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From energy system challenge to implementation pathway

Exploring SMRs in integrated energy systems: industrial heat and hydrogen in Hungary

01 02 03 04

Goal & gap Case Model Results
Industrial Hungary: policy, FRAMES hourly System cost, CO,,
decarbonlzatl'on,& Paks | + Paks II, optimisation of capacity mix and
energy capacity imports, PV and electricity + H; price

security needs

firm low-carbon H; hydrogen

energy

CORE THESIS

05

Enablers

Finance,
regulation and
market design for
deployment

SMR value is conditional, not self-evident. This study tests when SMRs add system
value in Hungary across electricity, hydrogen and heat.
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Bridging the Paris ambition and the industrial reality

From climate targets to reliable low-carbon electricity, heat and hydrogen

Paris Agreement Integrated low-carbon energy systems Reliable low-carbon
well below 2°C 45 Electricity | & Industrial heat | H, Hydrogen industrial eénergy services
Electricity
High-temperature heat
SMRs as a potential bridge Hydrogen / feedstocks

24/7 reliability

r%f%ﬂ

S~

value must be demonstrated

u

[ SMR value is not assumed — it is tested in INPRO FRAMES tool against whole-system alternatives. ]

What will be compared across scenarios

Hydrogen cost
and production
technology

I Total system cost ICapacity additions I Hourly dispatch I CO; emissions Elect:rc‘:czfsfuels

Sources: UNFCCC Paris Agreement; UNEP Emissions Gap; IEA Global Energy Review 2025 / Renewables / Global Hydrogen Review; IPCC AR6 WGIII NDC — Nationally Determined Contribution 3
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02 ' Why Hungary? A relevant case for integrated SMR systems | | . .o

Energy and Climate

Electrical grid system overview & National Energy and Climate Plan (NECP) / WAM 2040 pathway Plan. 2024

2024 generation mix

W 42%

W 24%
19%
6%
5%
4%

Nuclear
Solar
Natural gas
Coal

Bioenergy
Wind, hydro, other

38 TWh generated ® =206 gCO,/kWh

Cross-border power-flow

Cross-border exchanges are a regular operating

feature, not a marginal backup.

What makes Hungary a useful case?

It combines mature nuclear operation, import dependence,
fast solar growth and an emerging flexibility gap.

a4GwW  Nuclear backbone

Paks | + Paks Il capacity assumed from 2040 in NECP/WAM.

24% EU Electricity market integration

24% of net electricity import dependence in 2024; interconnectivity
around 42%; 49% of primary energy import dependency.

1,130 Flexibility stress signal
15-minute imbalances above 400 MW in 2024; 65% of balancing
was downward; balancing costs of €359 min in 2024.

12+2 2040 RES increase

12 GW solar and 2 GW wind; gas remains about 2.4 GW.

Case-study logic: nuclear stability + variable
RES + imports + flexibility constraints

Sources: Hungarian Central Statistical Office; MAVIR Ltd (system operator, network operator and owner of the electricity transmission grid); National Energy and Climate Plan (2024); MAGYAR ENERGETIKAI ES KOZMU(-SZABALYOZASI HIVATAL; IAEA PRIS; tco2e.net 4
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Hydrogen in Hungary: policy anchor and 2040 industrial perspective
Hungarian industrial hydrogen context & Hungary’s National Hydrogen Strategy

Concentrated industrial H, demand clusters Policy anchor
Refining e fertilisers ® chemicals ¢ potential heavy transport
2026
UA A Confirmed green H, output
o Kazin.cbarcika L -73
chemicals - s z1.65 kt /y H2

13 MW electrolysis

é Pétfiirdé N Seon h ’b i
fertilisers ./ pezGETCse \ \ . .

4 replace industrial grey
el , A " RO hydrogen

Rendszerterhelés:

Hungary’s National
Hydrogen Strategy,
2021

2040
Policy target

=145 kt /y H,

Low-carbon and carbon-
free H,

links electricity system to
industry

& | -
" ) e 4920 Iz\i\x Current green supply covers:
o =~1.1% of 2040 Strategy demand

Where should H, be produced?

