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We’re an international operating expert firm specialized in nuclear science & technology
decisioneering services to governments, investors, utilities, industry, R&D-laboratories
and waste management agencies worldwide:

Our partners and consultants are among the best independent experts based on extensive
international experience in various domains of science and technology, technology-to-business
management, engineering and operations

We specifically focus on supporting technology providers and technology seekers in designing,
developing and steering profitable business development covering nuclear energy, nuclear medicine,
radiation diagnostics and other radiation applications in clean technology development

Our expertise covers the whole decisional process from early consideration to use or develop nuclear
science & technology applications up to the investment and business development process as well as
the management of such programs internationally. Nuclear energy policies, public policy on nuclear
applications including non-proliferation and international safequards, security as well as safety of our
customers’ plans and assets are part of our portfolio of activities

We partner with companies, S&T-organizations and experts worldwide fitting your needs and
enriching your and our portfolio of expertise and capadbilities

In short, we can help you in developing nuclear science & technology as a critical
contributor to sustainable solutions for us all during this 215 century.
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Nuclear-21.Net
An integrated set of expertise and services to
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NESSAT
Description

= NESSAT covers a set of models, databases and interactive visualisation tools
allowing to

= Simulate the short to longer-term evolution of nuclear energy systems starting from up-to-
date best-available data on past and present in view of:

= Short-term (<10 years) operational decision-making with regard to, f.i.:
= Front-end fuel cycle optimisation

= Used fuel management options evaluation

= Medium-term (5 — 15 years) investment decision-making with regard to, f.i.:

= Comparative analysis of nuclear power plant investments

= Longer-term (>15 years) strategic options decision-making with regard to, f.i.:
= Used fuel management options development
= Synergies between nuclear reactor parks in reducing overall risk reduction in using nuclear energy

= Technology-to-business assessment

= Enrich the decision-making process by projecting decisional impacts in uncertain futures

= Decisions by governments, technology providers, utilities, waste agencies, experts, think tanks

by
.

ﬂQ-ZLNET



NESSAT
Nuclear Energy System Strategies Assessment Toolbox

= NESSAT provides

= Up-to-date past, present and future nuclear reactor and fuel cycle information on reactor,
utility and/or country level

= Projection of future deployment scenarios for nuclear reactor park and associated fuel cycle
facilities and options

= Technical-economic analysis of nuclear reactor park and/or fuel cycle options

= Library of deployment scenarios from Business-As-Usual to transition scenarios towards more advanced nuclear
energy system options

= Analysis of the technology-to-business potential by
= Market analysis and projected market trends

= Impact analysis of technology innovation

= Options value assessment allowing to
= Value decisional flexibility in nuclear reactor park and/or fuel cycle options deployment

= Optimize cost and risk exposure by assessing optimal options decision-making
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NESSAT Architecture

v www.nessat.net
Past and Present information on S
*  Energy market evolution per ﬁ/
country DEMA
*  Technical-economic —— ures
performance of energy Energy Market FU
system technologies
*  Summary of energy market
scenarios per country/region +15Y"
+10Y"f ures
+5Yr or System Fut
Today \n’c\'a-NUC\e
P
Past and Present information on — @
*  Nuclear reactor park '
*  Fuel cycle facilities
*  Fuel cycle services \
: Mass-flo.ws and inventories 'Cp Fuel Cycle Economics :_,’J Nuclear Real Options Model
*  Economics e * NPV and levelized costing NS Valuing decisional options within
per reactor, utility, country, world * Front-end fuel cycle cost uncertain futures
optimisation * Reactor investment decisions
* Fuel cycle cost comparison * Fuel cycle options
Technical-Economic oS5 Library of scenarios Costrisk exposure evaluation
characteristics of present « Technology deployments scenarios
and future.nuclear energy * Utility / country scenarios
technologies and services * User-specific scenarios
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DANESS

= DANESS

= Dynamic Analysis of Nuclear Energy System Strategies

= Allows
= The modelling of one reactor or facility up to a world time-varying nuclear enegry system
composed of various nuclear reactors and associated fuel cycle(s) in ‘full’ detail, i.e.

