the factors that need to be taken into
consideration when selecting the photovoltaic installation, what data must be collected beforehand and how
to proceed in their analysis. To sum up, the article provides an in-depth methodology for the small-scale
photovoltaic installation assessment that is aimed to be used in household's or small commercial consumer's
profitability appraisal of such an investment.

Keywords— photovoltaic systems; profitability; price; electricity consumption; electricity generation;
renewable energy sources support; energy storage; optimization; standard consumption diagram

Introduction

Renewable energy sources (RES) development is a major tool in climate change combat
within the power engineering sector. These technologies however represent a significant shift
that may be seen like a threat both in terms of grid technologies and in terms of finances. Despite
these assumptions, the photovoltaic (PV) market is growing rapidly. This is naturally connected
with obligations of states under the international law to decrease their carbon footprint. Some
countries focus on large-scale projects in sunny locations. [1] These are not suitable for each
geographical region. This might be seen in the European trend of small-scale household
installations. They have several advantages. Firstly, they usually do not occupy land and could
easily be installed on the rooftop. Secondly, they are financed by private entities and do not
require a complicated state administration. Although, support schemes might still be relevant in
terms of profitability in some regions or for some consumer categories. Thirdly, they constitute
a much less significant threat for the electricity grid since they are spread all over the grid and
thus their generation output is usually different and distributed to various node areas. And
finally, if optimized properly, a majority of the generated electricity could be consumed in a real
time or stored in an energy storage device. Thus, the amount of transported electricity would be
minimalized. However, battery systems are still very expensive and unprofitable. Therefore, the
real-time consumption supported by some support schemes such as net metering constitutes a
way forward in many European countries. [2]

Household customers usually do not know what factors to take into consideration when
selecting the PV installation. Nevertheless, the market is quite competitive and there are many
PV suppliers, installers and many companies operating on various markets connected with both
electrical appliances and energy services that offer turnkey projects. PV design optimization is
a complicated process and large-scale project designers usually use various expensive softwares.
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On the other hand, household customers deciding upon the PV installation usually follow the
recommendations of the supplier. However, these do not necessarily have to be relevant. There
are many factors that should be considered, and an in-depth analysis should always be performed
before an installation purchase. Choosing a suitable PV installation is crucial for the profitability
of an investment. Too expensive installation with an overly set installed capacity would cause
the investment not to return at all, because the majority of electricity would not be utilized and
would only be sent to the grid as a surplus. An installation with an insufficient installed capacity
would not be profitable either, because the installation costs and the equipment costs would not
be proportional to the energy savings related to low installed capacity. As the findings show,
the starting point of each PV optimization should be the electricity consumption, i.e. both its
curve and its volume should be considered. It is important to understand that households'
consumption peaks are usually located before and after the working hours, whereas the PV
generation peak is located during the working hours. On the other hand, in case of the small
commercial consumers it is vice versa. This has a significant impact on the amount of surplus
electricity that cannot be consumed in a real time and thus creates a need for a battery storage,
what makes the installation far more expensive. The conclusion is that the consumption data
allows for the PV installation optimization that leads towards the profitability maximization.

Due to the above mentioned, the aim of the article is to identify a small-scale PV installation
profitability assessment methodology that would be clearly answering the question, what PV
installation is the most profitable for a specific electricity consumer. However, the article only
discusses Slovak market conditions and focuses mostly on the household customer categories.
Nevertheless, the proposed methodology may be used for other small-scale customer categories,
too.
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Methodology

Categorizing the final consumer

First of all, a detailed consumption data is needed. As it was already stated above, the PV
generated electricity is utilized in the most profitable way only when consumed immediately
without any energy storage solutions. Thus, it is important to adjust the PV installation
according to the consumption volume and its curve.

