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ASSESSING THE IMPACT OF FUEL CYCLE BACK END OPTIONS ON THE
LEVELIZED UNIT ELECTRICITY COST OF THE PRODUCED ELECTRICITY
BASED ON THE NUCLEAR FUEL CYCLE IN ARMENIA

An attempt has been made to assess the costs needed for the long-term treatment of the
spent nuclear fuel and its impact on the levelized unit electricity cost generated by nuclear units
in the case of RA nuclear power development up to 2100. The following cases have been
observed wherein the spent nuclear fuel is stored in dry cooling storages on the station platform
for 50 years, and afterwards, transferred to a geological disposal or to another country for
recycling and final disposal.

Keywords: spent nuclear fuel, nuclear fuel cycle, levelized unit electricity cost, uranium
resources, uranium conversion services, geological disposed spent nuclear fuel, reprocessing
the spent nuclear fuel.

Introduction. The spent nuclear fuel management is an important part of the
nuclear fuel cycle (NFC) development. Nowadays, different options for treatment of
the spent nuclear fuel (SNF) are offered. An important factor for selecting a strategy
for final SNF management is the economic evaluation that allows a comparative
analysis of different scenarios of NFC and/or reveals the influence of the different
components of the NFC on the entire fuel cycle cost.

Finding a solution for SNF may determine the direction of implementation of
the national strategy for the further development of nuclear power generation. Due to
the amounts of the accumulated SNF and the lack of generally accepted solutions for
its optimal final management, long-term assessment is necessary to determine the
impact on the cost of electricity produced by NPPs in various NFC scenarios.

Common approaches for assessing the impact of the final stage of nuclear fuel
cycle on the Levelized Unit Electricity Cost (LUEC) of electricity when considering
"idealized model" are presented in the OECD report [1]. It is shown that the
assessment of the final stage impact of the NFC requires to determine the value of the
entire fuel cycle, including the construction costs of nuclear power plants, nuclear fuel
procurement, maintenance, storage and disposal of the spent nuclear fuel. For
sensitivity analysis the study considers the options for removal of SNF from the NPP
site to another country for reprocessing and final disposal with different transportation
types (truck, railway, air transport).
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Objectives of the study. The following objectives have been formulated:

e development of a model for NFC options, including;

o the SNF storage at the NPP site;

o the SNF storage at the NPP site and transfer of the SNF from the NPP site to
geological disposal;

e the SNF storage at the NPP site and export of the SNF from Armenia with
by transportation types (truck, railway, and air transport) for reprocessing and final
disposal in another country;

e assessment of the impact of the SNF management cost on the cost of
electricity produced by the NPP;

o development of potential recommendations on optimizing the cost of the
spent nuclear fuel management, and for sustainable development of nuclear generation
in Armenia.

The main goal is to analyse the impact of the NFC options on the LUEC of
electricity produced by the NPP in Armenia.

A brief description of armenian energy system

Energy Resources. Hydro resources are the main domestic energy carrier. Their
theoretical potential is valued at 21.8 billion kWh, with the technically available
potential of 7...8 billion kWh and the economically sound hydro potential — of about
3.6 billion kwh. 1.5 billion kWh of that potential is already applicable, and the
implementation of the remaining part is expected during the next 15 years.

Another source of energy in Armenia is wind power. The theoretical potential is
assessed to be 1,07 billion kWh, the technically available potential in case of 10% of
power ratio is about 0,11 billion kWh. The implementation of the wind energy
potential is expected to be realized during the following 15...20 years.

The potential of solar energy is great. The utilization of that kind of energy,
especially with the purpose of thermal energy generation can significantly decrease
the need for imported energy carriers. The average annual inflow of solar energy per
square unit of horizontal surface is 1 720 kWh/m? and one fourth of the republic’s
territory is exposed to 1 850 kwWh/m? intensity of solar energy annually.

The utilization of biomass in Armenia, as a source of energy is not widely
spread yet.

