Nuclear Hydrogen Production

Rami EI-Emam



CONTENTS

v" Introduction to Hydrogen Production
v Coupling Routes

v Generation-IV for Hydrogen Production
v Clean Hydrogen Technologies

v Technoeconomics of Hydrogen Production



Hydrogen Today!

Electrolysis

Oil/naptha
& others

Methane
Reforming

Coal
Gasification



Electricity

Routes for Clean
Hydrogen Production

Heat Electricity
storage

Electricity : Electricity

Electricity Hybrid
Thermochemical
Cycles

Thermochemical
Cycles

Low/Intermedium High temperéture
temperature Electrolysis
Electrolysis

Steam Methane
Reforming

e 2SR y ‘4‘

Hydrogen
X
Compression Storage or
Liquefaction

N Hydrogen Transport and
Dispensing (Pipeline, Trailer)

v
Qil \ \ J / ;
Hydrogenation | 5 >
\ { Fuel Cell

Cell Phone | . \ >

) ‘ Forklift |
Industrial Towers ¥ i ; Automobiles
Chemicals all and Transi

Petrochemical Pharmaceutical Vehicles




Why Multi-generation

"'r ||'--'1 q Electricity q Electrical
' LIIhIIII .l i Laad

Production

Hydrogen
Production

Air Cooling / Refrigeration /
Ice storage




>
o
14
L
P
L

HYDROGEN

SOURCE

ENERGY

PRODUCTION PROCESS

_l
|
|
|
|

e T

Energy sources for Integ

Nuclear Radiation
Nuclear Fission/Fusion
Biomass Energy
Geothermal Energy
Solar Energy
Wind Energy
Hydro Energy

/ High Temperature
Electrolysis

Radiolysis

Thermolysis

Chemical

Thermo-Chemical )

\_Gasification/Pyrolysis —
—————— / Hydrogen Sulfide

Cracking

Thermo-Chemical
Water Splitting ~ /

Electrolysis

Clean Hydrogen

Conventional

Ocean Thermal Energy

Energy Recovery
(Industrial waste heat, waste
ncineration, landfill gas etc)

Tidal and Waves Energy

Enzymatic Process

Metabolic Processing |

Anaerobic Digestion

Fermentation

Photo-Catalysis
(Photochemical,

. Photoelectrochemical) /




c o ]
| S Qo © @ >
g © | E &) é 9 < _:(; | 8 @)
—— o) o~
c N 3 un c — s = o =t .
g £ 8 £ & § g 8 % gy g <& § & 1 8
+ 7] c A c [ Iae) r~ = CP o Q o ~
© ) o 5 0 N Qo o~ £ o v [} = o i
= = = = = = oo c T a 0 ‘B 2 & I
= v © © = S £ I — c O 2 o + p o
o 7] = = o] = = = 1 g = = o = 5] o g
Q 2 ® - o 2 @ O = 9 > = o = =
o 7 Q o QO o T U o Q - ‘a s o Q . o [} c
= O © a . re = - £ B co 2o & ] QO o i= =
= W = 28 ¢ 58 3 c 88 3 O @ £E8 4 z o
N Eo Y 20 Y B U 28 ET 2 g 2 = BT @ g E
53 3 28 58 ¥R §3 58 ¥S fgf:v 2 2 PR S3EF P
oo & Fa AN 2®m I®ags =3 EF T3 o =3 TR ma O &
Generation IV reactors
Super Critical Water Reactor 500-625°C ~ ~ ~ ~ ~ - ~ ~ ~ ~ -
Very High Temperature Reactor 750-950°C ~ ~ ~ ~ ~ ~ - - - - - ~ - . . .
Sodium cooled Fast Reactor 450-550°C ~ ~ ~ ~ ~ - ~ ~ ~ ~ -
Gas cooled Fast Reactor 750-850°C ~ ~ ~ ~ ~ - ~ ~ ~ ~ - . °
Molten Salt Reactor 650-850°C . . . . . . . . . . . . . -
Lead cooled Fast Reactor 450-800°C ~ ~ ~ ~ ~ - - - - - - ~ .
Solar Energy Systems
Photovoltaic ~60°C . .
Concentrated Photovoltaic <80°C ® ®
Parabolic Trough 50-550°C ° . . ° )
Linear Fresnel Lens 150-250°C ° . ] . °

Linear Fresnel Reflector >300°C

Power Tower/Heliostat 300-800 up to 2,000°C
Parabolic Dish Engine ~650°C up to 1,200°C

Wind Turbine Farms
Geothermal Energy System



System Description
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Feflective parabolic
dizh with a recerver - J . ./ . .

at 1z focal point, - = '

Stirling engine can F | = : : 800 900 1000 1100 1200 1300
be mounted at the
focal pomt for direct
alactricity
produchion.

Temperature, K

Parabalic Dish

Large hehiostat field
used to concenirate
zolar flux over a
rezervolr  mounted
on a tower where
energy 15 stored or
mtegrated with a
steam power cyvcle.

*Concentration ratio is the apertore area divided by the absorbing receiver area




Which Hydrogen Technology to use!
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Which Hydrogen Technology to use!
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Thermochemical Processes
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Thermochemical Processes
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Thermochemical Processes

Hybrid Copper-Chlorine S
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Step 2 (500°C) 2CuCl,
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Research Increase due to increased technology
maturity and environemental concerns

R&D stage, economic infeasibility due to high
capital costs and low fossil fuel price
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Studies on hydrogen economics by year



Grid 2.63 I s 5/
Geothermal | 1.08 NN /38
Wind 527 I 301
Biomass 121 I 692
Solar 341 I 1G.01
Nuclear 2.13 I ;46
Natural Gas 1.3¢ I 3.5
Coal |0.5cH 189

8

Hydrogen Cost (S/kg)
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HEEP

HEEP is a single window-based software, developed by the International Atomic Energy Agency (IAEA) to perform economic analysis for large-scale
nuclear hydrogen production. HEEP estimated the levelized cost of produced hydrogen by utilizing around 20 input parameters of technical,
economic, and chronological data, using discounted cash flow model. Power credit method is applied for the calculation of thermal and electricity
cost when both are needed for the hydrogen plant. The tool can analyze different scenarios of hydrogen storage and transportation.

G4Econs

G4Econs is a Microsoft Excel-based application, developed by the Economic Modelling Working Group (EMWG) of GIF. It calculates the Levelized
Unit Electricity Cost (LUEC) from the reactor module, and the Levelized Unit Hydrogen Cost (LUHC) from the energy-products model, based on the
required energy type for the hydrogen plant technology. More information on the tool can be found on GIF website (G4Econs, 2018).

