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REWARDS - Robust development of the energy system to maintain energy security
Motivation, objectives, and structure of the 3-year project (2024 — 2027)

Motivation

B Need to conceptualise energy security / security of supply / energy resilience / energy sovereignty / energy independence / ...
B Exploring energy security and resilience concerns as additional layers when planning system development pathways under uncertainty

B New modelling capabilities for dependencies, diversification, self-sufficiency, vulnerabilities, and reconstruction capabilities, ...

Objectives

Conceptualising Compiling hazards Parameterisation concepts || Extend EMPRISE framework Case studies
energy security & resilience incl. potential shock events and to quantify and model the for scalable stochastic planning showing system development
from a system transformation slow burn processes that could resulting storylines including of integrated energy system impacts and deriving
planning perspective jeopardise energy security recourse actions/costs transition pathways recommendations
@ Energy Security @ Storyline @ Storyline Quantification @ Numerical @ Evaluation &
Requirements Development . . Case Studies Recommendations
@ Model Extension & Implementation

Normally expected

EMPRISE system scenarios Robust decisions for
[ @ o tooli ] O<g B @ transformation and system
pen source tooling development pathways

@ Model extensions to incorporate critical aspects of O O __ \?/yifrr: ?grenr;sggs @
energy security into the stochastic scenario trees O _ energy zecuri ty

02-03-04
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What are potential hazards or threats? (just a selection)

Shock events

Hurricanes,

Tsunami, Extreme temperature, Extreme cold,
Earthquake, Drought, Heat waves, Snow storms,
Volcanic activity Forest fire Blizzards

Flood,

Tornadoes,

Storms Heavy rain

Physical
attacks

Cyber-physical

Space weather attacks

Uncontrollable
“(Cold) Dunkelflaute” excess electricity
(“Helle Brise”)

Lack of cooling water
for power plants

War Technology

dependency

Raw material (Renewable) Fuel

dependency import dependency Climate change

/
Slow burn processes é
02-03-04

R. Schmitz, F. Flachsbarth, L. S. Plaga, M. Braun, P. Hartel: Energy Securty and Resilience: Reviewing Concepts and UNI KASSEL ==
Advancing Planning Perspectives for Transforming Integrated Energy Systems, arXiv, 2025. DOI: 10.48550/arXiv.2504.18396 R EWA R DS VERSITAT % Frau n hOfer
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Our recent preprint illustrates technical, economic, and environmental system performances

during shock events and slow burn processes
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lllustrative curves

Preparative overcapacities _
ensure earlier Ioad coverage \

Technical system performance

Destruction of :
power plant

. capacities \

|

Substitution by
new power plant
capacities

— w/ prepatation
— w/o preparation

1/

f
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(a) Technical system performance during a shock event \

R. Schmitz, F. Flachsbarth, L. S. Plaga,

A
[

Technical system performance

=

Closed-loop: cooling
is less efficient

Power plant
has to
reduce output

<

Power plant :
must shut — w/ preparation

down completely — w/o preparation

y § i . >

1 Iy 13 14 s 23

(b) Technical system performance during an SBP @

(NS 02 - 03-04

M. Braun, P. Hartel: Energy Security and Resilience: Reviewing Concepts and

Advancing Planning Perspectives for Transforming Integrated Energy Systems, arXiv, 2025. DOI: 10.48550/arXiv.2504.18396
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How can systems react to disruptions and be more resilient? Let us look at the literature for
a second

Resilience capacities (inspired by the literature)

B Absorptive capacity (first level) — the ability to withstand
minor disturbances with normal operational system
adjustments

B Adaptive capacity (second level) — the ability to adjust
operations to accommodate more significant and/or
extended disturbances

B Transformative capacity (third level) — the ability to
fundamentally change system configurations to manage
upcoming extreme and/or prolonged disturbances

(NS 02 - 03-04

R. Schmitz, F. Flachsbarth, L. S. Plaga, M. Braun, P. Hartel: Energy Securty and Resilience: Reviewing Concepts and LH UNIKASSEL ==
Advancing Planning Perspectives for Transforming Integrated Energy Systems, arXiv, 2025. DOI: 10.48550/arXiv.2504.18396 - : E R EWA R DS VERSITAT % Frau n hOfer
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What do resilience capacities mean for integrated energy systems in transformation, i.e.
what are their recourse options as a response to shock events and slow burn processes?