= Materials flows and inventories including isotopic composition follow-up throughout the nuclear energy
system from mining till final waste disposal

= Detailed flowsheets per fuel cycle facility and allowing simulation of up to 20 reactor types and up to 20 fuel
types simulated in parallel (with ‘unlimited’ reactors or fuel batches per reactor or fuel type)

= Dynamic = full account of time-evolution and thus not only equilibrivm analysis

= Socio-Political-Technical-Economic assessment, i.e. various assessment criteria dimensions are
simulated

= From material flows/inventories to economics per system component up to waste impact analysis on disposal
site as well as material attractiveness levels for proliferation risk assessments

= Customisable to customer specific cases using customer proprietary data in addition to the
DANESS DB database

= Verified executable version of DANESS deliverable according customer requirements

by
.
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DANESS supports a holistic strategic view on nuclear energy
systems strategies through transparency across layers

Only by addressing these layers in one coherent model, providing
appropriate degree of detail in each layer according the assessment
focus, assures best practice assessment of dynamic nuclear energy
systems being it for one NPP or a world-park of NPPs including multiple
nuclear fuel cycle strategies
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DANESS
“The Do’s and the Dont’s”

DANESS Does DANESS Doesn’t
= Fully parametrized model = Come free
= Input-files define the system being simulated = Users request service and not only a tool
= Detailed time_evolving mass-flow and = Users need assurance that model and data are well-versioned and

qualified and align with decision processes

inventory analysis of = License-based

= Individual NPP or NPP-park (utility, country, region, = But may be open source to licensed users
world) = Yet have a performing users’ group
" Fuellifetime cycle modelled = Though users demand to officialize users’ group

= From mining until final disposal (some 47 fuel cycle = Planned for Q4/2016 with first DANESS-workshop
steps) during Q2/2017

= Fuel cycle facilities lifetime cycle modelled
= Main and secondary (losses, waste) material flows

= Isotopic analysis throughout nuclear system
= By default 111 isotopes though can be modified
= Detailed mass-flow of fuel cycle processes
= In-core burn-up models (4 options)
= Detailed (proprietary) process-sheets
= Economics
= NPV, Levelized (fuel cycle) costing
= Database-supported
= Reference cases, technical-economic data



Physics layer being the kernel of DANESS defining overall
capabilities

= Physics/Component Layer

The Physics layer incorporates all capabilities, some as optional and/or proprietary modules, allowing to simulate the mass-flows and
inventories throughout the whole nuclear energy system, i.e.:
= Mass-flows and inventories throughout nuclear energy system including
= [sotopic decay of nuclear materials throughout nuclear energy system, i.e.
= Front-end and back-end fuel cycle, separated materials, used fuel in at-reactor and interim storage, waste streams, ...
= 111 nuclides (actinides, fission and activation products) and 2 lumped fission product groups
= Nuclide-list optimised for >95% of the DANESS user cases, optionally customised isotopes list
= Nuclear Power Plant in-core fuel use
= All NPP-types in DANESS are generic and parametrisable in order to represent a specific NPP-type
= LWR, PHWR, FR, HTR NPP-types regularly used and validated models
= MSR model under development/verification (issued August 2016)
= In-core fuel management for each NPP-type includes:

= Standard: yearly averaged fuel management based on tabled values

= Optional modules:
o Initial load towards equilibrium fuel load
o Fuel management transition, e.g. UOX to MOX
o In-core burn-up models:
Database of fresh and used fuel compositions
o Analytical interpolation model for LWR-UOX, LWR-MOX and FR-MOX as function of BU
o Uand Pu reactivity-equivalence model(s) LWR-MOX, FR-MOX
o 1D Burn-up model for LWR and FR using JEF 3.1.1 cross-section data

O

= Fuel cycle facilities
= Zero-order mass-flow representation, i.e. annual mass throughput characterisation

= Optional modules:
= Fuel cycle facility specific flowsheet models (e.g. enrichment, reprocessing, fabrication, repository, ...)
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Nuclear energy systems layer providing flexibility in
scenario deployments

= Nuclear Energy Systems Layer

The nuclear energy systems layer allows to combine various components, i.e. NPPs, fuels and fuel cycle facilities, in time-varying
combinations to simulate a whole nuclear energy system from “cradle-to-grave”, i.e.:
= Nuclear Power Plant park and fuel cycle facility capacity deployment scenarios
= Defined by user prescribing a specific deployment scenario
= Partially or fully defined by
= User-defined nuclear energy demand scenarios with

o Partially or fully objective-based deployment decision-making by DANESS, e.g.
o Lowest LCOE
o Lowest separated fissile material inventory in fuel cycle
o Lowest U, ,-use