[1984 - 2014

= 2.7 t/year

H, production at Paks | NPP
for the plant's own need

The 2040 FRAMES case tests whether integrated nuclear
KEY MESSAGE systems can supply it reliably and cost-effectively.

Sources: Hungary Final Updated NECP 2024; National Hydrogen Strategy 2021; MOL; MFGT Aquamarine; Blikkabrany Energy Park. 2040 demand; Imre Racské. Hydrogen Production
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From the Hungarian context to the modelling problem

Energy security - industrial decarbonisation - technology choices - system optimisation

POLICY DRIVER

Hungary’s strategic objective: reduce energy-import
dependency and the share of natural gas in the energy mix

1 - ELECTRICITY &
ENERGY SECURITY

Policy implication )

Lower gas-import
dependence requires
more domestic low-
carbon and flexible

supply.

2 - INDUSTRIAL

DEMAND

* Concentrated
hydrogen users

e Potential district-
heating and industrial-
heat users

* Demand centres are
geographically separated
from some supply options

Sources: Hungary Final Updated NECP 2024; National Hydrogen Strategy 2021; MAVIR; MEKH; author’s framing.

3 - STRATEGIC
CHOICES

e Extend Paks | NPP
e Commission Paks || NPP

e Expand wind and solar

® |ncrease
electrification and low-
carbon hydrogen

e Assess SMRs

4 - MODELLING
QUESTION

) What is the least-cost 2040

technology mix that meets
electricity and hydrogen
demand, complies with the
CO; constraint and reduces
fossil-energy dependence?
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Hungary's input data for FRAMES' optimisation case-study i [AEA TECDOC-2135

method and model

2040 system represented using the historical 2024 hourly profile 5096
Historical hourly load shape Annual demand adjusted FRAMES scenario demand
o hourly shape x 2040 o
/\/\/\/\ annual demand . . .
seasonality + intraday the profile gives timing; E H, Heat
volatility retained \scenario assumptions give scalty

The historical profile provides the temporal shape, while annual energy
demand and technology assumptions represent the 2040 scenario.

Retained Changed
real seasonal pattern - weekday/weekend annual energy demand - generation fleet constraints
effects - hourly volatility for coal, gas, solar and wind - Nuclear fleet split -

Imports proxy - H, demand - CO; limit

The adaptation changes not only input values, but also the technology structure
and model constraints to represent Hungary’s 2040 system more realistically.



System response to higher demand and constrained fossil capacity

Reference 2040 vs High-Demand / Low-Fossil scenario - FRAMES relaxed fleet optimisation

Vs

-

55 TWh/y fossil backup constrained

3 GW CCGT + residual coal

HIGH DEMAND / LOW FOSSIL

64 TWh/y

1 GW CCGT - no coal

H, demand unchanged
5.71 TWh - =145 kt/y

Ve

CAPACITY RESPONSE

LWR-SMR Wind 4-hour BESS Solar PV

0> 179 9555200 0 2035 3.9-3.9
~6 units N

GW selected GW ceiling GWhadded GW unchanged

Main optimisation response:
firm low-carbon capacity enters, wind reaches its upper
bound, and only limited battery storage is added.

DISPATCH SHIFT

TWh generated / imported

Nuclear 38.0 — 53.1 T HTGR-SMR built: 0
CCGT 16.5 — 6.0 g

Coal 037 — 0 phased out

Wind 0.95 — 3.55 T

Imports 0.13 — 2.18 T

Firm low-carbon generation replaces fossil output;
wind and imports provide additional balance.

|

r SYSTEM Annual system cost
OUTCOMES $3.40 ~ $3.83
+12.6% (demand +16.4%)

CO, emissions
6.07 > 2.43
Mt/y - -60%

Implicit H, cost

$2.22 > S2.08
per kg - -6.3%

KEY MESSAGE

Sources: author’s FRAMES runs: SMR_Sol-corr(1).out and NPP-SMR(5).out; IAEA FRAMES TECDOC-2135.
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Under higher demand and limited fossil backup, the least-cost system adds LWR-SMR
capacity, expands wind, and supplies the same H, demand with much lower CO, emissions.
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Power, GW

Power, GW

Dispatch structure: bridging demand and variability

M raks| [l Paks i LWR-SMR CCGT Import RES M Storage discharge — Served electricity load —— Demand

Winter week - Jan 09-15

12.000

10.000
8.000

6.000

4.000
2.000
0.000

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

Summer week - Aug 01-07

12.000
10.000
8.000
6.000
4.000

2.000

0.000
Day1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
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Firm and flexible nuclear roles

Paks | & Il provide stable baseload, while the modular
LWR-SMR fleet follows residual demand.