There are two options in defining the consumption of a specific electricity consumer. First
and much more accurate approach is to collect a real data. The easiest would be to collect these
from a smart meter or its online database. Another option might be to use the data collected by
the consumer himself. However, this data might not be that accurate. Second option, used if the
real data is unavailable, is to use the standard consumption diagram (SCD) provided by the local
distribution system operator. These usually divide the small-scale final consumers into several
categories according to their load profiles. Basic categories usually distinguish residential and
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commercial customers. This also applies to SCDs used by Zapadoslovenska distribucna a.s.
(ZSD). Seven consumer categories are defined by ZSD. Three of these are specified for
households, three for commercial customers and one for public lighting. [4] The load profile is
then combined with the annual consumption volume in order to calculate a consumption
diagram of the particular final consumer. This procedure results in a complex consumption data
covering all hourly, daily and monthly details. These constitute a solid platform for the
optimization.

Defining the PV technology

Secondly, the PV technology should be defined. Each PV panel type has different results
under different conditions. Therefore, it would not be correct to select one of the existing PV
technologies and to use it solely. Hence, the calculations are based only on an installed capacity,
an efficiency and a surface area of the considered panel. The respective details can be found in
datasheets and are used in further process in order to calculate exact amounts of electricity
generated by the PV installation. This method allows for a simple and quick technology
comparison. Nevertheless, polycrystalline panels are globally used the most. The reason is
economical. They are the cheapest to produce and majority of PV producers focus only on this
technology. However, it is important to state that their efficiency is slightly lower. [5]

When assessing the profitability, the installation investment (Pi) is a cornerstone. This price
is however made up of two items. A panel price (P1P) defines the market price of one selected
PV panel. An equipment price (Pe) defines the costs of a wiring, switchgear, inverter,
installation work and connected fastening material. All this information can be found in a
pricelist of a selected PV panel producer or installer. Market survey showed that the ratio among
these two installation price components has usually an exponentially decreasing trend. Higher
the panel number, lower the equipment price specified for an installed capacity unit, i.e.
consumers installing a bigger PV installation have more favorable equipment price.

To sum up, installed capacity, surface area, efficiency, and complex price details of the
specified panel must be gathered in order to proceed into the next stage of the analysis.

Collecting the radiation data

Another factor that needs to be considered is the amount of radiation (G). Naturally, radiation
depends on the locality of installation and is affected by weather, shading obstacles, panel
orientation etc. All these aspects need to be considered when calculating the PV production. To
sum up, it is difficult to predict the radiation amounts. Therefore, various predicting softwares
are used. Their calculations are usually based on historical data collected in a specific locality.
It might be anticipated that their predictions may not be fully accurate. With a more accurate
data more accurate results would be achieved. Majority of the respective softwares are provided
only commercially. However, a sufficiently accurate data can be gathered from PVGIS software
provided by the European Commission for free. [6] In addition to that, the respective software
provides both hourly and monthly average radiation data inevitable for the complex PV
production calculation.

Defining the PV installation

With the aforementioned consumption, solar radiation and PV panel data an optimization of
the installation can be performed. Thus, the aim of this stage is to define the most profitable PV
installation for a specified electricity consumer. This is achieved by consumption and production
simulations performed in order to assess the profitability of a PV investment.

The first step is to identify the hourly production values of a selected panel within an average
day of each month (Ezp). Primary input of this calculation is the hourly radiation amounts of an
average day within the month. Other inputs are related to the selected PV panel, i.e. the surface
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area (S), performance factor (pr) and efficiency (n). The performance factor represents losses
related to an inverter efficiency, dust, snow, wiring and switchboard losses, shading, panel
orientation etc. The number usually fluctuates around 0,8 and can be set precisely if needed.
The temperature coefficient (ct) represents monthly adjustments of the calculation related to the
temperature disturbances of the PV production. The installed capacity of the PV panel may only
be achieved under standard test conditions (STC). Usual datasheet STC temperature is defined
to be 25° C. Each deviation influences the PV production. Therefore, it is important to cover a
performance increase or decrease related to the temperature. [7]

Eip=G*S*pp*cexnxt (1)
_ Prc
M= S5e6re (2)