= Fuel cycle facility deployment fully or partially user-defined
o Capacity expansion model based on assurance of fuel cycle services
= Nuclear power plant and fuel cycle facility histories from licensing through construction, operation and finally shut-down and

decommissioning

= Allows for
= economic analysis throughout life cycle
= (environmental) life-cycle inventory analysis
= fuel cycle capacity extension decision-making

= Time-varying nuclear energy system scenarios, i.e.:

= Time-varying combinations of nuclear power plant types with fuel types
= E.g. LWR-UOX to LWR-MOX transition

= Time-varying combinations of fuel types with fuel cycle facilities
= E.g. LWR-UOX from PUREX to UREX reprocessing
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Assessment layer translates physics into criteria and
indicators for policy analysis

= Assessment Layer

The assessment layer translates the detailed physics and nuclear energy systems layer information into criteria and indicators and
visualises the results of the scenario simulations. It is an important interface between the previous two layers and the policy layer:

= Assessment models based on internationally recognised sustainability assessment methodologies, i.e.:
= INPRO Nuclear Energy System Assessment Methodology
= Generation-1V International Forum Assessment Methodology

= User-defined or specific assessment models developed by DANESS-users

= Objective-function modules allowing to introduce specific objectives in nuclear energy system deployment, e.g.
= Lowest cost of energy generation (LCOE-objective)
= [owest U,,-use
= Low separated fissile material working inventory in fuel cycle
= Minimal waste repository footprint

= Visualisation of the scenario results

= By default visualisation of results within DANESS graphical output and with transfer into automated visualisation
template in MS-Excel

= Optional modules

= Interface for Sankey-diagram visualisation of mass-flows and inventories
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Policy layer defines the nuclear energy system
strategy overall

= Policy Layer

The policy layer allows the user to define the overall nuclear energy system scenario strategy by:

= Defining the priorities in nuclear energy system’ deployment, i.e.:
= Defining the use or not of decisional feedback-loops into DANESS
= Introducing objective functions pre-programmed in modules in assessment layer
= Weighting of criteria and indicators in assessment layer

= Defining the nuclear power park deployment scenario and the major material flows throughout the nuclear energy system, e.g.
= Reprocessing of used fuel or long-term interim storage or direct disposal
= Separated fissile material allocation
= Conditions for introduction of new nuclear power plant types
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DANESS Architecture

%

Macro-Economic Energy
Market Models

Nuclear Energy Demand

Scenarios

IAEA INPRO/NESA
Methodology

GIF Assessment Methodology

NPP-Park Deployment
Strategy

Nuclear Energy system
Strategy

Energy Cost model
Nuclear Fuel Cycle Cost model

U-price model

New NPP Investment Decision

model
NPP History model

NPP Investment & Cash-flow
model

NPP Technology Development
model

Reactor Models

Fuel Burn-up model(s)

Sustainability Objectives

LCI model

Nuclear Fuel Cycle Facility

Investment Decision model
Facility History model
Facility Investment & Cash-

flow model

Facility Technology
Development model

Nuclear Fuel Cycle Option
model(s)

Nuclear Fuel Cycle Mass-flow

model

Specific Fuel Cycle Facility

model(s)

Non-Proliferation Model(s)

Fissile Material Availability

Forecast model

Objective decisional feedback

models

Isotopics model

Waste management model

Radiological model
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DANESS Toolbox

= The DANESS Toolbox covers complementary

e ——— functionalities
Application specific
interface workbooks = Databases
Nuclear specific X=
models (e.g. MCNP, j=£3) = Input-generator
WIMS, ORIGEN) \
= Results analysis
. Life Cycle Analysi
= Results Database (easy upload of previous cases) DA
®
: NN 2
= Results visualisation B
DANESS Input DANESS Results i . Sankey
Application specific ]
WorkBook WorkBook interface workbooks Diagra ms
DANESS Input J 1 I L -
Generator ‘._X_—:) L_x. =l -~ = =
- 5
— - =
= -1
Instant savings/re-use
of DANESS-cases
l" iThink/STELLA :‘/ < =
Data Manager + 4
isdb file ntri-_|:r+ab|ecu
nucinfo PANESS DB
DANESS DANESS
Nuclear Info Results o
Database

