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Overall task: Develop solutions — spanning planning, markets, operation and protection - that enable a
secure, resilient and fully renewable power system for Austria within the European context
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PV & Batteries: Benefits & drawbacks 3 PSS2030+

! Status Quo e ? Challenges ™

Variability of solar generation

Austrian goal: Produce 100% net o . . . .
renewable electricity by 2030+ Misaligned incentives (feed-in tariffs)

Unused flexibility potential

PV and batteries as key drivers of
electricity transition o

, Problems

Costly redispatch measures

Decenftralized structure: Dominant o o
share is small- and medium-scale Congestion in electricity grids

/ Curtailment
\ _J




Optimal system design? & PSS2030+

Stakeholders tried fo counferact these problems using different system design approaches:

Market-based option: Regulatory option: Regulatory option:
Real-time pricing PV Peak-Shaving Capacity tariff

EIWG: Dynamic retail pricing EIWG: Fixed (max. 70%) or EIWG: Energy-, capacity- or
legally anchored dynamic export limits time-variant grid charges

Widespread implementation Non-firm access schemes Increasing attention to
in NO, DK, ES, DE across EU countries hybrid/system-peak designs

However there exists no general answer to which system design in best!

)Depends on aspects of system- )Grid-friendly behavior is in the )Economic aspects are of great
friendliness that are targeted focus of this work importance as well
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State of the art in literature 3 PSS2030+

- RTP ~ @ Gap
Improves prosumer profits, induces load
shifting and incentivizes flexibility use (Hao et .
al., 2024; Stute & KUhnbach, 2023) Isolated on.olys.ls. Ipsfrrumen’rs are
. ) mostly studied individually
- Peak-Shaving ™
Static and dynamic export limits significantly Distribution-level focus: No system-
increase PV hosting capacity especially when o id luati )
combined with storage (Konrad et al., 2025) wiae evaluation
~ Capacity-Tariff ™~
Lack of unified benchmarking across
Hybrid and system-peak-oriented capacity congestion welfare dimensions
tariffs reduce synchronized peak behaviour

(Gunkel et al., 2023; Hofmann et al., 2025)




Research Questions 3 PSS2030+

System-level impacts on high-voltage networks, cross-border power flows,
and welfare effects remain largely unexplored

O

How does the integration of PV installations and What are the resulting economic and welfare
battery storage under different instruments affect impacts of instruments compared to status quo
power system operation, particularly high-voltage schemes?

and cross-border tfransmission networks?

Do instruments provide stronger incentives for Does system adequacy improve under instrument
battery deployment and operation? use PV and battery feed-in?
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Model | 3 PSS2030+

@ Key Insights x Model structure

2 LPs (Linear Programs): Follower and
system model

l PV availability AFY ]
Follower: Instrument given; Imports split imto 2PV0, £FVER, PV, VO
from and exports to system model SRRV PEDoS
e Price-follower at node n Expt)rtti (sold at Tt Large system
(PV + Battery + local (lms.ndii&mm (bought at ;‘Lidjspat(:h + network)
System: Grid model, demand I £EPIMOD | PEIM B
equilibrium, cost-minimization

Battery SOC E,, ,
L:]:mrgc: IPV—}B + IIM—}B
discharge o870 58

Price signal m,
(exogenous to PF)

Outcome: Flows, congestion,
curtailment, welfare




Model Il |Deep Dive & PSS2030+

Nodes n € NPF_ time t € T = {0,1,..., T} with initial £ = 0.

Decision variables (all nonnegative):

z:—:‘{_’ﬂ, 12?43, J:,’:Y_’S, zﬂ_’c eR; (PV split)
pIM=D, 1‘1‘,3{_'8 eRy (imports split)
:EE?D, zf;s € Ry, Lot e Ry (battery and SOC)
Convenience (expressions):
zﬁfn = J:f:r_'g + ;‘}l_‘B (t=>1)
Boout §
P T ()|

PV energy split (availability):

PV _ _PV—D | _PV=B , . PVsS§ ,  PVsC
Ay =2y R R S o 1 (t=1)

Battery limits and dynamics:
2Bt <FM (1> 1)
mit <P (4>1)
Eny<E,  (t21)
1

Eyt=Epta+ VI::' -’ﬂi'gm - F 5'-’31“‘ (t=>=1)

Local demand balance:

oc PV —=D B—D IM—D
175;.: =Tng T Tn HTh (t>1)

Price-follower objective (maximize profit net of costs/fees):

T
PV—=S B—S IM—=D IM—=B
max E T E (a‘.n,t + Tt ) — T E (:r.n’t + Tt )
t=1 neNFPF neNFF

PV PV PV=C
—c E (An’t — Ty )
neNFE
PV _PV—=S Bin [M—RB Bout  B—S8 IMD  IM—D
- E (f zﬂ.'t + f zﬂ,t + f Imt + Lt )j|

”!
neNPF




Model lll |Deep Dive
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Indices and sets (minimal): Nodes n € A, lines £ € £, time £ € T = {0,1,...,T}. Thermal plants
p € P RES plants r € P, PHS/HS units h € PP, DSR d € P, batteries b € B. Let N7F C A be
PTF nodes.