Resilience capacities (inspired by the literature)

minor disturbances with normal operational system
adjustments

B Adaptive capacity (second level) — the ability to adjust
operations to accommodate more significant and/or
extended disturbances

B Transformative capacity (third level) — the ability to
fundamentally change system configurations to manage
upcoming extreme and/or prolonged disturbances

B Absorptive capacity (first level) — the ability to withstand

Slide 8 30 June 2025 © Philipp Hartel, Fraunhofer IEE, University of Kassel, Berlin

Inter-
pretation

Recourse options in energy system transformations

Resilience capacity

Transform

Adapt

Absorb

kY

e

Spatially (re-)allocating
(de-)centralised
supply/demand

Developing
new technologies
and combinations

Shedding/rationing
loads in various
end-use sectors

Hybridising
supply systems

Deploying
Activating storage technologies

long-term storage

. Scaling up
iy \ . power generation
Shifting JIport ng, more capacities

combustible/feedstock

loads in various o
fuels, gas, electricity

end-use sectors Expanding

energy
Adjusting Utilising transport
thermal  Transmission \ hybrid or multivalent Adonti
itchi optin
generation switching \.\ supply systems - pting
\ gative
Curtailing ',I Utilising emission
VRE production, XB flows '| firm capacities technology
Operational Curative Investment

Planning horizon

(NS 02 - 03-04

R. Schmitz, F. Flachsbarth, L. S. Plaga, M. Braun, P. Hartel: Energy Securty and Resilience: Reviewing Concepts and
Advancing Planning Perspectives for Transforming Integrated Energy Systems, arXiv, 2025. DOI: 10.48550/arXiv.2504.18396
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What are efficient trade-offs between system resilience and system costs?

Recourse options in energy system transformations

LN

P

Spatially (re-)allocating

(de-)centralised
Developing

new technologies
and combinations

supply/demand

Transform

o | Shedding/rationing Hybridising
2 rnu' loads in various supply systems
‘S ;‘% end-use sectors .
© Deploying
§ Activating storage technologies
o L long-term storage Scaling up
e e : power generation
2 Shifting Importmg il capacities
B ep : combustible/feedstock
4] oads in various fel e Expandin
(n's o end-use sectors JESEas, € ccnaty P €
- . energy
2 Adjusting . Utlllsmg. transport
= Transmission '\ hybrid or multivalent
< thermal Adoptin
generatio.n Switl:hing \-\ SUPPIY systems negla:'tiveg
Curtailing | Utilising emission
VRE production, XB flows '| firm capacities technology
Operational Curative Investment

Planning horizon

R. Schmitz, F. Flachsbarth, L. S. Plaga, M. Braun, P. Hartel: Energy Securty and Resilience: Reviewing Concepts and
Advancing Planning Perspectives for Transforming Integrated Energy Systems, arXiv, 2025. DOI: 10.48550/arXiv.2504.18396
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Resilience-cost trade-offs need to be better understood

lllustrative curves

Desired system Shape of
resilience level individual or
aggregate
trade-off curves

Acceptable
system costs

System costs

System resilience level
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EMPRISE (Environment for Modelling and Planning Robust Investments of Sector-integrated
Energy systems) is a framework designed for parallel solution approaches

Environment for Modelling
and Planning Robust Investments of
Sector-integrated Energy systems

EMPRISE b
Model instances cover closed system ,?;f’ V,g." g FX
development paths of the integrated e (g
energy system (in Europe) with its internal =~ _ /7 " |

and external interactions between Lo
technologies, commodities and markets |

to optimise transformation
pathways under uncertainty

o1- IV 03-04

\

= Fraunhofer

Slide 11 30 June 2025 © Philipp Hartel, Fraunhofer IEE, University of Kassel, Berlin IEE