Databases
VSQLite
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DANESS Modular sub-model approach

DANESS is composed of various sub-models:
*  Each of which is versioned and validated;
*  Some of the sub-models

Cal

Macro-Economic Energy @

Market Models

| sty O *  Are available as “generic” sub-models in DANESS for all
DANESS-users use;
it ettt e et «  Some of the “generic” sub-models can replaced by:
- »  More detailed sub-models allowing more detailed NES-
assessment studies
i e «  DANESS-User proprietary sub-models which may be
“NPPinvestment & Cash-flow " Facility Investment & Cash-

s provided to DANESS User-Group as specific licensed

PP Technology Facility Technology

B (with or without fee) sub-models
model(s)

“Niiclear Fuel Cycle Mass-fow
model

L RGNS AL o Waste management model

Reactor Models Isotopics model

Fuel Burn-up model(s) )

Radiological model

Users-Group

Specific License
+-------=-- ~withror withoutfee) = — = = = = = = = = = |

Generic Sub-Model

DANESS Users-
Group
Sub-model Database

Detailed Sub-Model

-— DANESS.Net

(7
vz
* Co-Development (optional) . Eﬂ
ﬁﬂ a Rl rer et olly Proprietary Sub-Model
DANESS User

Licensable
Proprietaly Sub-Model * Quality-assurance ’
DANESS Specific Proprietary Sub-
License Sub-Model model Database
Database
LRy Tres ‘b’
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Multi-regional/customer NES-model

= DANESS can be used in different modes, i.e.:

= From one reactor to multiple reactors and associated fuel cycles

= On world, regional, country, utility, reactor-site or reactor-specific level

= Based on a transparent parameterisable DANESS-case MS-Excel inputsheet, all DANESS-cases can be combined into
one large/combined DANESS-case or run in parallel

= DANESS allows modular use, i.e.:

= Modularity by allowing ‘generic’ DANESS-Cases be further detailed into ‘Proprietary’ DANESS-Cases
= E.g. 'Generic’ publicly available DANESS-Case supported by a non-public ‘Proprietary’ more detailed DANESS-Case

= Country/Utility specific cases can be combined together into multi-regional/customer cases to investigate synergies
between individual NES

Macro-model (e.g. business value assessment)

Region x Country B Country A

Utility 3
Utility 2
Utility 1

- DANESS Databases
Y A
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ome screenshots of DANESS
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»
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IT-requirements per license-option

Basic requirements
* Operating System
* Microsoft® Windows® 8, 7, Vista, Server 2012, Server
2008
* 0OSX1o0.9o0r later
*  MS-Excel (version 2013 or later)

Three options to visualise NESSAT Toolbox Results

Outsourced service — e Tableau Online access
hosted toolbox » Access to Results visualisation on Nuclear-21.Net server via
web-interface
VPN X3 * Tableau Desktop
— » * Local Tableau version to edit, modify and visualise results

* Tableau Reader
» Local Tableau version to read and visualise results

- Tool
Support-based Toolbox use in addition

- * STELLA Professional / Architecture
T dee - * Optional when customised development considered
VPN ‘:55 PR > L * MatLab (R2016a or later)
N -:‘ : 4 * @Risk
Internalised Toolbox In addition
‘ | A ; ) * SQlLite
. A o -
| X 3
VPN ==3
~ . -
v’ . 'J

!
. o

Customer-Specific DB
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Benchmarking / verification

= Benchmarking

= Simulation code
= Participation in various exercises involving COSI, ORION, DYMOND, VISION, NFCSIM, Tirelire-Strateqy, COSAC
= Most dating back to <2009

= Some comparisons undertaken during 2015-2016
= Real data systems verification

= Country/utility specific ‘images’ simulating past and present of NPP and fuel cycle

= Detailed verification of irradiation histories and fuel cycle service requirements for two utilities as part of
choosing between interim SF storage options

Data Pé:g:e Clear Case- Case Results Decisional Regular
Validation description objectives Simulations Analysis Impact Updating
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DANESS DB overview (1/2)

= The DANESS DB Database relates specifically to technical-economic data for reactors, fuels and fuel cycle
facilities
= Where nuclnfo covers the data for the existing nuclear energy system including the historic data and today’s inventories and
capacities
= DANESS DB covers the technical-economic data for reactors, fuels and fuel cycle facilities to be considered in nuclear energy
system scenario studies