The utilization of geothermal resources in Armenia is rather perspective. In case
of the positive results of ongoing investigation and potential assessment of geothermal
resources as renewable energy resource, it can become attractive either for private
investors or for international financial organizations.

The process of investigation of oil and gas availability lasting from 1947 till
nowadays, hasn’t revealed any oil or gas mines on the territory of Armenia.
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Geological investigations show that there is a certain quantity of fossil fuel on
the territory of Armenia, which has no industrial importance for the whole energy
sector because its caloricity is rather low, and it can be used for limited demand.

Energy saving is referred to as the own energy reserve. According to the
approximate assessment, the application of its full potential can save 20% of the
energy consumed. According to the Law on Energy Saving and Renewable Energy, as
well as to the programs of its development and implementation, the application of
energy saving is of great importance for the country.

Power Sector: The summary of available capacities of power plants in the
Armenian Power System is presented in Table 1.

Table 1

Available capacities of the power plants in Armenia

POWER PLANTS MW
Armenian NPP 407.5
Hrazdan TPP 1110
Hrazdan 5 (gas and steam turbines unit), 440
Yerevan TPP 550
Yerevan CCGT 242
Sevan-Hrazdan Cascade of HPPs 562
Vorotan cascade of HPPs 404
Small HPPs (<30 MW) 282
Wind Power Plant 2.6

Armenian demand forecast for 21st century and power technologies considered
for investigation. Historically, the average annual growth rate of electricity
consumption in Armenia during the last 10 years (2003-2013) was recorded at the
level of 3.72%/year. This rate has been accepted as a base rate for

the projection years but with de-escalation rate of "minus” 0.05% per annum.
Based on this assumption, the calculated average annual demand growth rate for the
whole planning period (up to 2100) is equal to 1.54% per year.

Today, Armenia has signed a long-term swap agreement with Iran according to
which Armenia should export electricity to Iran at the level of 6 900 million kWh per
year instead of the imported natural gas from Iran till 2027. It is assumed that this
agreement will be prolonged up to the end of the simulation period. So after 2027, the
export to Iran will be kept at the level of the last contractual year. In the same time, it
is assumed that the import of electricity from Georgia will be constant - at the level of
2013.

The results of calculations made according to the above assumptions are
summarized in Fig. 1.

To ensure all the needs of domestic consumption, as well as to secure
obligations of electricity export during this century, around 3340 MW of additional
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capacities will be required. Three types of generation capacities are foreseen for
Armenia, namely thermal (natural gas-fired) plants, renewables and nuclear technologies.

As mentioned above, Armenia has very limited domestic sources for electricity
generation which are only renewables. According to the Power system development
national strategy, all of national economically feasible renewable energy sources
(RES) should be utilized in Armenia till 2035. Table 2 provides the list of proven RES
and their implementation time-frame. It is assumed that such a structure will be kept
up to the end of the whole planning period (the end of 21 century). As it can be seen
from table 2 only 714 MW of new renewable energy sources from the requested 3340
MW additional capacities are available in the country.

Table 2
List of new renewable energy sources
Technology Installed Annual generation Implementation year
capacity, MW potential, min.
kWh/year

Solar PV 40 98 Up to 2020

30 32 Up to 2035
Small HPPs 148 71 Up to 2021
Wind Farms 200 480 Up to 2027
Shnokh HPP 70 270 2021
Loriberd HPP 66 212 2021
Meghri HPP 130 720 2032
Geothermal PP 30 194 2021

Total 714 1960

Finally, to cover the growing electricity demand and to provide the contractual
obligations with Iran, only the implementation of nuclear technologies can be
proposed.

So, based on the above-mentioned issues, the structure of electricity generation
by different types of power plants for a whole planning period will have a form as
shown in Fig. 2.