H2A

H2A (Hydrogen Analysis) is developed by the Department of Energy (DOE), USA, with the contribution of several national Labs and universities. H2A
calculates the levelized cost of hydrogen for various options of large-scale hydrogen production using coal and biomass gasification, natural gas
reforming, nuclear and wind energy. H2A Analysis Group also developed three other models for a larger scope of analysis, these are the Hydrogen
Delivery Scenario Analysis Model (HDSAM), the Hydrogen Refueling Station Analysis Model (HRSAM), and the Heavy-Duty Refueling Station Analysis
Model (HDRSAM). More information can be found at the website of Hydrogen and Fuel Cells Program of DOE (DOE, 2019).

H2FAST

H2FAST (Hydrogen Financial Analysis Scenario Tool) is developed by the NREL to provide a quick and in-depth financial analysis for hydrogen fueling
stations. More information on the tool can be found at the website of NREL (NREL - H2FAST, 2018).



The IAEA HEEP: Description & Case Studies
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Hydrogen Economic Evaluation Programme (HEEP)

Models different combination of different available options for heat

source, process of hydrogen generation and its storage and transportation.

Compressed

\ Metal
Hydrides

Main Features of HEEP:

1. Single window based tool.
2. Expandable database/library To build new cases using library files.
3. Models effect of location of hydrogen plant with respect to NPP.

4. Models electricity generation and supply along with heat.




H2 Production Technologies in HEEP

MNuclear Power Plant

Non-Carbon
Based
Hydrogen

Natural Gas

or Naphla I;

Coal or
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Pre-processing
module for
providing data

Executing module
estimating levelized cost
of hydrogen generation

Post-processing module for
viewing results generated
by HEEP

HEEP Modules

Input from
Database

—

—

User-Defined
Data

Pre-Processing

Module

Executing
Module

Post-Processing

Module

Results
Report

VB

Fortran
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Type of Data Input to HEEP



Input Information Categorisation

Nuclear power plant “

Hydrogen Generation

Technical parameters

Hydrogen Storage

System Facilities
Input Parameters
Categories

Transportation facility

111




Technical features of HEEP

Technical parameters

Nuclear Power Plant (NPP) Hydrogen Generation Plant (HG)

Installed capacity per unit (MWth) Hydrogen generation rate (kg/yr)

Number of units Number of units

Capacity and availability factor of unit Thermal power required for installed capacity (MWth)
Thermal power available for Hydrogen generation (MWth) Capacity and availability factor of unit

Thermal efficiency of unit (if electricity is generated) Process efficiency

Hydrogen Storage Facility (HS) Transportation Facility

Type of hyrogen storage (Gaseous/Lauid/Hycrice

Transportation distance Transportation distance

Capacities, power and auxiliary requirements of storage
P P yreq & Vehicle H, Capacity Pipe equivalent radius

devices Fuel Cost Inlet pressure of Hydrogen
Loading Time per trip Delivery pressure
Average speed Temperature of Hydrogen

Mileage of vehicle Friction factor




Time periods of Events affecting
Cost Estimation

Depreciation period

Construction period

Operation life time/ Return period

Cooling before decommissioning

Decommissioning

Fuel cooling

Waste cooling



Parameters of Cost Calculation
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. Cost
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pet Routine maintenance
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Cost eNumber of fuel types

eInitial inventory
eAnnual feed rate

eDirect disposal OR
eReprocessing
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HEEP Features



HEEP Features
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HEEP Features

i
~ Use "Real" rate‘s““E‘qT_ﬂng': Debt

Borrowing - Tax Rate Depreoanon
§ Discount rate: 5 % | (%) interest (%) o period {yrs)

i ST
: Inflation rate:

| Use “b,a,,. & Read from fbrary ™[]
wuiility

2
|H eat consum|

j Number of units

| Capital cost (USD/kg of H2)

econ‘nrnissioning cost (% of
-apital cost)

; Use librany * Read from fibrary
" Create nwdata 2 ; Ulllll,“

8 .' capital cost]

Construction Oqe_r_a_tylwg ‘ Vlél; JEdit | Go Back

| 5 | 40 Additional | {
ingotsD{1 o sUndate and
store Case

“Esﬁmaie

~ Use library

r Use library
ultility

ultility

H2 Storage Method

& Compressed Gas (" Liquefaction 5 pi C Vehid
. { " o 3

~ Metal Hydrides IP%: LA

Type of H2 Transportation

daté , { Parameter

t

oning cost (% of

A captured image from main page of HEEP software

1

| hydrogen cost
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HEEP Features
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HEEP Features
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Demonstration of HEEP
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Nuclear hydrogen production | = X |

IAEA

International Atomic Energy Agency

www.iaea.org/topics/non-electric-applications/nuclear-hydrogen-production A (+] {\5 -
English
Press centre Employme Contact

Hydrogen Economic Evaluation
Program (HEEP)

The IAEA Hydrogen Economic Evaluation Program HEEP was
developed and released by the International Atomic Energy
Agency (IAEA) as a free tool which can be used to assess the
economics of large scale hydrogen production using nuclear
energy. The software can be used to evaluate the economics
of the four most promising processes for hydrogen
production: high and low temperature electrolysis,
thermochemical processes including 5-1 process,
conventional electrolysis and steam reforming.

The IAEA HEEP software is suitable for comparative studies
not only between nuclear and fossil energy sources for
hydrogen production but also for solely hydrogen

production or cogeneration with electricity. The HEEP models
are based on some economic and technical data, and on cost
modelling which include various aspects of hydrogen
economy including storage, transport, and distribution with
options to eliminate or include specific details as required by
the users.

Download HEEP software




Hydrogen Economic Evaluation Programme
AR
<
IAEA
International Atomic Energy Agency

For any query regarding this software please contact:
Dr. I. Khamis. Nuclear Power Technology Development Section, Division of Nuclear Power, |AEA.

Emrai fRamisEiasa. org

Developed for International Atomic Energy Agency by BARC
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éBuiId new caseé Quit ‘ Read existing
for evaluation Help (2) ‘ case
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Mumber of units

Initial fuel load [kgdunit]

Anrual fuel feed [kgdunit]
Ovemight Capital cost{JSDAunit)
Capital cost fraction for electncity
generating infraztructure [7)

Fuel cost [USD/ka)

Q&M cost [% of capital cost)

Decommizzioning cozt [ of
capital cost]*




*3 HEEP

=

View Additional inputs  Help

Exit

Help [?]
[ Use "Real® ratés Equiy : Dett

Borrowing - Tax Rate- Depredation
Discount rake; (5 % | (%) (%) interest (%) | (%) period {yrs)
Inflation rate; (1 % (70 Iﬁ | 10 | 10 | 20
I [v Muclear Power Plant I | Hydrogen generation
Help (7]
= Use library " Read from hbrary Update
uikility = i e HPF
. - - [atabaze
Slennnlise Aams of e st e ——————