= DANESS DB features

= Perreactor type:
= Thermal power, gross and net electric power, average capacity factor
= Licensing and construction time-period
= Expected commercial/industrial availability/deployment
= Investment cost, O&M cost, decommissioning cost
= Assumed cost profile during licensing and construction period (typical cost profiles pre-configured)
= Core management
=  Fuel type(s) used
= |Initial fuel type loading and anticipated equilibrium fuel core loading
= Parametrisation of in-core burn-up model
= Learning curve coefficients for investment and O&M costs
= Number of FTE (engineers, technical)
= LLW/ILW Waste arising per MWe and per MWhe
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DANESS DB overview (2/2)

Per fuel cycle facility type

Unit capacity, maximal annual deployable capacity
Average capacity factor

Expected commercial/industrial availability/deployment
Investment cost, O&M cost, decommissioning cost

= Assumed cost profile during licensing and construction period (typical cost profiles pre-configured)
Learning curve coefficients for investment and O&M costs
Number of FTE (engineers, technical)

LLW/ILW Waste arising per unit throughput

Losses in process

= U, Pu, MA, TRU, FP, ... losses

Transfer function(s)

= Applicable sub-model for more detailed fuel cycle facility description

Per fuel type

Fuel category (oxide, carbide, nitride, metal)

Average and peak BU

(Typical) Initial composition (may change during simulations depending on core-management model used)

= Composition with 111 isotopes in tabled format

(Typical) used fuel composition (may change during simulations depending on core-management model used)
= Composition with 111 isotopes in tabled format

Materials composition

= HM, structural material

= Mass per assembly

Assembly size

Transport container compatibility
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Countries already included in Nucinfo and DANESS DB

DANESS Case Level
[[] Energy market data available

‘ New, and
[ Basic Nuclear Energy System Model Scenarios available f
. Country-level Nuclear Enegry System Model Available
. Detailed Country/province-level Model available
- Detailed country/provice and (multi-)utility model available

" '.'-_ >
'S -
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Nuclnfo

= Nuclnfo is an interactive database-driven infographics tool providing information on nuclear
energy, i.e.:

Historic data on and evolution of nuclear reactor parks and associated fuel cycle with visualisation per
= Geographic region (world, region, country, state/province, reactor site)

= Reactor family (LWR, PHWR, VVER, ...) or per reactor generation

= OEM/Operator/Vendor of reactors

= Reactor and fuel facility status (planned, ..., decommissioned)

Fuel cycle inventories from mining till waste disposal

= Uranium resources per category
= Front-end (DU) and Back-end (Used fuel, HLW, REPU, Pu) inventories

Statistical information on (among others)
= Nuclear energy shares per country
= Energy mixes and GHG-emissions
= Reactors
= Historic evolution of Build-to-Operate times
= Capacity factors
= Used fuel inventories and fuel types
= Fuel Cycle facilities

= Used fuel inventories in interim storage

ﬂR»ZLNET



Nuclnfo main features @)

= All data are interactively visualised in infographs with interactive detailing on world, region,
country, province/state, utility, reactor/facility site level

Infographs in webbrowsers, on tablets or as specific application on Windows/IOS/Android (for nucinfo.online
and.access)

Reactor data

Name, site, geographical data, reactor status (planned ... decommissioned), licensing status (original license, license renewa, ...)
IAEA code, Reactor category, reactor type, thermal capacity, gros electric, net electric, average utility factor and capacity factor
Owner/operator, Architect engineer, NSSS OEM, BOP Engineer

Effective construction start, grid connection, commercial operation, 1% license renewal, 2" license renewal, projected shutdown,
effective shutdown

Market (requlated, merchant)

Economic data (where available)

Fuel type used, fuel vendor, used fuel at-reactor pool capacity and inventory, dry pad storage capacity and inventory

Nuclear Facility data

Name, site, geographical data

Owner/operator

U/Th-mining: reported reserves/resources according Red Book data

Front-end and Back-end fuel cycle facility capacities and status (planned ... decommissioned)

Effective construction start, commercial operation, projected shutdown, effective shutdown

Historic evolution of mass-flows and inventories (DU, REPU, separated Pu, used fuel (UOX, MOX), HLW, LLW/ILW, ...)