It is assumed that the VVVER-1000 unit will replace the existing Armenian NPP
in 2026, and after decommissioning of this unit in 2086, will be put into operation a
new VVER-1000 unit. Starting from 2035 six reactors of VBER-300 will come into
operation for each decade. The last (sixth) VBER-300 will be introduced into the
power system in 2095. The structure of the installed nuclear capacity until 2100 is
given in Fig. 3. The total installed nuclear capacity in 2080 will increase to 3,625 MW
(2,000 MW - 2xVVER-1000 and 1625 MW -5xVBER-325).
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Fig. 3. The structure of Installed Capacities
of Reactors

Fuel Cycle and Waste Management. Armenia has no nuclear fuel cycle industry
and uses an open nuclear fuel cycle scheme. The ANPP is operating with a three-year
fuel cycle. The spent nuclear fuel, before its transfer to the dry storage, is kept in wet
nuclear fuel storage — cooling pools in the reactor building.

In 2000, the construction of the first stage of the spent fuel dry storage was
completed. The construction was commissioned by the French firm Framatom. The
spent fuel dry storage facility has been put into operation and all the transfers of the
spent fuel is performed according to the requirements of the license given by the
Armenian Nuclear Regulatory Authority. Now, all the volume of the first stage of
storage is filled with the spent fuel.

In 2005, an agreement was signed with the French company TN International
for construction of the additional three stages of the dry storage facility. The financing
was allocated from the State budget of RA. The second stage was completed and put
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into operation in spring 2008, and the first part of the spent nuclear fuel has been
transferred into dry storage. The third stage of the spent fuel dry storage construction
started in 2015.

The final spent fuel and high-level radioactive waste treatment and disposal
concept will be developed and included in the ANPP Decommissioning Program.

Nuclear fuel cycle options. Open fuel cycle — the light water VVVER-440 reactor
will operate till 2026 and in 2026 — the VVER-1100 will be put into operation.
Enrichment of VVER-440 fuel is 3.82%. It is assumed that Unit Capability Factor
(UCF) is 72%. The new VVER-1000 unit will be put into operation in 2026 and it is
expected that UCF will be 85%.

The LUEC of nuclear generation is determined in the scenarios depending on
the final stage in the NFC option. The model structure for the NFC option is presented
in Fig. 4.

The option with the Construction of SFDS at the NPP site and after 50 years of
the SNF storage, transfer of the SNF to geological disposal or for reprocessing and
disposal export of the SNF from the NPP site to another country by different types
transportation is presented in Fig. 5. Approximately 2376 tons of SNF will be produced up
to 2100. In total, there will be 1592tons of SNF in SFDS collected from all the reactors,
considering the export of SNF. The rates of the spent fuel export from dry storage are
taken at the level of annual loads for both VVER-440, and VVER-300 reactors and the
rates of export for small reactors equal to the SNF supply rate. The SNF export is shown
in Fig. 6. Only 784 tons of the SNF will be exported by 2100. The volume of exported the
SNF from VVER-1000 will be 403 tonnes for the period up to 2100.

Variable parameters and the variation range of those parameters are shown in
Table 3.

Table 3

The parameter value and the range of variation

Parameter Value

Transportation types:

by truck | 100...125 USD/kgHM
by railway | 40...60 USD/kgHM
by air transport | 400...700 USD/kgHM

Cost of the SFDS construction [4-7] 120...170 USD/kgHM
Cost of the geological disposal of SNF [4-7] 500...650 USD/kgHM
Cost of the processing without the return of processing 1500...2500 USD/kgHM
waste [8]

INITIAL DATA

The initial stage of NFC. Uranium resources are considered to be unlimited
during the modelling period. The cost of natural uranium is considered at 110 USD/kg.
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Historically, the cost of conversion services varied between 8...5 usd/kghm [2].
This value is assumed to be 7.5 USD/kgHM in the model. The uranium conversion
stage is considered as a service. the process of uranium enrichment is considered as a
service with a cost of 160 USD/SWU purchased on the world market [2]. It is assumed
that the global market for uranium enrichment services is not limited. Tails assay is
0.25%. Fabrication of fresh fuel for light water reactors is considered as service
purchased at the price of 300 USD/kgHM. The average world prices of fuel fabrication
for pressurized water reactors were 250 USD /kgHM in 2008 [3]. for the VVER-440
unit real economic data from tariff were used.