Sector coupling & H2 production

The difference between Load & Demand lines indicates
electricity-to-hydrogen production and storage
charging which helps maintain the hourly balance

Winter peaks

CCGT and imports cover the residual peaks

Summer flexibility

High solar output reduces residual demand; CCGT
and imports decline first, followed by LWR-SMR
load reduction and brief shutdowns.

Low-carbon capacity links variable
RES with 24/7 electricity + H,
demand + storage charging.




A three-layer bankability architecture for Hungarian hydrogen

Use regulated infrastructure, revenue stabilisation and industrial off-take to convert system value into bankable projects

WHY THIS IS NEEDED THREE-LAYER STRUCTURE TARGET OUTCOME

FRAMES shows Each layer stabilises a different risk before private capital and industrial users commit. Bankable low-
[ : ) carbon H, market
system value, but RAB / CWIP-like shared compression
investors need a ] connection . _
revenue model mechanism — Construction risk
Annex Reduce construction financing cost [ storage ] [ pipelines ] managed by RAB/CWIP

. 4 o
e Construction- ) ( Price risk

. . reference
period cash flow Q Hydrogen CfD price managed by H, CfD
.. . budget
5 Stabilise low-carbon H, price after .
* Predictable H; ’ control Volume risk

revenue _ Annex Commercial Operation Date (COD)

managed by off-take

. 4 N
([ J . . . . .
, zon:njlrt:d ; ° Industrial off-take consortium (~Exeltium) Private users commit
Industrial deman ~ _ — when they receive price
or SPV ( Mankala) [ refinery ] [ fertilisers ] certainty, supply
e Clear risk Stabilise demand and allocate chemicals petro- security and capped
allocation volume risk (take-or-pay) chemicals exposure to
- J construction risk.

. J/

[ CORE IDEA RAB/CWIP for infrastructure, CfD for price risk, and industrial take-or-pay contracts for volume risk.]

Sources: IAEA TECDOC-2121; IAEA FRAMES scenario results; author’s adaptation of CWIP/RAB, CfD, Mankala and Exeltium principles for Hungarian low-carbon hydrogen. 10
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Regulatory Development Needs for an SMR-H, CfD/RAB Scheme

The challenge is fragmented regimes and missing enabling rules for the coupled system

Nuclear safety EU hydrogen market | |Industrial safety| | State aid / Low-carbon H,
CURRENT ,
Law + HAEA Dir. 2024/1788 - Reg. H,, pressure, support Delegated Reg.
REGIMES Code (NSC) 2024/1789 Seveso CEEAG - CISAF 2025/2359

A coupled SMR—H, project crosses all five regimes at once.

WHAT TO DEVELOP e National transposition of EU hydrogen market rules.

e Low-carbon H, certification pathway for nuclear
electricity.

e Government act establishing a public H, CfD
counterparty or designated support fund.

e Enhanced guidance for SMRs, multi-module sites

* Legal basis for H, CfD payments. and nuclear—H, external hazards.

~

Development priority: integrated licensing roadmap + statutory CfD counterparty + low-
carbon H; certification + SMR-specific nuclear regulator (HAEA) interface guidance.

Sources: Act CXV1/1996; OAH Decree 1/2022; Govt. Decrees 118/2011 and 219/2011; EU Dir. 2024/1788; EU Reg. 2024/1789; EU Delegated Reg. 2025/2359; CEEAG/CISAF; IAEA TECDOC-2121. 11
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From Complementary IAEA/INPRO Tools to Deployment

Outputs from one analytical layer become inputs to the next — from system assessment to an actionable roadmap