(Nuclear) energy demand scenarios

Nuclear energy demands scenarios on world, regional and (where available) country level based on public data and/or energy

scenario studies (among which DEMA)

Where available, historic data available from the early start of nuclear enegry use (i.e. mide 1950°s)
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Nuclnfo main features ()

= Reactor categories, life cycle and licensing status categories in nucinfo

RS Reactor Status LS License Status
GCR 1 Projected Lla License Application
AGR 2 Withdrawn LI2 License Under Review
PWR 3 Planned LI3 Initial License Issued
BWR 4  Suspended Llg Initial License Expiration
PHWR 5 License Application Lls 1st License Renewal Application
RBMK 6 Initial License Process LI6 1st License Renewal Under Review
VVER 7 Licensed Ll7 1st License Renewal Issued
RMLWR 8 Under Construction LI8 2nd License Renewal Application
SCLWR 9 Constructed Llg 2nd License Renewal Under Review
AHWR 10  Grid Connection Llzo 2nd License Renewal Issued
VHTR 11 Operational
PBMR 12 Suspended Operation
SFR 13  Permanent Shutdown
GFR 14  Under Decommissioning
LFR 15  Decommissioned
TMSR
FMSR
ADS
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Nuclnfo variants
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NuclInfo.read o
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NuclInfo.online T
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NuclInfo.access o
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Wy tableau
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Read access via web-service or via
tablet-application

No data-access

No updating or customisation of
information

Full online access via web-service or
via tablet-application

Online up-to-date data-access
Updating or customisation of
information in local database with
review service by Nuclear-21.net

Full online and local access via web-
service or via tablet-application

Online up-to-date data-access
Proprietary data-base sections well
integrated in infographics environment
Updating or customisation of
information in local database with
review service by Nuclear-21.net
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Some snapshots of Nucinfo

Today’s World Nuclear Reactor Park And by 2030 based on today’s knowledge
- °
o, ).
@ o
il . = . Morgala
,vggj = 0 - 4 on S0y
Pory Brgril - ] o~
) Australia e
e - S -
. Based on today’s operational reactor And the projected used fuel inventory
woon park and those reactors under “"  overtime perregion
- construction and planned, the evolution o
n of the nuclear reactor park per region
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Some snapshots of Nucinfo (s

With some statistics as on the larges nuclear utilities per region

Continent Owner/Operator

Asia TEPCO ]
NPCIL [— ]
CGNPC
CNNC
cPI
Eastom Europe  NNEGC - ]
North America  Exson Generaton Co, LLC
Russia ReA ] .
Wostom Europe  EcF - -
EdF Energy -
o 2.000 4.000 6.000 8.000 10.000 12.000 14.000 16.000 18.000 20.000 22.000 24.000 26.000 28.000 30.000 32.000 34.000 36.000 38.000 40.000 42.000 44.000 46.000 48.000 50.000 52.000 54.000 56.000 58.000 60.000 62.000 64.000
Operational Net Capacity (MWe) &
With some macro-statistics such as nuclear share in electricity Average reactor size over time and per reactor type Average build-to-operate time per OEM and reactor type
. i consructionsart ==
7 o . !
o
: o i 1l | ]
?S ‘ ‘ | ‘ | |
g N I! III II, T b And many other statistics
o T
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Some snapshots of Nucinfo g

= A more country-specific infograph-view into Nuclnfo, f.i. on the UK

2600 Some macro-statistics on GHG-
2500 emission intensity over time
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A multi-view on UK's expected reactor park evolution
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Version: June - 201¢

NPP-Park Evolution per NPP-Site
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Some snapshots of Nucinfo .

And the expected waste arising in the past and future

Waste Management UK Version: June - 2015
HLW Origin ILW Origin LLW Origin
Year Year Year
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Today’s and medium-term projected
Nuclear Energy System
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U Resources (RAR and IR) (red Book 2013)

Meeico

U Category )
B 'R <40 USD/kgU oo
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Il RAR <80 USD/kgU
B RAR <130 USD/kgU
B RAR <260 USD/kgU
oY 77
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RAR+IR Resources for main producing countries (red Book 2013)

Country

sttt |
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Front-End Inventories ... Depleted Uranium