Light Water Reactors. Three types of light water reactors are considered in the
scenarios: VVER-440, VVER-1000 (Project B-392), and VBER-300. It is planned to
commission only two VVER-1000 reactors — the first in 2026 and the second in 2086.
A series of small reactors (VBER-300) are expected to be implemented up to the end
of the century. The technical and economic data of the considered reactors are present-ed
in Table 4 [9].

Table 4
Technical and economic parameters of the reactors used in the model
Parameter VVER-440 VVER-1000 VBER-300
Heat capacity, MW 1375 3000 912
Electric capacity, MW 375 1060 325
Efficiency, % 32 35
UCF, % 72 85 85
Fuel enrichment,% 3.82 4.28/4.7 5%
Average burn-up for fuel 42.66 48/60 60
assemblies, GW-day/t
The first load, tHM 40.2048° 68.4437/72.844% 22.2144
Annual reload, tHM 8.9856° 20.155/16.0882 4.44
Overnight cost USD/kW - 5000 5500
Fixed costs, USD/kW 50 50 50
Variable costs, USD/MWh 1 1 1
Operation lifetime, years 134 60 60
Construction period, years - 6 5
Fuel fabrication, USD/kg 300 300 300
Construction of SFDS, USD/kg 150 150 150
The cost of disposal of spent 600 600 600
nuclear fuel, USD/kg

(1) The first load: Old Fuel - 163 pcs. x 494 kg x 0.85 = 68 443.7 kg; New Fuel - 163 pcs. x 545 kg x
0.85 = 72 844.0 kg, (2) Annual reload: Old Fuel - 36 pcs. x 545 kg x 0.85 = 16 088 kg; New Fuel - 48
pes. x 494 kg x 0.85 =20 155kg, (3)The first load: 115.2 kg x 349 pcs = 40 204.8 kg, Annual reload:
115,2 x 78 pcs=8985.6 kg; (4) From the starting year (2013) to the decommissioning year (2026) of
the modelling.
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Different nuclear fuels have been modelled in this study. Their parameters are

presented in Table 5 [9].

The following schedule of implementation of new nuclear units (Table 6) is
proposed based on the requirement to cover the forecast demand.

Table 5
The value of the nuclear fuel parameters used in the model
Item VVER-440 | VVER-1000 | VBER-300
Average enrichment,% 3.82% 4.7% 5%
Burn-up, MW-d/kg 42.66 60.0 60.0
Weight of UO2 in fuel assemblies, kg 115.2 545 N/A
Number ofassemblies in the reactor, pieces 349 163 N/A
Fuel assemblies annual load, pieces 78 36 N/A
Table 6

The schedule of commissioning new nuclear capacities

Reactor Year of commissioning
2026, 2086

2035, 2045, 2055, 2065, 2075, 2095

VVER-1000
VBER-300

In this assessment, the discount rate is taken at 10% for all the considered
scenarios.

Management of the spent nuclear fuel current status

The spent Nuclear Fuel Dry Storage. It is assumed that the storage will be
exploited for the whole volume of the SNF from VVER-440 and VVER-1000. The
SFDS construction cost is considered to be at the level of 150 USD/kgHM.

It is planned that the removal of the SNF of VVER-440 from SFDS will start in
50 years from the date of its loading and before placing the fuel in SFDS is kept for 5
years.

After unloading the spent fuel with enrichment of 4.7% from VVER-1000 it is
cooled for 12 years. For the nuclear fuel enriched by 4.28% the cooling time is
considered as 5 years. From the cooling pool, the fuel goes to the SFDS to be stored
for 50 years.