A ( ) ( )
MESSAGE; FRAMES +
B COUNTRY CONTEXT R NEST + PESS &3 INPRO / NESA
NES SIMULATORS HEAT/H
2 .
Question Question Question Question
What national problem and —| What role can each nuclear option| —,| Are candidate technologies | Is the proposed nuclear energy
pathways should be assessed? play in the system over time? and products economically system sustainable and deployable?
Scenarios and boundaries Capacity mix - dispatch - LCOE/L(EO.H. -.NPV . Sustalnabfllty.gaps and
deployment path sensitivities criteria
N\ J N\ J |\ J \ J
4 <= N s ) e Y
ROADMAP
&3 KIND-ET, RTA (6 | NATIONAL DECISION
, DEVELOPMENT _

Question Question Question

Which option offers the best overall » How can the preferred option move » What should the country approve,

balance of benefits, costs and risks? from analysis to deployment? finance and implement?

Ranking - trade-offs - Actions - owners - milestones - Approved pathway and
sensitivities decision gates implementation plan
\ J . J . J

Deployment barriers, sensitivity findings or new stakeholder
priorities may require revised assumptions and new model runs.

FEEDBACK LOOP

12
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Takeaways for deployment of SMRs for hydrogen and heat

From system value to implementation conditions

(. System value (@B Hydrogen adds | EB Technology h
is conditional sector-coupling availability #
value ' '
9 L )\ economic selectlonj
‘8 ... N (@ )
2] System optimisation does =0 Deployment depends on
not create bankability state support, regulatory
9 U coordination and a roadmap y

SMRs for hydrogen and industrial heat should be assessed as part

of an integrated energy-system pathway:

* first demonstrate conditional system value,

e then create bankable demand,

\_ * coordinated regulation and an implementation roadmap.

Bangkok INPRO Dialogue Forum, 2026
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Thank you for your
attention!

Efforts Options

Competent decisions onﬁ

energy applications beyond electricity
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Annex. A Hydrogen Regulated Asset Base (RAB): what should be regulated?

Recover construction-period costs only for shared infrastructure — with clear cost caps and industrial demand commitments

7

DESIGN RULE Regulate monopoly-like hydrogen infrastructure, not an unlimited technology cost.
Annex 1 Industrial users pay for reserved capacity; the state pays only for clearly identified public benefits.
1 - ASSET PERIMETER 2 - COST RECOVERY 3 - CONSUMER PROTECTION
Core regulated asset Construction-period revenue Regulated Asset Base (RAB) only works if
H, industrial ) ) ) investors and users trust the rules.
producer >  users Industrial capacity-reservation charge
€/kg of contracted annual H, capacity or €/ MW
What belongs in the RAB of reserved electrolyser capacity Independent Approved cost
cost review cap
[Hz pipelines] [storage] [compression] Who pays for what?
o po—— safety Industrial off- State / public .
metering connection interface takers budget Milestone-based No automatic
reserved capacity first infrastructure recovery pass-through of
riority suppl i
Conditional inclusion only after a price C»;rtari)r?ty energy security overruns
public-interest test b Y gas-import reduction
* nuclear—hydrogen interface Pre-COD payments are credited against future o
e shared electrolyser balance-of-plant H, network charges Availability and Transparent
- . non-delivery tariff formula
Not the full SMR cost or industrial Users receive a clear price corridor and priority rules
plant retrofit access in return

.

A Hydrogen RAB should reduce financing cost for shared infrastructure while preserving industrial-user
CORE IDEA oy ey . .
responsibility for volume and technology-choice risk.

.

Sources: IAEA TECDOC-2121; author’s adaptation of RAB/CWIP principles for Hungarian low-carbon hydrogen infrastructure and industrial off-take.
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Annex. Hydrogen CfD: Covering the Residual Price Gap

The industrial buyer pays the market-based reference price; public support covers only the remaining gap

UK Hydrogen
Production
Business
Model, 2023

Annex 2

TWO-WAY HYDROGEN CfD

Public support is calculated after the industrial buyer’s
payment and carbon-cost comparator are taken into account.

CfD payment; = QH,,t x (Pstrike - Preference)

applied to the positive difference; two-sided settlement allows clawback

7

e N
Preference < I:)strike Preference > Pstrike
Public counterparty pays the Producer returns the difference
L producer )L
Reference price Strike price

e Natural-gas cost e Efficient low-carbon H, cost

e EU ETS cost e OPEX

* Grey-H, operating cost e Approved capital recovery

e Transport and delivery cost e Allowed return
MAIN The CfD covers only the residual price gap after carbon costs, buyer
MESSAGE payments and other public support have been taken into account.