Greenland

Sweden

Fintand
0

Carbada

Pola Belaru
. oland
. - r:m. ny
; Ukrzine Kazalhstan
Mongolia
Itzely
_190.000
Spain
Tur=ey
Ctena ‘@
Iraq Iran 2.000 10.000
Algeria . Pakistan
Libya Ecypt
Mesico Inclia
Sudan Yemen
Rrail
Country
USA
Russia. |
Franco |
United Kingdom |
Germany -
Japan -
China |
South Korea
Canada
o 50.000 100.000 150.000 200.000 250.000 300.000 350.000 £400.000 450.000 500.000 550.000 600.000 650.000 700.000
DU (tHM) F
257 7 . .
.--.8',‘ Nuclear-21.Net - NESSAT Toolbox - EPRI/Vanderbilt July 19-20 2016 - Nashville, USA Page =40
«-nF NUCLEAR-2 1.NET

NESSAT



Amount (tHM) of used fuel in 2015
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Fuel Cycle Costing Model FCCM
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FCCM
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FCCM
Objectives

= FCCM aims at providing the user a toolbox based on MS-Excel and @Risk-modules
for:

by
.

= Net-Present Value and Levelised Costing of equilibrium fuel cycle options

= Covering LWR, PHWR, FR and HTR fuel cycles and including recycling scenarios of fissile materials across
reactors’ fuel cycles

= With annual price inflation and discounting per fuel cycle service
= With associated database(s) of fuel cycle service costs based on
= International literature as embedded in the DANESS DB
= Customer-specific data embedded in a separate database file
Uncertainty analysis based on database-defined uncertainty distributions on fuel cycle service
costs
Fuel cycle cost optimisation
= Front-End fuel cycle
= Optimal tails assay
= Back-end fuel cycle

= Optimisation of interim storage options

UNF-type and size of reprocessing campaigns and MOX fraction to be recycled
REPU-recycling scenarios in LWRs and PHWRs



Brief Description FCCM v3.1

= The fuel cycle costs are calculated from natural materials mining till final
disposal of radioactive waste

= The fuel cycle costs are calculated

= In equilibrium conditions, i.e. no start-up core-management nor time-evolving fuel cycle
modifications considered

= Fifteen different fuels can be analysed for LWR, PHWR and FR based nuclear energy systems

= 10 nuclear energy systems are considered (see slide 6) with recycling of separated materials
between these reactors and corresponding fuels

= For each fuel cycle service, a unit cost and associated annual cost inflation can

be provided with a duration and/or lead/lag-time with respect to moment of fuel Lwrox
loading into reactor core (for front-end services) and with respect to discharge of E-REPU™OX
used fuel (for back-end fuel cycle services) —
PHWR-UOX
= Both Nominal Cost of Fuel cycle (COFC) as Levelised Cost of Fuel Cycle (LCOFC) PHWR REPU-OX
are calculated PHWR-CANMOX
PHWR-U/Th-OX
= Levelised LCOFC used discount rates which can be specified per fuel cycle service, e.g. PHWR-Pu/Th-OX
= Short-term fuel cycle services can be discounted at industrial rates t\\,’vv:xg:

FR-MOX

. ] : . . . .
Long-term fuel cycle services, e.g. disposal, can be discounted at intergenerational rates LT

by
.
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Fuel cycle options within v3.1 @)
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Cost-Data References

= A continuously updated reference data-base (part of DANESS DB) is maintained and
interfaced with FCCM

= Includes technical-economic studies performed by industry, universities, consultants, utilities and
international organisations (IAEA, OECD-NEA)

= Translation of reference data into FCCM-compatible cost-data file performed six-monthly by
Nuclear-21.Net

= Cost-Data reference base
= Includes 27 references in version 3.1
= Reference documents are available for download via NESSAT-portal (ProjectPlace-based)

= Can include user-specific proprietary data

= FCCM includes comparative graphs of cost-data
= Allowing intercomparison of cost-data across references

= Defining uncertainty distribution parameters for FCCM, DANESS and NROM/NFCOM-
assessments

ﬂQ-ZLNET
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Intercomparison of cost-data across references

Cost-data from different references are intercompared

= Using cost-data reference date (e.g. 2015) where Nuclear-21.Net ensures documented constant/actual-money
transfer

= Complementary cost-data are proposed by Nuclear-21.Net based
on expert judgement

g8 =  Cost-data are entered into the NuclInfo-DB based on expert judgement and ensuring to include data in correctly
9 comparable data-variables (e.g. fuel specific)