The above stated formulas had to be adjusted, because these results are required to be
collected not only for each single hour of the average day in the month, but for each single
relevant installed PV capacity that can be considered, i.e. a cumulative hourly production value
of the whole PV installation (Epv) needs to be defined for various installed capacities. Thus, an
equation (3) was introduced. The number (n) represents the installed capacity of the PV
installation. Here it is important to understand that the installed capacity is adjusted by simply
increasing or decreasing the amount of PV panels in the installation. A small-scale installation
is according to Slovak law an installation with an installed capacity of up to 10 kW. [8] If
standard polycrystalline panels with a 270 Wp installed capacity are considered, their number
should not exceed 37. Therefore, the simulation data should cover a PV production of 1 to 37
panels. However, if other panels are considered, the number of panels should be altered
accordingly.

Epy =nx*Ep 3)

Next step is to define hourly surplus electricity (AE) values. These again need to be calculated
for each single hour of an average day of the month and for each single relevant installed PV
capacity. The surplus electricity represents the amount of electricity that cannot be consumed
by the consumer in a real time and thus needs to be sent to the grid or to be stored in an energy
storage device or to be utilized in other way that is always more expensive for the consumer
than the real time consumption. In order to define the respective data, hourly consumption
values (Ec) of an average day in a month are needed. With these details, the amount of surplus
electricity generated in a PV installation can be identified for each single hour of 12 average
days representing the average conditions of the respective month. The comparison needs to be
at least this complex, because both the consumption and the PV production are significantly
different throughout the year. The most accurate method would be to calculate these numbers
for each single hour of the year based on real consumption data from previous years and on
exact solar radiation predictions defined for a concrete upcoming year and its weather
conditions. Consumption is largely dependent on household's habits, heating and cooling needs
that usually remain very similar throughout the years. The PV generation is mostly affected by
the radiation amounts and the weather character. These are predictable with only a certain
amount of accuracy. Thus, a prosumer energy optimization always requires an in-depth analysis.

AE == EPV - EC (4)

o=



Result of the calculations is a specific number of charts with 12 average days, each with 24
values representing the hourly consumption, production and surplus data. The number of charts
depends on the number of considered PV panels. Such complex data allows for daily, monthly
and yearly sums of PV production, consumption and surplus and thus constitute a solid platform
for comparison of PV installation options.

However, defining the installation's scale is just a part of the optimization process. Potential
prosumer has several choices when deciding upon the installation. Three major ones can be
distinguished under conditions of the Slovak market. Firstly, opting for a cheapest option,
installing solely a PV installation and thus relying only on a real-time consumption of the PV
generated electricity. Secondly, increasing the investment and spending extra money on energy
storage in order to utilize a higher portion of generated electricity. Commonly used are battery
systems usually sold in a bundle with the PV installation. And thirdly, subscribing to a novel
service on Slovak market offered by Zapadoslovenska energetika, a.s. (ZSE), a virtual battery.
Respective service provides a theoretical storage of PV generated electricity that cannot be
utilized in a real time. It is basically a net metering allowing prosumers to virtually use the
surplus electricity generated by their PV installation in periods when their PV generation is
insufficient. This is in fact done only through invoicing, i.e. no physical energy storage is
included.

Major tool used for analyzing the profitability is a profitability index. It compares the
investment costs with the future earnings arising from the investment and thus mathematically
expresses the investment suitability. [9] Higher the profitability index, higher the ratio of future
cash flows in comparison to its costs. For the purposes this article, the investment represents all
the PV installation costs and the future earnings represent the electricity savings related to the
PV installation. However, these are significantly different for the above mentioned three
scenarios and thus the next step has to be divided into three options.

Real-time consumption scenario

The optimization is crucial especially in case of an installation without a physical or virtual
energy storage, because the lack of flexibility in the utilization of the PV generated electricity
constitutes a significant barrier in the use of the PV installation. As it was stated above, the
installation investment (P;) can be divided into two elements, the panel price (Pir) and the
equipment price (Pe). However, this does not concern a case when only bundles provided by a
supplier or installer are considered. Then, the division would be irrelevant and only the provided
bundle installations and their costs would be considered. Due to the fact that the aim of the
methodology is the profitability index comparison of potential PV installations, the installation
price has to be defined for each of the potential installed capacities (n).