In the model, enrichment of fuel for VBER-300 is taken equal to 5%; the
reactor’s SNF is stored in the cooling pool for 12 years, and from the cooling pool it
goes to SFDS to be stored for 50 years.

Geological Disposal. The cost of direct geological disposal the spent fuel is
given in references [4 - 7]. For modeling the NFC, the geological disposal of SNF for
the basic case is considered as a service, with an approximate cost of 600 USD/kgHM.

Transportation of SNF. The following three cases of SNF transportation are
considered:

126



v" by railway - 50 USD/kgHM;

v’ by truck — 112.55 USD/kgHM;

v’ by air transport — 500 USD/kgHM.

SNF export for reprocessing. There is another scenario when considering the
possibility of SNF export for reprocessing and disposal without its return to Armenia
[8]. Cost of reprocessing and disposal for 1 kg of HM is 2000 USD/kgHM.

The simulation time interval. In this study, the starting year of simulation period
is 2013, and the ending year is the year of unloading of the last spent nuclear fuel
assemblies from SFDS. Due to this, the model does not take into account the
investments made before 2013.

1.800 700
BVBER-300 BVBER-300
1,600 OWWER-1000 BWWER-1000
OWWER-440 OWWER-440
1,400

600

2015 2025 2035 2045 2055 2065 2075 2085 2095 2015 2025 2035 2045 2055 2065 2075 2085 2095

Fig. 5. SNF in Storages Considering Fig. 6. Export of SNF (Total)
Export (Total)

The amounts of SNF exports for VVER-440 and VVER-1000 are limited by the
amount of annual loads for the respective reactors. The export of the SNF from
VBER-300 is determined by the volume of SNF unloaded from all the reactors in a
given year.

LUEC for the option with the construction of SFDS at the NPP site and after 50
years, the SNF for reprocessing and disposal from the NPP site export to another
country by air transport or from the NPP site export to geological disposal are
presented in Table 7.

LUEC for the option with the construction of SFDS at the NPP site and after 50
years, the SNF for reprocessing and disposal from the NPP site export to another
country by different types of transportation are presented in Table 8.
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The structure of the levelized unit electricity cost (USD/MWh)

Table 7

Cost Components Transfer SNF to Reprocessing and disposal export (by
geological disposal air transport) of SNF from the NPP
site to another country
Investment component 38.78 38.78
costs
Fixed costs 8.97 8.97
Variable costs 0.83 0.83
Uranium price 3.00 3.00
Conversion costs 0.20 0.20
Enrichment costs 3.21 3.21
Fabrication costs 1.60 1.60
SNF management costs 0.21 0.21
Transfer costs - 0.03
Cost of the processing - 0.11
without the return of
processing waste
Cost of the geological 0.03 -
disposal
LUEC 56.86 56.96
Table 8
The levelized unit electricity cost in different scenarios, USD/MWh
Export of SNF from the NPP 56.94-SNF export by | 56.94 — SNF 56.96 — SNF
site to another country) railway transport export by export by air
truck transport

CONCLUSIONS

The low sensitivity of the present value of electricity to the modification of the

scenarios’ conditions is related to the following factors:

¢ small contribution of the final stage of NFC in the overall structure of the

present value;

o small exported amounts of SNF in the period under review;

model.

an extended period of the SNF removal (until 2150);
putting off the later export or disposal;
lack of consideration of SFDS operational costs and geological storage in the

In the structure of the present value of electricity, the share corresponding to the
final stage of the NFC, is a small part (4%). Changes in the price of the SNF
management have an insignificant effect changes in the present value of electricity.
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The option with the construction of SFDS at the base conditions is an
acceptable solution to the management of the SNF. However, given the need of SNF
management after the project period of the storage in the SFDS, the export of the SNF
may be more attractive after its discharge from the cooling pool.
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UPLNhYUSHL YULELPLb SFULP dELQLUUUL ®@NhLP SUCAELUULECE
UrSUNM4UO ELEUSMUYUL ELEehUSE REMYUD PLRLULNFEBRP 4 U
U21t3NkE3UL ALUZUSNRUL' GLULELAY, ZUSUUSULNRU UPQNRUYUSHL
JULELPLP 8hUL GRS