Dezcriptive name iz prefis of the libramy of files

Parameter Yalue Add.
data
Thermal rating (MW th/unit) Edit
Heat for HZ plant [k4wthe/unit] Edif
Electricity rating [Mwe/unit) Edif
MNurnber of units Edit
Initial fuel load [kgunit] Edit
Annual fuel feed [kgdunit) Eit
Overnight Capital cozt{USD A unit) Edit
Capital cost fraction for electriciby Edit
generating infrastructure [7)
Fuel cast [USDAkg) Edif
O%M cost [% of capital cost] Edit
De;ommissioning cost [Z of Edit
capital cost]*

i

Construction— Operating

s Jao

Help [7]

View/Edit
Additional
Inputs

Go Back

Update and
store Case

I_

Estimate
hydrogen cost
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| = | O |

View Additionalinputs Help Euit

Help [7)
[ Use "Real" rat quity : Debt—— Borrowing - Tax Rate|- Depredation
Discount rate; IT (%) (%) | interest(®)| (%) period (yrs)

k4
Inflation rate: [1 % E W | 10 | 10 | 20

I v Muclear Power Plant I [ Hydrogen generation

: Help [¥]
w3 Use librany v | arn:  Update
ity (™ Create new data NPF

e e

‘prm 17 -

APYWREED %
Parameter Yalue gdd'

ata

Thermal rating (kW thunit] Edit
Heat for H plant [k th/unit) Edit
Electricity rating [Mwedunit) Edit
Murnber of units Edit
Imitial fuel lnad (kg unit) Edit
Annual fuel feed [kadunit) Edit
Overnight Capital costUS D Aunit) Elit
Capital cost fraction for electricity Edit
generating infrastructure (%)
Fuel cost [USD/kg) Edit
Q&M cozt (% of capital cost) Edit
Depummissiuning oozt (% of Edit
capital cost)*

s

Construction Operating

[s | [

Help [¥]

View/E dit
Additional
Inputs

Go Back

Update and
store Case

-

Estimate
hydrogen cost
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View Additional inputs Help Exit

Help [?) . _ Help [7]
L ] L ]
[ Use "Real® rat quity : Debt—— Borrowing - Tax Rate|- Depredation Construction | Operating View/E dit Go Back

Discount rate: IT % (o) (%) | interest (o) (%) period (yrs) 7 an Additional Uodat 4 . :Sﬁmuie ,
ERERNED o E Inputs pdate an ydrogen cos

e

Inflation rate; |-|_ .
I [v Muclear Power Plant I [ Hydrogen generation [ [
Help [7)
v Use library f* Read fram librany Update
il
ity (" Create new data MPP
i e T e e
HTGRE10 -
Parameter Yalue gdd'
ata
Thermal rating [thunit) GOO|E it
Heat for HZ plant [ thunit] 170| Edit
E lectricity rating [Mw'e/unit) 203.99[ Edit
Murber af units 1| Edit
Initial fuel load [kg/unit) 7050| E it
Annual fuel feed [kgiunit) 1773 Edit
Owermight Capital cost{USD Aunit] | 5 50E +8]Edt
Capital cost fraction for electricity 21| Bt
generating infrastiucture (%)
Fuel cast [USD ka) 12962 Edit
O#&M cost [ of capital cost) 3.93| E it
Dec_u:ummissioning cost (£ of 0.52| Edit
capital cost]®

Information for nuclear power plant
read from previously generated
library file

Database is a set of ascii files compiled in a folder.
For sharing of database information, the folder
created by HEEP can be exchanged.
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View Additional inputs Help Exit

Help (7] . J Help (7]
[ Use "Real” rat quity : Diebt—— Borrowing - Tax Rate|- Depredation gy [ ConstructionT Operating 1\ 1 Go Back .
Dizcourt rake; 5 &% (o%) (o%) | interest (%) (%) period (yrs) ] a0 Additional Updat d h :si'lmui'e "
] ] . : Inputs pdate an yarogen cos
Iriflation rate: 1 = |70 30 | 10 | 10 | 20 store Case
I v Muclear Power Plant I 1 ®3 HEEP - [Technical Details of facilities for nuclear hydrogen generation] |££I£—h]1
HElD [7] B3 View Additionalinputs Help Exit
v Use librarp ™ Fead fam ibran ™ pdate Hucledr Power Flant Delals - Hep(?)
] -
Lilik MNPP Reactar ’7 Number of
utility (" Crestenewdata | 0" Typo | |BTHTR300C ey
L f ik el e i e vaer—————— Reactor power 1
[ Class HTR generating
& units in plant
HTGREE1D - Applications of Neclear power
v
Parameter W Electicity

Thermal rating [thunit)
Heat for HZ plant [ thunit]

Fechnmical Farameters of NFF

E lectricity rating [Mw'e/unit)

Mumber of units Parameter Description  |Value
o ra= oo a Fiated Thermal Power [MWth/unit] =]

Annual fuel feed [kgiunit) 1773 Edit Thermal Efficiency (%] 47.44

I:I\.femight Eapital cost[LISDa"unit] B BOE+B[ Edit b auimum Electricity generation [Miw'eunit] 20399

Capital cost fraction for electricity 21| Bt Capaity factor (%) a0

generating infrastiucture (%] Availabilty factor (%) 100

Fuel cost [USD:’kg] 12962 | Edit Thermal Power for HZ gen. [kwithiunit] 170

O#&M cost [ of capital cost) 3.93| E it

Dec_u:ummissioning cost (£ of 0.52| Edit

capital cost]®

Store Technical Update NPF Database
Details of NFF (Technical Details)

Proceed to next step " ‘
[Gio to rmain page)
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View Additional inputs Help Exit

Help [?) . _ Help [7]
L ] L ]
[ Use "Real® rat quity : Debt—— Borrowing - Tax Rate|- Depredation Construction | Operating View/E dit Go Back

Discount rate: IT % (o) (%) | interest (o) (%) period (yrs) 7 an Additional Uodat 4 . :Sﬁmuie ,
x| [7 :[@ | [To o E Inputs pdate an ydrogen cos

Inflation rate: 1 store Case

I v Muclear Power Plant I "3 HEEP - [Fuel cost for Nuclear Power Plant] - | = | B (S
B3 View Additional inputs Help  Exit

Help [¥] " .
@ Read from lbrany ™ pdate | _ Heplg Enter fuel cost details for one unit Donot use '," while enetering

" Front End Cost Details + Back End Cost Details 3 and any numbers.