EMPRISE implementations feature generic modelling components and help to instantiate
flexible scenario tree configurations

_ . Generic modelling components (nodes, commodities, sources, sinks, links, converters)
Environment for Modelling

and Planning Robust Investments of 473
Sector-integrated Energy systems if 3 / ‘Conveners Conveners/\\
EMPRISE A

Node 1 Node 2 Node N Node 1 Node 2 Node N Node 1 Node 2 Node N §
|V|Od6| InStanceS cover closed System ‘Sources ‘Souroes ‘Souroes‘ -g‘ ‘Souroes ‘Souroes ‘Souroes E,’ ‘Souroes‘ ‘Souroes‘ ‘ Sources‘ %
development paths Of the Integrated ‘ Sinks ‘ Sinks ‘ ‘ Sinks ‘ E ‘ Sinks ‘ ‘ Sinks ‘ ‘ Sinks ‘ §. ‘ Sinks ‘ ‘ Sinks ‘ ‘ Sinks ‘ E

£ w T -
energy SyStem (l n Europe) Wlth |tS |nte rnal ;',(" ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘ E

and external interactions between -
technologies, commodities and markets = |
to optimise transformation
pathways under uncertainty A

Largely agnostic towards new technologies,
relevant commodities, and their combinations &
Flexible scenario tree configurations

o1- IV 03-04

EMPRISE is implemented for multi-stage stochastic tree structures. Two-stage problems are a specific case of this approach.
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EMPRISE is a framework particularly designed for MPl-based parallel solution algorithms,

e.g. scenario decomposition and progressive hedging algorithms

Generic modelling components (nodes, commodities, sources, sinks, links, converters)

Environment for Modelling

and Planning Robust Investments of fgf;,
Sector-integrated Energy systems 4% / ‘Conveners ‘Conve nem/\\
EMPRISE A
b

Node 1 Node 2 Node N Node 1 Node 2 Node N Node 1 Node 2 Node N

MOdel InStanceS cover closed System ‘Souroes ‘Souroes ‘Souroes‘ -g" ‘Souroes ‘Souroes ‘Souroes g’ ‘Souroes‘ ‘Souroes‘ ‘Sources‘

development paths Of the Integrated ‘ Sinks ‘ Sinks ‘ ‘ Sinks ‘ g ‘ Sinks ‘ ‘ Sinks ‘ ‘ Sinks ‘ 3 ‘ Sinks ‘ ‘ Sinks ‘ ‘ Sinks ‘
w T

energy System (|n Europe) W|th |tS |nterna| ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘ ‘Storages‘

and external interactions between
technologies, commodities and markets
to optimise transformation

pathways under uncertainty

3

Largely agnostic towards new technologies,
relevant commodities, and their combinations &

Flexible scenario tree configurations

Objective function of the multi-stage stochastic problem

min {fl (x1,91) + E [ min {fQ(xg,yz)Jr...JrE min {fr (ZIZT,Z/T)}] H }

(x1,y1)EX1 (x2,y2)EX2(x1) (xT,y7)EXT(TT-1)
Investment costs Investment costs Investment costs
+ System operation costs + System operation costs + System operation costs (perpetual annuity)
+ Decommissioning compensation + Decommissioning compensation + Decommissioning compensation
or-JETE- 0304

EMPRISE is implemented for multi-stage stochastic tree structures. Two-stage problems are a specific case of this approach.
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Scalable solution approach

Heat (centralis ed)

Scenario Decomposition

+ PHA + HPC platform
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From vanilla to effective progres:
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Tackling scalability with progressive hedging in EMPRISE

B Current solution approach

Scenario decomposition combined with a distributed Progressive Hedging
Algorithm (PHA)

Applied to large-scale, two-/multi-stage stochastic EMPRISE problem instances
B Challenge
"Vanilla PHA" struggles with real-world planning models

Poor numerical conditioning is typical in energy system LPs (constraint matrices
tend to be poorly scaled and ill-conditioned)

B Need to do more
Standard PHA fails to converge reliably for large, ill-conditioned energy models

Call for dedicated tuning strategies!