Nodal equilibrium (market clearing): Let X, denote net exchange at node n, and NSEu; = 0
non-served energy. Define nodal supply and consumption aggregations as in the implementatio

Spp =Gl + GBI + G157 + Gt Gyt
Urn,t = U’ﬂ-‘,ﬁlﬂl}l + Gi‘? + Gf::'in + Dy s

Sn‘t +JYn.,t + NSEn.t — U’n,t (ﬂ- € N, t> 1)
PF-to-system coupling via effective demand (imports/exports shown explicitly): The sys-
tem uses effective demand:

Dba_ : PFIM—D PFIM—E PF.PV—S FPF.B—=S
Dmt — Ly ; + :En.,t’ + zn't, - :rn't' - zn't' + c'ht (t 2 1)

with curtailment bound (as coded):

PF,PV—S  PF,BS
Cﬂ,t = Tt + Tng (t E 1)

Network: Let I,,; be net injection and PTDI; ,, the PTDI. Then:

Iﬂ,t = Sﬂ,t + NSEn.,t - iyn‘t

Fpp =Y PTDFy, L, (L€l t>1)
neA’
—Fpdt<IFy <Fjdt (feL™ t>1)

(Here df is the timestep length in hours, matehing your code scaling.)

Objective: The large system minimizes total operating cost:
min Y | 3 Guedh+ 3 SU S+ YD G+ Y Spilly, VoL L
teT Lpepth pEPh heprhs heprhs

+ ) @EET Y D e+ (B + ) el + Y NSEn, VoLL+ ) Cpy VoLL
repres deD el neN neN




Data Preparation & PSS2030+

x Data assumptions

Skagerrak @® ESRI Gray Canvas

Data published by Joint Allocation Qomwna
Service (JAO) for grid topology and - el - Gue
line parameters @ Tinstomers

INGDO M Core TSOs

’ [ Bidding Zones
TYNDP 2030 projections for
generation and consumption - ALY
capacities & RES profiles oo A RS

v of Biscay g
AT, BE, CH, CZ, DE, FR, HU, IT, NL, PL, 5 B
SI, SK. modelled; Later onwards: st e | Iggg |

7 LIALY Adriatic Sea
Greater Focus on AT I O = " Leatlet| Tles © Esri— Esri, Delorme, NAVTEQ

Source: Static Grid Model from JAO-Website
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Preliminary results |
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System behaviour (generation,
consumption) differs markedly
between base and instruments

Instruments induce heterogeneous

P effects that are difficult to evaluate
without KPIs

Outcomes are country-specific and
) depend on generation mix (especially
ratio of PV & battery)

¢ AIT



Preliminary results I & PSS2030+

Flow Analysis RTP

‘‘‘‘‘‘‘‘

> x . iy 3 -~ Polen
sl CEBY P (N > { Lo SON A
Niedetl inac A L 3 $ ) G

b 4 <o 3 b 38

Snapshot analysis of cross-border
flows at summer midday under
alternative instrument designs

Predominantly declining flows are
observed across interconnectors;
Sl overall effects remain ambiguous
N ) RTP exhibits the strongest
N improvements, though further analysis
is required
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Preliminary results lII & PSS2030+

Bottleneck Analysis Capacity-Tariff
oS " R b Decrease Bottlenecks O..
e 1 19
M &
~ Polen
VAANY ~

) W N e LS 7 oy ( S
Niedetlfinac ~. * & Lty s g l { 2

Total number of congestion events
) over the considered time horizon (one
year, hourly resolution)

i o
Deugzchland

All insfruments contribute to

P congestion reduction, though
Fra/ eichn_ -~ impacts vary across individual lines
e § p ol Capacity Tariff demonstrates the
strongest improvements; sensitivity
analysis possible
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Preliminary results IV & PSS2030+

AT

KPIs RTP Peak-Shaving Capacity-Tariff
Export Revenue S — —
Cost import == — s
Curtailment — — —
Peak Export s — —
Peak Import s — C

RTP increases export revenues but is Capacity tariff lowers export revenues and
) associated with higher import costs; it ) substantially reduces both peak exports
raises peak exports and imports and peak imports

Peak shaving moderately reduces both Effects differ markedly across countries;
) peak imports and exports, while revenues ) particularly pronounced in systems with
and costs remain largely unchanged high PV-battery shares
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Outlook on next steps & PSS2030+

/— A Limitations j / PPl Future developments\

Current focus on Austria: Increased Infegration of more detailed

spatial granularity is required grid/generation model for Austria
Additional validation steps need to o Explicit consideration of TYNDP grid
be undertaken expansion projects

Sensitivity analysis of key parameter Consolidation of results and
assumptions possible preparation for publication

2N BN /
v e oo Gl 2€ AT
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Thank you for your atiention!
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Questions &
feedback
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