v Uze library

Lifiliky (" Create new data D TF';P
Lt s s s i e v

Oplrons for Back £nd of Fuel Cyole

HTGRET0 s : : :
& Direct Disposal  © Reprocessing
Add.
FETEILED Value | 41 Cost Details of Back Fnd of Fuel Cydle
Thermal rating [thunit) GOO|E it Back Frd Expenditues
Heat for HZ plant [ thunit] 170| Edit
Electricity rating [Mw'elunit] 203.93[ Edit Description Cost Unit
SpentFuel T Hation Ch 0: USD/k
Initial fuel load [kadunit) W‘fe”t S_e ra”fg: e - - USD““ kg
Annual fuel feed [kgiunit) D88 isposs’ harges ki
Capital cost fraction for electricity 21| Bt
Fuel cost [USD kag)
Decommiszioning cost (7% of 0.52| Edit
capital cost]® ’
Store Back End Fuel Cycle|  Update Database of Cost Components Proceed to next step
cost details of Back End of Fuel Cycle (Go to main page) }
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L= | B

Exit

View Additional inputs Help

Dizcount rate; (34)

(5
Bk

I [v Muclear Power Plant I

Inflation rate:

Help (7]
[ Use "Real® rat€s —Equiy : Deht

(%)

ECSETD

Help [7]

Borrowing - Tax Rate- Depredation T Construction | Operating View/E dit
interest (%%) (3%) period (yrs) g n Additional
0 [0 (20 Inputs

"3 HEEP - [Fuel cost for Nuclear Power Plant] -

Go Back
Eztimate
Update and hydrogen cost
store Case

= | B i

Enter fuel cost details for one unit

Fresh fuel composition |

Spent fuel composition

NUAEU] U233 [ Depd [ Pu [ Th

[Wwieight %)

[MU/EU] U233 [ Depl [ Pu [ Th |

HElD [‘?] B3+ View Additional inputs Help  Exit
- Use library f* Read fram librany Update I Help [7)
4 Litility ™~ Creats new data PP * FrantEnd CostDetails ¢ Back End Cost Details
. Y . Database
L o i piae S 7 e Ay Details of Nuclear Power Flant Fuel
- Murmber of Types of Fuels used |1— Remave 1
HTGR51 I:I - Period of Initial Annual
TY | Fuel Description From To [|inventory| Feed
Parameter Value |Add VR || Ve Ika)
: : ala Fuek1 1| 30 | 7000 | 1773
Thermal rating [thunit) GOO|E it
Heat for HZ plant [ thunit] 170| Edit
E lectricity rating [Mw'e/unit)

Initial fuel load [kg/unit)

Annual fuel feed [kgiunit)

Capital cost fraction for electricity

Fuel cost [USD kag)

Decommiszioning cost (7% of
capital cost]®

Store Front End of Fuel
Cycle cost details

Update Database of Cost Components
of Frant End of Fuel Cycle

Show/Edit Details

Proceed to next step
{Go to main page)
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View Additional inputs Help Exit

Help [?) . _ Help [7]
[ Use "Real® rat ity : Debt—— Borrowing - Tax Rate- Depredation Construction | Operating z - Go Back
ity _ g pr o Yiew/Edit Estimate
Discourtrate: [ % | (%) (%) | interest(%)| (%) | period (yrs) @ 5 30 Additional

- Update and hydrogen cost
|l atior rate: |-|_ % W ' lﬁ | 10 | 10 | 20 Inputs SFD[E Case s

I v Muclear Fower Plant I "3 HEEP - [Fuel cost for Nuclear Power Plant]
Help [7] B View Additional inputs Help Exit
Use librarp ™ Fead fam ibran ™ pdate _Heb () | Enter fuel cost details for one unit
v wiility ‘8 Credlis e dkle MPP @+ Front End Cost Details " Back End Cost Details
. Y . Database
LA F iy plaend Ailer 0 8 ivar——" Deltarls of Nuclear Power Flant Fuel
-~ Mumber of Types of Fuels used |1— Add1 Remove 1
HTGR51 I:I N Period of Initial Annual Fresh fuel composition | Spent fuel composition
TY | Fuel Description From | To |inventory| Feed [MU/EU] U233 [ Depd [ Pu [ Th [NUAEU] U233 [ Depl | Pu [ Th
Ny ' ks ight %
Parameter Yalue gdd' == ta) oLl
ata Fuel-1 1 40 | 7090 | 1773
Thermal rating [thunit) GOO|E it
Heat for HZ plant [ thunit] 170| Edit

E lectricity rating [Mw'e/unit)

Initial fuel load [kg/unit) 7050| E it
Annual fuel feed [kgiunit) 1773 Edit

Cast Detaifs of Fuel Oycle for Fuel Type Additional Cost Froak-up Fuef Tape {SebHeads]

= op o Hide main processes of front end of fuel cycle Hide/Cl T eperd] Tl
- - . idefClose Sub Head Details
Capital cost fraction for electricity Marn Frocesses of ot end of fvef cyole
- DI [v Fuel Material Purchaze [~ Conversion ™ Errichment [ Fuel Fabrication Cost
Fuel cost [USD:’kg] Sub Head {USD/ka)
e . P . Costin Advance |Losses during . Fate of NatOrLEL Purch
—— = Major Head USD/kg(™|Periodty |Pracess () |“<ion (UaSeD,.?kg)a ' urenase 12962
Decommissiohing cost % of 0.52| Exit Purchase of fuel ow/Ed
capital cast]” material 12362 0 0 Deta Rate of U233 Purchase (USD/kg) 0
* - Mumber of years activity should be completed before actual usage of fuel in reactor
*- Cost per kg of finished fuel Fate of Depl) Purchase (US0kg) 0
Fate of Pu Purchase (US0kg) 0
Fate of Th Purchase (US0kg) 0
Store Front End of Fuel Update Database of Cost Components Proceed to next step
Cycle cost details of Front End of Fuel Cycle (Goto main page) }
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View Additional inputs Help Exit

Diszount rate;

(6 % | (B (%
BENENHE]

I [v Muclear Power Plant I

Inflation rate:

Help (7]
[ Use "Real" rat quity : Debt—— Borrowing - Tax Rate|- Depredation

Help [7]

Help [¥]
IJze library t+ Read from library™ pdate
Vi NPP
ity (" Create new data Datah
Lt o rcahacr st e o e A
HTGRE10 -
Parameter Yalue gdd'
ata
Thermal rating [thunit) GOO|E it
Heat for HZ plant [MYW/th/unit] 170| Edit
E lectricity rating [Mw'e/unit) 203.99[ Edit

Initial fuel load [kg/unit) 7050| E it

Decommiszioning cost (7% of 0.52| Edit
capital cost]® ’

e Construction T Operating View/Edit Go Back -
interest (%) | (%) period (yrs) @ 5 a0 Additional Estimate
[0 S Inputs Update and hydrogen cost
store Case
"3 HEEP - [Details of Capital Cost of Nuclear Power Plant] - | == i:h1
| B View Additional inputs Help Exit
" Donot use '," while enetering major

head, minor head and any numbers.