Pi=nx(Pp+F) (5)

Renewable energy sources (RES) are often subject to a state support. This concerns PV
installations, too. Thus, in case of an investment contribution eligibility, it is important to include
this fact in the calculations. This can be done by simple deducting the contribution from the
installation price. However, it is important to keep in mind that the contribution may change
according to the installation details, usually according to the installed capacity and thus may be
different for various considered PV installations.

Next step is to identify the annual savings (Ps), i.e. the financial value of electricity savings.
For this purpose, the hourly PV generation data and hourly surplus electricity data connected to
each considered scale of the PV installation are used. These numbers are needed to identify the
real time consumption within each hour. These amounts are subsequently summed and
multiplied by the electricity price (Pikwn) set by a tariff relevant for the particular customer. All
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the electricity generated in times when the production is higher than the consumption constitutes
a surplus that does not provide any electricity savings for the prosumer and is only donated to
the electricity supplier, in other words absolutely worthless for the prosumer. Therefore, the
optimization needs to ensure its minimizing.

P, = (Epy — AE) * Pywn (6)

The last step is to define the profitability index (PI) for each single assessed installed capacity
of the PV installation. These are then compared and the highest is selected as the optimal
installation for the real-time consumption scenario.

PI = i—* 100% (7)

4

Accumulation scenario

The most frequently used energy storage technology connected with the small-scale PV
power plants is the Lithium-ion (Li-lon) battery storage. Method used in assessing the
accumulation possibilities is very similar to the first scenario. However, several adjustments
needed to be done. The profitability analysis is slightly more complicated, because it does not
only compare various PV installed capacities, but it also compares various battery capacities.
In spite of the fact that the Li-lon batteries are usually sold as preset products and thus cannot
be sized to specific capacities, the methodology is aimed towards selecting the most profitable
battery capacity irrespective of the offered products. However, assessing the standardized
capacities only is an option, too.

When defining the installation investment (P;) the accumulation price needs to be considered,
too. A price of 1 kWh battery storage (P1g) can be defined after an up to date market analysis.
With this value, battery system investments related to each considered capacity can be identified
by multiplying the respective 1 kWh price with a specific number of kwWh (x), i.e. considered
capacity. Naturally, this constitutes an accuracy deviation, because higher battery capacities are
usually connected with discounts, i.e. the price / capacity ratio is not entirely linear. However,
this method can be easily adjusted for standardized offered products and thus to ensure more
accurate results. Moreover, the described method can be used for other energy storage
technologies, too.

P;=nx*(Pp+PF)+ (Pp*x) (3)

Major difference in comparison with the real-time consumption scenario is related to the
energy savings calculation. The difference is that the electricity that cannot be consumed in a
real time has to be divided into two categories, the electricity that can be stored in the battery
(AEB) and the electricity that cannot be utilized (AED), because there is not a sufficient battery
capacity in a relevant time, i.e. the electricity donated to the supplier. Their definitions are pretty
straight. The surplus electricity, or in other words the electricity that cannot be consumed in a
real time, represents the electricity that can be utilized up to a point when the battery capacity is
reached. All the subsequently generated electricity that cannot be consumed in a real time is
donated to the supplier without any remuneration. Both values can be defined from the hourly
consumption, PV production and battery capacity data. This difference results in an adjustment
to the annual savings (Ps) formula that needs to include the PV generated electricity stored in a
battery.
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P, = (Epy — AE + AEg) * Pigwn )

After both the installation investments and the annual savings are defined for each considered
number of PV panels and for each considered battery capacity option, the profitability indexes
for individual combinations can be identified and the highest can be selected using the same
technique as in the previous scenario.