W73y Tuning PHA gliZ]
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Algorithm 1: Progressive Hedging (PH) for
MSSPs

1 Initialization: Let v < 0 and w"(&) « 0, V& € &,
t=1,...,T, and choose p € R*. Compuie for each
ek

T
x(v+1)(§) = argminfl(xl) 4 2 fr (x”_)dcl—l(g),gz)

=2

2 Iteration Update: v « v + 1
3 Aggregation: Compute foreacht =1,...,T — 1 and
each D € G,:

Deep-1 T X(E)

(D) «
EgeD-' e

4 Price Update: Compute for eacht =1,...,T — 1 and
each & € E:

w(,,v}(é) - w(!.v—l)(é) +p [xi“(V}(é) _ i(“)(gl(g)):l

5 Decomposition: Compute for each & € =:

T
X e argminfl(xl)+2 1 (X’,J?*l(&),é?)
x =2
T-1 P
ey Tt 4 Pt _ 2w 2
+ 3 [ @T + £ — 2 (6) IP]

=1

¢ Termination: If a criterion is met, stop. Otherwise, go to
Step 2.

\
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Combining adaptive rho heuristic with problem-specific initial rho scaling improves vanilla
PHAs for energy system models

B Adaptive rho heuristic

Scenario- and variable-specific update of penalty parameters p

Heuristic based on primal/dual residuals
(no convergence proof, but practically effective)

Enables convergence where the standard PHA fails

B Problem-specific initial rho scaling

Initialization of O based on cost coefficients and model structure

Boosts convergence toward tight optimality gaps

B Combined approach and bounder information

Slide 16

Adaptive + problem-specific initialization yields significant improvements in
convergence behavior

Parallel bounds from scenario solvers allow convergence monitoring despite
heuristic tuning

W73y Tuning PHA gliZ]
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Algorithm 1: Progressive Hedging (PH) for
MSSPs

1 Initialization: Let v < 0 and w"(&) « 0, V& € &,
t=1,...,T, and choose p € R*. Compuie for each
ek

L]

Iteration Update: v < v+ 1

T
x(v+1)(§) = argminfl(xl) 4 2 fr (x”_)dcl—l(g),gz)

=2

Aggregation: Compute foreacht =1,...,T — 1 and
each D € G,:

D_C(")(D) —

E.feD" e

Deep-1 T X(E)

Price Update: Compute for eacht =1,...,T — 1 and

each &

€&

w(,,v}(é) - w(!.vfl)(é) +p [x!‘(V}(é) _ i(“)(g!(g)):l

Decomposition: Compute for each & € E:

T
Xt € argmin £,(x")+ Y /, (x’, 3”1(5),5')

T-1

+ Y @ +

=1

P
ol

=2

X =3 (6,) IP]

Termination: If a criterion is met, stop. Otherwise, go to

Step 2.

EMPRISE
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Carefully tuned PHA enables tractable, distributed solving of high-dimensional, stochastic
energy system models at scale

Two-stage stochastic EMPRISE instance Multi-stage stochastic EMPRISE instance

— static rho 2 static rho
—— sep rho setter (dynamic) 10 ] —— sep rho setter (dynamic)
norm rho updater ] norm rho updater
—— sep rho settter + norm rho updater —— sep rho settter + norm rho updater
— rel. gap tol rel. gap tol
10" 5
IS L. IS ]
£ 109 £
a. a.
© ©
=T} =T}
QL ¥
> =
5 5
= =
U L 0
o2 e 1071
-1
1071 ! 107!
T T T T T T 1 T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100

PHA iteration PHA iteration

UBl7ag  Tuning PHA gliZ]
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Takeaways from bridging resilience and tractable energy system planning

Research project REWARDS incorporates shock and slow-burn process events into energy system
development analyses with qualitative and quantitative results to come

EMPRISE is a distributed (MPIl-based) stochastic energy system planning framework to investigate multi-
period system planning of integrated energy system transformations under uncertainty at scale

Problem-specific Progressive Hedging Algorithm tuning approaches help to make large-scale stochastic
energy system planning problems tractable

B B0 B!

01-02-03
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