Detais of Capifal Cost (Fase Cost)
Lt % de-agiial (Basa) Cost Delaids

‘s

Use builtin features to

uuuuuuuuu

Help [7]

FH Opire i s Last
nance Options of fase {osi ~ Use "Real® rates

calculate capital cost Equity:Debt Market Borrowings Tax Rate
: s - - %) (%) |Int. Rate (%) Return period (yrs) (%)
Capital cost of nuclear ,7 Capital cost fraction for electricity ,— ( .
power plant P 5E -8 generating infrastructure (%) 2l 70 430 10 30 10
550000000 Depreciation period (yrs) 20

Store Capital Cost
details of NFF

Update Database of Capital
Cost Components of NFF

Proceed to next step

UsD Showi/Edit Base
cost Cash flow

(Goto main page) >
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View Additional inputs Help Exit
Help [?) . _ Help [7]
[~ Use "Real” rat Lity - Debt—— Borrowing - Tax Rate- Depredation 5 Canstruction T Operating i R Go Back
quilky ) a pr gy Yiew/Edit Esti t
Diiscount rate: IT = (%) (%) | interest(%) (%) period (yrs) @ 5 a0 Additional Update and hyd:::;:: ?:n:f
. ) - : Inputs
Inflation rate:; |-|_ b4 W lﬁ | 10 | 20 store Case

I [v Muclear Power Plant I

Help [7)
v Use library f* Read fram librany Update
ity (" Create new data MPP
i e T e e
HTGRE10 -
Parameter Yalue gdd'
ata
Thermal rating [thunit) GOO|E it
Heat for HZ plant [ thunit] 170| Edit
E lectricity rating [Mw'e/unit) 203.99[ Edit
Murber af units 1| Edit
Initial fuel load [kg/unit) 7050| E it

Owermight Capital cost(USD Aunit]

5.50E+8

Capital cost fraction for electricity
generating infrastiucture [%)

21

Edit

O#&M cost [ of capital cost)

3.98

Edit

Decommiszioning cost (7% of
capital cost]®

052

Edit

"3 HEEP - [Details of Capital Cost of Nuclear Power Plant]

(o= [ |

|Eﬁ View Additional inputs  Help  Exit

Dez‘afls of Capial Cost (Base Cost)

¥/l e e,

Donot use ', while enetering major

head, minor head and any numbers.

Help [7]

iaf fBasa) Cost Delaits

Finance Oplions of Base Cost = =
Use component [~ Use "Real” rates
level details

@+ Use Specific Cost (Cost of unit capacity)

Equity:Debt Market Borrowings Tax Rate

Spemﬁc capital cost of
nuclear power plant

Store Capital Cost
details of NPP

Update Database of Capital

(%) (%)

7030
Show/Edit Base
cost Cash flow

Int. Rate (%) Return period (yrs) (%)

o || o

Depreciation period (yrs) 20

9166EG.BEET

Capital cost fraction tor electricity ,—1 0
generating infrastructure (%)

550000000.02 usp

Proceed to next step  (Go o main page)

Cost Cormponents of MNPP
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| = | B |-

|‘u‘i9w Additional inmmts Heln  Fat

Help (7]
[ Use "Real"® rat quity : Debt—— Borrowing -Tax Rate|- Depredation

Construction T Operating

(s | [ao

Help [7]

View/Edit Go Back
Additional .
Inputs wpa ite and

stor : Case

Estimate
hydrogen cost

i e |

Discount rate: IT % (o) (%) interest (3%) (%%) period (yrs) E)i
Inflatiomn rate: [1 % [70 ° lﬁ | 10 | 10 | 20 s
I IF Muclear Power Plant I *3 HEEP - [Details of Capital Cost of Nuclear Power Plant] -
Hel [?] B View Additional inputs Help Exit
elp [
v Use library f* Read fram librany Update
witiliby ~ Create newdata  MFF Detalls of Caopital Cost (Base Cost/
Lt et s i gt Databaze Options io provide Capiial {Base) Cost Delails
. ’ - i _ Use built-in features to
| = calculate capital cost
HTGRER10 - Capital cost of nuclear ,ESE+87
power plant :
Parameter Yalue gdd'
ata
Thermal rating [thunit) GOO|E it
Heat for HZ plant [ thunit] 170| Edit
E lectricity rating [Mw'e/unit) 203.99[ Edit
Mumber of units 1[Edit
Initial fuel load [kg/unit) 7050| E it

Overmight Capital cost{USDAunit] | 550E+8

Capital cost fraction for electricity
generating infrastiucture [%)

21| Edit

O#&M cost [ of capital cost) 3.93| E it
Decommiszioning cost (7% of 0.52| Edit
capital cost]® ’

Store Capital Cost
details of NFF

Update Database of Capital
Cost Components of NFF

Donot usq'
Enter capital cost details for one unit

Capital cost fraction for electricity
generating infrastructure (%)

550000000

Proceed to next step

B

usD

Finance Oplions of Base Cosi

Equity:Debt
(%) (%)
70 30

Show/Edit Base
cost Cash flow

Mo

(Goto main page)

' while enetering major
head, mingr head and any numbers.

Market Borrowings
Int. Rate (%) Return period (yrs)

El

Depreciation period (yrs) 20

[~ Use "Real" rates
Tax Rate
(%)
10
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| = | B |-

|‘u‘i9w Additional inmmts Heln  Fat

Help (7]
[ Use "Real"® rat quity : Debt—— Borrowing -Tax Rate|- Depredation

(%e) (%)

(70 * [z

Diszount rate;

[5
ok

Inflation rate:

interest (3%)

(%%) period (yrs)

9

I [v Muclear Power Plant I
Help [7)

v Use library f* Read fram librany Update
ity (" Create new data MPP
i e T e e

HTGRE10 -
Parameter Yalue gdd'
ata
Thermal rating [thunit) GOO|E it
Heat for HZ plant [ thunit] 170| Edit
E lectricity rating [Mw'e/unit) 203.99[ Edit
Murber af units 1| Edit
Initial fuel load [kg/unit) 7050| E it

Overmight Capital cost{USDAunit] | 550E+8

Capital cost fraction for electricity
generating infrastiucture [%)

21| Edit

O#&M cost [ of capital cost) 3.93| E it
Decommiszioning cost (7% of 0.52| Edit
capital cost]® ’

| 10 | 20

Help [7]

Construction T Operating View/Edit
5 30 Additional
Inputs

Go Back

—pw ite and
stor : Case

Estimate
hydrogen cost

3 HEEP - [Details of Capital Cost of Nuclear Power Plant] -

i e |

B View Additional inputs Help Exit

Detais of Caprifal Cost (Fase Cost}
Oplions o provide Caprial {Base) Cost Delais
Use builtin features to
calculate capital cost
Capital cost of nuclear
power plant

EGE+8

ash How af ihe Sase Cost

Fraction of
total Capital
Cost
required
during the
vear for
MNFF
components
generating
electricitty
(%)

Fraction of
total Capital
Cost
required
during the
wedar for
NPP
including all
costfor all
utilities (%)

20;

Year

2025

Capital cost fraction for electricity
generating infrastructure (%)

Donot us
Enter capital cost details for one unit

head, mingr head and any numbers.