Virtual battery scenario

A precondition of the virtual battery service is a smart meter capable of measuring both the
amount of electricity purchased from the electricity supplier and the amount of electricity send
back to the grid in times when the PV generated electricity is not needed. This allows ZSE to
motivate potential prosumers to opt for one of their PV installations by offering a service
consisting of a virtual storage of the surplus electricity. The idea is to allow customers to utilize
the surplus electricity sent to the grid later when the PV installation does not provide enough
energy. This is however performed only financially via an annual electricity invoice. Price
representing the annual amount of the virtually stored surplus electricity is deducted in the
settlement invoice from the costs of the consumed grid electricity. This means that the service
subscription is not reflected in the monthly bill and the customer is monthly charged in the same
manner as any other customer without the respective service. On the other hand, the deduction
does not include the whole electricity price, but only one of its components, the electricity
supply. This represents approximately only 30 to 40 % of the electricity price, depending on
customer’s tariff. In addition to that, the service in question is a subject to a monthly fee of 2 €.
All these characteristics have to be included in the methodology.

Firstly, the installation investment (P;) has to be identified for each considered PV installed
capacity. This is done in the same manner as in the real-time consumption scenario.

Secondly, the annual savings (Ps) definition has to be distinguished into two variants. First
for a case when the electricity sent to the grid is fully utilized in the virtual battery service, as
described in equation (10). Second in case this is not possible. Here, the surplus electricity has
to be divided into two categories, the electricity that can be virtually stored (AEvg) and the
electricity that cannot be virtually stored and has to be donated to supplier (AEp). The reason is
that the amount of PV generated electricity sent to the grid can only be deducted from the annual
electricity price up to the amount of consumed grid electricity. Thus, if the amount of electricity
sent to the grid is higher than the amount of grid electricity consumed, only a part of the surplus
electricity sent to the grid can be utilized in the virtual battery service. The amount of virtually
stored electricity under the second variant can be defined as a portion of consumed electricity
that does not include the real-time consumption of PV generated electricity. The rest of the
surplus electricity represents the amount that is only donated to the supplier and thus does not
stand for any electricity savings. This is expressed in formulas (11) and (12).

EVB = AE (10)
Eyg :EC_(EPV_AE) (1T)
Ep = Epy — E¢ (12)

The next step is to sum the hourly electricity amounts of the real-time consumption, of the
virtual storage and of the donated surplus in order to calculate their annual values. This data is
subsequently used for the annual savings identification. In this process, electricity price per KWh
(Pwwn) has to be known together with its component representing the electricity supply price
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(Psc-1kwn). Moreover, the flat rate subscription fee of 24 € per year (Pr) has to be deducted from
the savings.

P, = [(Epy — AE) * Pygyn] + [Evg * Psc—1ikwn] — Pr (13)

Finally, the last step is to calculate the profitability index for each considered PV panel
capacity using the same formula as in both previous scenarios in order to identify the most
profitable installation.

Conclusion

The aforementioned methodology results in three profitability indexes. Each of them
represents a specific option for the potential prosumer. Profitability index is a universal financial
characteristic that is widely used to compare investments. Thus, it can be used to identify, which
of these options is the most profitable.

PV optimization service is globally offered by dozens of companies that have either
developed their own software or use a licensed version of another provider. The main advantage
of the discussed approach is the fact that it is tailor-made for the purposes of the current Slovak
market and that it can be easily adjusted according to existing conditions, in other words
extended to include novel services, price fluctuations, PV or accumulation technologies etc. In
addition to that, the defined process is a methodology and thus can be included in a software
that could after providing customer's data, answer the question, which PV installation is optimal.

On the other hand, a significant drawback represents the fact that it is fully dependent on the
consumption and production data. These are rarely fully accurate. However, novel weather and
solar radiation prediction softwares are being developed every year. Therefore, it might be
assumed that the amount of error will only decrease in the future. With more accurate data a
more accurate optimization may be performed with the respective methodology.

To sum up, a complex assessment model was developed in order to quickly and easily define
an optimal small-scale PV installation for a potential prosumer under conditions of the Slovak
market.
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