®npd £ wpgud 22-md dhgnijuyhti Fubpgbnhluygh’ dhiish 2100 pYulwip qupqugdwi
nhwypmu qwhwwnt] wohunws thpmljuyhtt qunkjhph tpjupudwdjtn junwdupuiwt hwdwp
wuwhwbgyny swpuubpp b nputg wqptgnipmniup vhonijuyghtt Eubpqupnjubpoid wpinunpqus
EEyunpulub tukpghuygh pipqus htptwpdtph (LUEC) Ypw: Thunwplyt) kb hnlyw) vnuppk-
pulubpp. wohtuinws Uhenmljwiht Junkihpp 50 wwph wwhynid b juywih hwppwlnid” snp bn-
wtuljny hnjugynn wwhbunwpwtbbpnud, wjuinthtnb Epjupunb wwhdwb hwdwp wnknutn-
Ty E bppupubwutn wwhbunwput fud wy iphp Jepudowldwi b wyn bplpod Eplupa-
nl wuwhdwb bywwnwlny:

Unwigpughll punkp. wphwnws dhonijuyghtt qunkihp, hEhunpulwt Eubpghuygh php-
Jwd huptwpdbp, niputh wwowp, nipuith dbwhnjdwi Swpwmnipntl, wownws thentlju-
1hu Juntihph Epjpupubuljut yuhbunwput, wouwnws dhenijuyghtt Juntihph Epudowlnud:
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C.A.TEBOPKJSH

OIIEHKA BJIMSIHUA BAPUAHTOB KOHEUHOI'O 3TAITA OBPAIIIEHUSA C
OTPABOTAHHBIM AAEPHBIM TOIIJINBOM HA ITPUBEJEHHY1O
CTOUMOCTBD JIEKTPOOHEPI'MU UCXO/JA U3 UKJIOB AJJEPHOI'O
TOIIJINBA B APMEHUN

CrenmaHa MOTIBITKA OLIEHUTH 3aTPaThl Ha JIOJTOBPEMEHHOe oOpamieHne ¢ 0TpaboTaHHBIM
SIIEPHBIM TOIUTMBOM WM WX BIUSHHE Ha mpuBeneHHyI0 cTtouMmocTh (LUEC) smextposneprum,
IIPOM3BEICHHON Ha SAEPHBIX SHEProOJIOKax MPU pPa3BUTHU siiepHOH 3HepreTHku B PA mo 2100 r.
PaccMOTpeHB! clefyronye CLeHapuH: OTpaboTaHHOE sjiepHoe TOINBO 50 JeT XpaHUTCA Ha
TEPPUTOPHUH CTAaHLMH B XPAHMIHIIC, OXJIAXKAAEMOM CYXHM METOAOM, 3aTe€M Ul OKOHYATeJb-
HOT'O 3aXOPOHEHUsI MEPEBO3UTCS MO0 B re0JIOTHYECKOEe XPaHWIHIIE, JTUOO0 B APYIYIO CTpaHy
JUTS IEpePabOTKU U 3aXOPOHCHUS.

Knrouegwie cnoga: oTpabOTaHHOE SAEPHOE TOIUIMBO, NMPHUBEACHHAS CTOMMOCTBH 3JIEKTPO-
SHEPTHH, PECYpC ypaHa, yCiIyra 10 KOHBEPCHH YpaHa, T€0J0rHIecKOe XpaHWININE 0TpaboTaH-
HOTO SIIEPHOTO TOTUIMBA, IIepepadoTKa OTPadOTaHHOTO SAEPHOTO TOIUIUBA.
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