Finance Oplions of Base Cosi

Equity:Debt
(%) (%)
E

B

Market Borrowings
Int. Rate (%) Return period (yrs)

Mo

Show/Edit Base
cost Cash flow

550000000 vso |

2026
2027
2028
2029
Total

20
20
20
20
100 21

[ R S S Y

Store Capital Cost
details of NFF

Update Database of Capital
Cost Components of NFF

Proceed to next step

(Goto main page)

while enetering major

[~ Use "Real" rates

Tax Rate
(%)
EJ 10’

Depreciation period (yrs) 20
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View Additional inputs Help Exit
Help [?) . _ Help [7]
[ Use "Real® rat quity : Debt—— Borrowing - Tax Rate|- Depredation s Construction | Operating z - Go Back
) ) ! £ Yiew/Edit Esﬁmuie
Discaunt rate 5 % | (6 (%) interest (%) | (%) period (yrs) @ 5 30 Additional Uodat d hvd t
_ _ . : Inputs pdate an ydrogen cos
|l atior rate: |-|_ % W lﬁ | 10 | 10 | 20 store Case
I W Muclear Power Plant I *3 HEEP - [Details of O&M Cost of Nuclear Power Plant] ENRE
B3+ View Additional inputs Help Exit
. Help [¥] n . Donot use '," while enetering major
v Uze library {* Read fram library Update Enter OdM cost details for one unit head, minor head and any numbers.
= HFP Help [?)
ity £ Lreate new data Databaze Optrans o grovide G3M cost Delais Q
L oF vaniaar plaew e @ e vae————— di i |
[ . ¢ Constant annual O&M Cost far all years  Warying O&M Costfor different years ew/Edit yearwise O&M COSt?
HTGRET0 s
Relevant Delaids for Block Fstimale
Add. i i
Parameter Yalue Routing O&M =98 Refurbishrment 5
_ : da.la (% of total capital cost) | (% of total capital cost)
Thermal rating [thunit) GOO|E it
Heat for H2 plant (MWt unit] 170[ Edit Hlock estimale for O3M of other utifiies of NFF
E lectricity ratlhg (e funit] 203.99 Ed!t e O | Pt
Mumber of units 1| Edit Other utilies of | (% of total (% of total
Initial fuel load [kg/unit) 7050| E it NPP capital costfor | capital costfor
Aunnual fuel feed [kgfunit] 1773 Edit (= i) = willyy)
Overmight Capital cost{lJSD Aunit)| 5 50E+8| Edit Electricity 308 0
Capital cost fraction for electricity 21| Bt
generating infrastiucture (%)

D&M cost (% of capital cost)

L e 0.52| Edit
capital cost]

Store components of Update Database of O&M Cost

D&M Costfor NFF Compaonents far NFF Proceed to next step {Goto main page) "
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View Additional inputs Help Exit

Help [?) . _ Help [7]
L ] L ]
[ Use "Real® rat quity : Debt—— Borrowing - Tax Rate|- Depredation Construction | Operating View/E dit Go Back

Discount rate: IT % (o) (%) | interest (o) (%) period (yrs) 7 an Additional Uodat 4 . :Sﬁmuie ,
ERERNED o E Inputs pdate an ydrogen cos

Irflaticn rate: 1 %

store Case
I ¥ Muclear Power Plant I ™3 HEEP - [Details of O&M Cost of Nuclear Power Plant] [E=EERS)
B View Additional inputs Help Exit
i Help [7] n N Donot use '," while enetering major
v Uze library " Read fram library pdate Enter O&M cost details for one unit head, minor head and any numbers.
Litility ' PP Help [7)
. EreaFe nfaw dat_a Databasze fnlions o provide O848 cost Dotads
L o iR plaen as 1 e . .
| - " Canstant annual O&M Cost for all years & “arying O&M Cast far different years Hide yearwise O&M Cost
HTGRE10 -
Parameter Yalue Add.
data
Thermal rating [thunit) GOO|E it
Heat for HZ plant [ thunit] 170| Edit
E lectricity rating [Mw'e/unit) 203.99[ Edit
Mumber of units 1[Edit . T B
= - - ear-wise delais o 25 }
Iritial fuel load [kg/unit) FO90)E dit OEM Cost detarls for the year
r-‘-.nnuql fuel fee.d [k.g#unit] . 1773 Ed!t e o | B ﬂ Ireset ObM Head
Owermight Capital cost{USD Aunit] | 5 50E +8]Edt on| Costiarane | electicity
Capital cost fraction for electricity 71| Edit unit generation Hide/Close O&M cost details Copy details for all wears
generating infrastiucture (%) (UsD) (UsD) —
2l rar
i ) 2030 19701E+07 4137210 OM Costdetails for | oo jopy | electiciy
D&M cost [ of capital cost) e L ge[fleé%“]m
_ ) D 2031 1.9701E+07 4137210
LTEC g U = U 0.52| Edit Refurbishment i i
capital cost] 2032 1970107 4137210
Foutine 08k 1.9701E+07 41137210

2033 1.97ME+07 4137210

2034 1.9701E+07 4137210 j

Store components of Update Database of O&M Cost -
D&M Costfor NFFP Components for NFFP Proceed to next step (Go to main page) "
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View Additional inputs Help Exit

Help [?) . _ Help [7]
L ] L ]
[ Use "Real® rat quity : Debt—— Borrowing - Tax Rate|- Depredation Construction | Operating View/E dit Go Back

Discount rate: IT % (o) (%) | interest (o) (%) period (yrs) 7 an Additional Uodat 4 . :Sﬁmuie ,
x| [7 :[@ | [To o E Inputs pdate an ydrogen cos

Irflaticn rate: 1 store Case
I v Muclear Power Plant I ®3 HEEP - [Details of Decommissioning Cost of Nuclear Power Plant] | | (B e S )
B View Additional inputs Help  Exit
’ Help 7] — n " Donot use ', while enetering major
v Use library f# Read from lbran™ | 1pdate Enter decomissioning cost details for one unit head, minor head and any numbers.
wuiility ™ Create new data . TF';P Detaits of Decommissioning Cost Help 7]
L f saciaar plaen e g e Mmﬂ Options lo provide Decommissioning cost Detars
| - & Constant annual decommissioning ~ “arying decommissioning | View/Edit yearwise Decommissioning Cost |
y Costfor all years Cost for different wears
HTGRS10 = Relevant Delails for Block Estimale
Add. Routine Decommissioning (% of capital cost)  [o52