Bangkok INPRO Dialogue Forum, 2026

CASH FLOW

:

Sources: Regulation (EU) 2024/1747; EU Innovation Fund / Hydrogen Auction logic; CEEAG State-aid principles; Hydrogen Production Business Model subsidy scheme UK 2023; author’s financing architecture.

Industrial ) H, > Public CfD
buyer producer € counterparty
reference / top-up or claw-
achieved sales price back
INDUSTRIAL INCENTIVES
( N ( N ( N
Fertiliser . .
. / Refinery Chemicals
ammonlia
e Stable low- e Secure domestic e Certified
carbon feedstock H> feedstock
e Lower gas & ETS e Lower lifecycle e Product footprint
exposure carbon claims
e Verified product e Long-term price e Downstream
carbon clarity green contracts
& J & J & J

Nuclear-powered H; could be treated as certified low-carbon
hydrogen, not automatically as RFNBO.

HPA + CfD < approved funding gap

Anti-overcompensation: grants + RAB + ]

16



Annex. UK practice: Hydrogen Production Business Model
Regulation and contract practice for a hydrogen CfD-type mechanism

/ REGULATION \ CASHFLOW SCHEME /m \
Legal basis Buyer pays the commercial hydrogen price; public support
SV QIR i TESEEY 0o 11 HAR1 projects electrolytic hydrogen
Energy Act 2023 Industrial ’ H, «< Public first contracts awarded
legal basis for H, revenue buyer producer 3 counterparty
support reference / achieved sales price top-up or claw-back
Counterparty >£2 bn revenue support
LCCC CfD payment = QH: X (Psyice = Preterence plus capital grants in some cases
If positive: counterparty pays producer | If negative: producer
Low Carbon Contracts
pays back
Company appointed in 2024
C 15 years contract term
ontract
. . . Low Carbon Hyd A t
LCHA Reference price Strike price oW arbon fydrogen Agreemen
Low Carbon Hydrogen gas cost efficient H, cost .
Agreement EU ETS approved CAPEX Why this matters for Hungary
grey-H, OPEX allowed return isti t t t del
15-year contract existing government counterparty mode
\_ VAN ) two-way price support already used in
- - practice support can be output-based and
Type Var.lable premium I contract-based
with claw-back esidual-gap Buyer payments + other support are
support only deducted before public compensation is set.
Core

UK practice shows that a hydrogen CfD-type mechanism can be implemented through a 15-year contract, a state-owned
takeaway

counterparty and a two-way price-adjustment formula.
N 4

N -~

Sources: UK Hydrogen Production Business Model / Low Carbon Hydrogen Agreement; Energy Act 2023; HAR1 materials.
Bangkok INPRO Dialogue Forum, 2026
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Annex. Track record of H, production at Paks | NPP

On-site hydrogen for turbine-generator cooling - operational lessons for non-electric applications

=1984 / 87 -
2014
2 units of on-site H,
production i e
Ly > S \x o
20 N m3/h Hydrogen production SZEU-20 electrolyser Gas separation & Hydrogen unloading Hydrogen storage

building cell stack pressure control station area (15 receivers)
SZEU-20 capacity

From production - conditioning - unloading - storage

=2.7 t/y H,
auxiliary annual Technical track record Operational difficulties Final solution in 2014
consumption « SZEU-20 water electrolysis  High production cost « On-site production replaced by
« 20 Nm3/h; =30,000 Nm3/y « Maintenance-intensive cells purchased H, (1/4 of cost)
8 generators « H, for 8 generator rotors « Low utilisation; asbestos « New unloading / receiving station
Stageoalie diaphragms  External supply: since 2006
Paks | demonstrates proven nuclear-site H, production and handling experience — at auxiliary scale
KEY MESSAGE P 2P g exp y scale,

not industrial-scale hydrogen supply.

Sources: Imre Racskd, Hydrogen Production and Use at Paks Nuclear Power Plant: Future Plans, 2010; HFC Hungary. 18
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