= As none of the references includes all nuclear fuel cycle services,
sets of coherent cost-data are proposed and documented

These Nuclear-21.Net proposed technical-economic data-sets are provided to FCCM/NROM licensed customers

Six-monthly updated

= Distributions or uncertainties for cost-data can be derived

Uncertainties used in real options NROM/NFCOM-model

.‘- -~
- 1~ 3%
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Example
Option 1 LWR-OTC

M€/LWR GWe.yr

20,0

-5

0

. a
0 5 10 15 20 25 30 35

Nominal Cost

Discounted Cost

Nomicel Cost Curve Fue Ccle = For each of the FCCM fuel cycle options,
two cost curves are graphed

= Nominal cost evolution per GWe.yr
= This cost curved being translated into NROM/NFCOM-
model cost curve files
= Nominal and discounted fuel cycle cost per Mwhe

e e = Used for comparative NPV/(L)COFC-analysis in standard
DANESS economic fuel cycle decision-model

40 45 50 55 60 65 70 75 80 85 90 95 100

Years

Option 1: LWR-OTC

H
€/MWhe

© o o
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Nuclear Real Options Model (NROM)
Positioning

= Where
= Nuclnfo provides information on past and present
= DANESS projects scenarios into the future
= FCCM calculates at each moment the NPV/(L)COFC of nuclear energy system options

= Though, none provide the answer to

= ”“When is it optimal to decide upon (a) nuclear energy system option(s)?”
= Given uncertainty in future (nuclear) energy market and in intra-nuclear options performance
= Given compounded option value spanning multiples decades
= Given changing socio-political and technical-economic context for intra-nuclear system options

= Given the long technology-to-business periods required

= NROM is a set of real options methodology based models addressing above question
for

= NROM/NPOM

= Nuclear Power Investment Option Model

= NROM/NFCOM
= Nuclear Fuel Cycle Option Model
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Real Options valuing

= Real options valuing is a technique to value the decisional flexibility today in view of
uncertain futures or options upon which future decisions need to be taken

Option Value 4 _--"" 4
LoaT ] R
When and what to decide to optimise value? -7 : S
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NROM
Description

= NROM is composed of three sub-components making up one real options valuing
methodology

= Momentary decision-making mostly based on Stochastic net present value and levelised cost
analysis at each decisional moment

= Real Options decision tree valuation

= Dynamic decisional optimisation

Dynamic Decisional Optimisation

Momentary Decision-Making
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NROM/NPOM

* Nuclear Power Options Model uses the NROM-methodology addressing questions
relating to:

= Economic competitiveness for nuclear power plants (NPP) in volatile energy markets, including

I.',
Iy

sub-questions such as

= Option value for Small Modular Reactors versus large unit-size NPPs
Value of load-following for NPPs

Process-heat and electricity generation optimisation within differing demand dynamics

Technology-development valuing, e.g. appropriate level of R&D for new NPP technologies

Risk-adjusted financing schemes for new nuclear power plants

= Alternative financing schemes such as sub-ordinate debt financing

Each of the specific questions is translated into decision-process objective functions adequately
describing the various aspects of the question

= Supported by continuously update data-sets, ideally including experience-based data-sets, addressing both
technical as financial parameters of objective function(s)
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NROM/NFCOM

= Nuclear fuel cycles include varying degrees of uncertain futures within specific fuel cycle
services

= Switching costs between fuel cycles may be very important and take time, mostly at least a decade to
transition between fuel cycle options

= Nuclear Fuel Cycle Options Model is based on the NROM-methodology and allows to assess the
decisional flexibility value in:
= Choosing between fuel cycle options both from short-term operational perspective as for more strategic
longer-term options
= Optimal enrichment tails assay
= Pool versus dry interim storage of used fuel for a portfolio (on NPP or utility or country level) of used fuel
= Once-through with direct disposal of UOX or mono-Pu recycling as MOX in LWRs
= Value of FRs in advanced fuel cycles
= The decisional flexibility value being assessed from the perspective of a utility, fuel cycle service company,
R&D-organisation or government organisation addressing, f.i.:
= Cost/risk exposure for utility with respect to used fuel management options
= Risk-adjusted level of investment in new fuel cycle options and associated services
= Timely deployment at optimal cost/risk-exposure of newt fuel cycle technologies and options

= Optimal fuel cycle service pricing for profitable business continuation
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