Parameter Yalue data i
Thermal rating [thunit) BO0O] Edik Hlack eslimate for slililies Decomimissioning
Heat for HZ plant [ thunit] 170| Edit ] .
Elechicily rating [Mwe/urit] 207399 Edit » Routine D&M (%4 of
Number of urits 11EE Other utilities of NPP | total capital cost for
Iritial el load [ka/unit] 7090| Edit the utiity)
Annual fuel feed [kgiunit) 177 3| Edit Electricity 0
Owermight Capital cost{USD Aunit] | 5 50E +8]Edt
Capital cost fraction for electricity ,
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Table - 1: Finance details (using Nominal® rates)

Table - 4: Hydrogen Generation Plant Details

H2 peneration per unit (kgyT)

Heat consumption (MW ith.unit)

Eleciricity required (s We unt)

Number of units

COreernighit Capital cost{LS0vmit)

Diiscount rate

Energy usage cosi# (USD)

Inflation rate

Crihier Q%M cost(: of capital cost)

Equity/Diebt

Decommissioning cost (va of capiml cost)

Bomowing mierest

Tax mate

Table - 5: Hydrogen Storage Details

Table - - Time Perwod (vears)

Storage capacity (kg)

Compresser cooling water (Lit'hr)

Comstction

Eleciricity requirement (KWe)

(Operation

Oreerniphit Capital cost (IS0

Table - 3: Nuclear Power Plant Details

Compresser operating cost (UISI)

Oriher QM cost (3 of capiml cost)

Decommissioning cost (Fa of capitl cost)

Themmal rating (Wi umitf)

Heat for H2 plant (MWW mmit)

Eleciricity ratmng (MWeunit)

Table - &: Hydrogen Transportation Details

Number of units

Diistance for transport (km)

Imitial foel load (kg umif)

Orwernight Capital cost (LTSI

Anmal foel feed (kgumnit)

Electricity chargss (U/SD)

Owerniphit Capital cost(LS0umit)

Orther QM cost (3 of capiial cost)

Capital cost fraction for elecinicity penerting infrasmictare (%)

Decommissioning cost (Fa of capital cost)

Fuel cost (USDikg)

M cost (7% of capital cost)

Decommissioning cest (% of capital cos()*




clear power plant 1.§8USD [ 24.48%]
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Comparative Case Study



Capacity and thermal specifications of the considered cases of nuclear power plant

and hydrogen generation plant

T CASE 1 CASE 11 CASE 111 CASE 1V
Nuclear Power Plant PBR NPP PMR NPP HTGR NPP
Thermal rating per unit 200 MW, 200 MW, 600 MW, 600 MW,
Number of Units 4 6 4 6
Electricity rating, MW, /unit (eff.) - 160 (40%) - 110 (40%)
Thermal heat of H, plant, MW /unit 200 200 540 324.167
Specific capital cost, $/MW,, 1,495,000 RISy 874,500 874,500
Capital cost, M$ 1,196 441 2,100 3,465
O&M cost, % 1.79 1.94 2.07 2.07
Fuel cost, $/kg 77 110.55 275 275
Hydrogen Generation Plant
Annual Hydrogen generation, ton 72,000 72,000 216,000 216,000
Thermal energy required, MW, 800 800 1945 1945
Electric energy required, MW, Yy oy 815 815
Capital cost, M$ 762 673 1,550 1,550
Energy usage cost M$ 157 64.75 441 89.60
O$M cost, % 5.34 5.5 5.46 5.46



H2 Storage

Hydrogen storage period, h 168
Unit cost of cooling water for storage, $/ML 0.00022
O&M cost for hydrogen storage, % 5
Liquefaction

Cooling water flow rate of Liquefaction, L /kg H, 209
Daily Boil-off rate, % 0.1
Metal Hydride

Specific Heating power, MJ/kg H, PRWAS
Hydride cooling, L/kg H, 209




H2 Transportation

Vehicle

Pipelines

Transportation distance, km
Vehicle H, Capacity, kg

Fuel Cost, c$

Loading Time per trip, min
Average speed, km/h
Mileage of vehicle, km/L
Decommissioning cost, %

O&M cost, %

300
180
125
120
40
2.5
0.5
0.1

Transportation distance, km
Pipe equivalent radius, mm
Inlet pressure of Hydrogen, bar
Delivery pressure, bar
Temperature of Hydrogen, K
Friction factor

Decommissioning cost, %

O&M cost, %

500
125
53.2
50.0
293
0.01




Time periods and financial parameters considered in the analysis

General Cost and Operating parameters

Discount rate

Inflation rate

Interest rate

Tax rate

Equity : debt

Depreciation period

Construction period

Operation life time/ Return period
Cooling before decommissioning
Decommissioning

Fuel cooling

Waste cooling

Capacity factor

availability factor

Unit cost of grid electricity, c$/kWh

5%

1.2%
10%
10%
70%:30%
20 year

3 year

60 year
12 month
10 year
24 month
24 month
90%
100%

6.6



CASELII CASEIII, IV
HYDROGEN STORAGE
Compressed Gas
Storage capacity, ton 1,381 4,142
Electric power required, MW, 18.80 56.45
Compressor cooling water, L/s 118.79 356.18
Capital cost, M$ 186 447
Compressor operating cost, M$ 10.9 32.7
Cooling water charges, $ 8,248.42 24,668.16
Liquefaction
Storage capacity, ton 1,390 4,171
Electric power required, MW, 82.76 248.3
Liquefier cooling water, L/s 480.5 1441.5
Capital cost, M$ 192 397
Storage electricity charges, M$ 54.9 164.8
Cooling water charges, $ 38,158 114,668
Metal Hydrides
Storage capacity, ton 1,380 4,142
Heating power required, MW, 53.10 159.3
Hydride cooling water,; L/s 477.16 1,431.7
Capital cost, M$ 3340 10000
Cost of energy for hydride cooling, $ 30,134 90,228
HYDROGEN TRANSPORTATION
Vehicle Transportation
Capital cost, M$ 77.60 232.8
Fuel cost, M$ 120 360
Annual drivers’ wages, M$ 12.80 38.41
Pipe Transportation for Compressed Gas Storage
Compressor power, MW, 13.12 11.79
Capital cost, M$ 272 263
Electric power charges, M$ 7.58 6.82
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Comparison of hydrogen cost for hydrogen production only



B NPP-HG-CG
NPP-HG-MH
NPP-HG-LQ

S/kg

11.42

10.29 10.22
9.38
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7.24 7.08

5.87
4.8 4.64
||| I|I III I

CASE | CASE I CASE 11l CASE IV

6.26

-
v
o

o
=

e
e
(@)
=

©
]
L S

Q.
=
()
(T1]
o
|

©
>

u

Cost of hydrogen for different storage options at the different cases



80 % R === NPP-HG-CG
° CASE I === NPP-HG-CG

60 % === NPP-HG-MH
o == NPP-HG-MH

NPP-HG-LQ
40 % NPP-HG-LQ

20 %

PZAN

CASE Il =&—NPP-HG-CG CASE IV === NPP-HG-CG
== NPP-HG-MH === NPP-HG-MH
NPP-HG-LQ NPP-HG-LQ

Contribution percentage of plant units on hydrogen generation cost for the
different cases considering different storage plants shown for each case



NPP-HG-CG

CASE IV

CASE 1l

NPP-HG-LQ

CASE IV

NPP-HG-MH

CASE Il CASE IV

CASE 11l

CASE Il

CASE Il

CASE Il

Contribution percentage of plant
units on hydrogen generation
cost for the different cases
shown with respect to the
storage method.




21
B NPP-HG-CG-V300

18 NPP-HG-MH-V300
NPP-HG-LQ-V300

S/kg

15 13.94

12.2 12.74
11.3

12
10.22
9.15 9.61

9 {7.78
6.71
6.56 573
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Cost of hydrogen production for different storage and transportation options



CASE 1lI

e=@=NPP-HG-CG-V300
== NPP-HG-MH-V300
NPP-HG-LQ-V300

=== NPP-HG-CG-V300
== NPP-HG-MH-V300
NPP-HG-LQ-V300

CASE Il

CASE IV

== NPP-HG-CG-V300
== NPP-HG-MH-V300
NPP-HG-LQ-V300

== NPP-HG-CG-V300
== NPP-HG-MH-V300
NPP-HG-LQ-V300

Contribution percentage of
plant units on hydrogen
generation cost for the
different cases considering
different storage plants
shown for each case.



M 300km ® 500km 700km

1S/kg

CASE Il
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NPP-HG-V  NPP-HG-P

NPP-HG-V NPP-RHG-P

m 9500km

CASE I

436 44
4.33 4.38

NPP-HG-V  NPP-HG-P

Cost of hydrogen for the considered cases at different transportation distances
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Cost comparison for vehicle and pipeline transportation considering the
integration of compressed gas storage plant to the generation system
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Case Studies

Case | Case ll

2 x 359.5 2x719.0
MWe MWe

Nuclear
Power Plant

Hydrogen
Generation
Plant

Case lll Case IV

2x1117.1 2 x509.3
MWe MWth
HTGR

HTSE
4 kg/s

Case V

2 x630.7
MWth
HTGR

Sl




Technical and Financial Features:

Nuclear Power Plants

Nuclear Power Plant

Number of units

Capacity factor (%)

Availability factor (%)

Thermal rating (MW, /unit)

Heat for H, plant (MW,, /unit)

Electricity rating (MW./unit)

Initial fuel load (kg/unit)

Annual fuel feed (kg/unit)

Capital cost (CC) (USD/unit)

CC for power gen. infrastructure

Fuel cost (USD/kg)

O&M cost (% of cc)

Decommissioning cost (% of cc)

Case |

Casel ll

0
719.0
54000
18000

4.66x10°
10%

1365
1.67
2.8

Case lll

0
1117
75000
25000

5.96x10°
10%

1260
1.66
2.8

Case IV

0
14000
5000

4.02x108
0

3660
5.84
10

Case V

0
18000
6000

6.05x102
0

5535
1.82

10



Technical and Financial Features:
Hydrogen Generation Plants

Case | Case ll Case lll Case IV Case V

Hydrogen plant design

Number of units

Capacity factor (%)

Availability factor (%)

H, generation rate (kg/year/unit)

Heat consumption (MW,, /unit)

Electricity consumption (MW,_/unit) 0

Non-process electricity consumption
(MW._/unit)

0 0 0

Capital cost (USD/unit) 8.45x10® 1.31x10° 4.59x10%

Energy usage cost (USD) 0 0 0

O&M cost (% of cc) 4 4

Decommissioning cost (% of cc) 10 10




Technical and Financial Features:
Chronological and Financial Data

Case | Case ll Case lll Case IV Case V

Construction period (yr)

Operation period (yr)

Decommissioning (yr)

Refurbishment (yr)

Spent fuel cooling (yr)

Waste cooling (yr)
Cooling before
decommissioning (yr)

Discount rate
Inflation rate 1%
Finance equity: debt 70%:30%

Borrowing interest 10%
Tax rate 10%

Depreciation period 20 year




Results

Levelized cost of Hydrogen S/kg

| @ HEEP
537 Match improves when HEEP

: 5.32 H2A considers construction period of

| 4 years
(Values reported previously are
4.08 4.03 for construction period of 5 years
3.39
i 2.34 2.58 2.63 2.47 2.53
2.21
I
Case | Case |l Case Il Case IV Case V

Cases |, I, 11I: after modifying HEEP construction

periods to match the 4 years criteria of H2A




Levelized cost of Hydrogen $/kg

HEEP Benchmarking:
Results of Other Studies

5
PAKISTAN (PAEC)
4.25
4 |
3.56 2ol
5
[o14]
=
3 S @ HEEP
- | 378 381
s 4 ASAD
o
2 - 5
z 3 2.46
. o - 2.29
_ (7,]
s |
©
S8
0 . . 2
HEEP  GA4-ECONS  H2A g 17
CANADA (AECL) 0 .

Source: R.Sadhankar, AECL, Canada Case A Case B



Comparison of HEEP vs H2A

Justification for the variation
* Debt portion of the construction costis Debt part is incurred in each year of the .
assumed to be incurred in the first year construction period. between HEEP & H2A:

of the construction period itself. The debt part is calculated based on the
The repayment of this entire debt fraction of cash flow during that year
component (market borrowing) starts and debt to equity ratio. e The construction pe riod
from the first year of construction period | * The repayment of debt part borrowed in . .
distributed over debt repayment period each year starts from the respective year spec ified is 5 years.
evaluated at the given interest rate. in which they have been incurred, for a

duration of debt repayment period.

MS Excel spreadsheet based interface for | * An input interface and post-processing e H2A cannot account for
modeling the hydrogen generationplant | module developed in Microsoft Visual . .
alone. Basic construction pe“Od more
Mathematical computations are done
— than 4 years.

using Fortran routines.

* The costs details of plants and facilities |+ The costs details of plants and facilities
(source of heat/electricity, storage and (source of heat/electricity, storage and
transportation) associated with transportation) associated with
hydrogen production are to be provided | hydrogen production canbe provided as
as externalities. input parameters

» Construction period — 4 years only » Construction period — no limits
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Four detailed Case studies for HEEP Benchmark:
GEN-IV reactors for hydrogen production

Nuclear power plant

H2 production process

Thermal efficiency%

Hydrogen production
(kg/ MW, h)

Hydrogen cost (S/kg)

JAPAN CHINA GERMANY CANADA

GTHTR300 HTR-PM HTR-SR SCWR

S-1 HyS Cudl

32.2

10.90 102.8 416 6.9 7.5

3.78 3.61 4.1 4.74 5.34
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