IEP TUTI

Deep Learning Surrogates For Low-Voltage Grid Expansion
Planning

Elias Franz Hanser, Anurag Mohapatra, Beneharo R. Baecker, Thomas Hamacher

Center for Combined Smart Energy Systems (CoSES)

Technical University of Munich

PSCC 2026, Limassol
09.06.2026

o) I



IEP

T

Motivation — High resolution modeling case for a DSO

* Majority of the new renewables are going to appear on distribution grids — predominanlty PV.

* Heatpumps and EV chargers will also contribute.

anurag.mohapatra@tum.de | CoSES | PSCC 2026

Der Ausbau der erneuerbaren Energien muss fiir
eine weitgehend klimaneutrale Stromversorgung
2035 dramatisch beschleunigt werden. Binnen weni-
ger Jahre miissen wir den PV-Ausbau in Deutsch-
land auf 22 Gigawatt (GW) pro Jahr erhéhen. Mit
dem EEG 2023 wurde dieses Ziel gesetzlich veran-
kert und eine hilftige Verteilung auf Gebaude- und
Freiflichenanlagen angelegt. Verglichen mit dem
Niveau der bisherigen Boomjahre 2010 bis 2012,
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V9.Erméglichung netzbildender Eigenschaften
im Verteilnetz

Zukunftig wird ein Grofiteil der Erzeugungsleis-
tung auf Verteilnetzebene verortet sein. Um weiter-
hin einen stabilen und robusten Systembetrieb
gewidhrleisten zu kénnen, muss mindestens ein Teil
dieser Anlagen netzbildende Eigenschaften aufwei-
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Motivation — High resolution modeling case for a DSO

* Majority of the new renewables are going to appear on distribution grids — predominanlty PV.
* Heatpumps and EV chargers will also contribute.
« The distribution grid will have to be upgraded — at a heavy cost!!

Ausbaubedarf des Verteilernetzes Strom bis 2045 in Mrd. Euro

« DSO needs to know which grids are critical. 5
» Scheduling of capital upgrades in grids. " 80 %

bis 2045 ca. 207 Mrd. Euro (Netzdimensionierung)
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Motivation — High resolution modeling case for a DSO

* Majority of the new renewables are going to appear on distribution grids — predominanlty PV.

* Heatpumps and EV chargers will also contribute.

« The distribution grid will have to be upgraded — at a heavy cost!!

« Standard Load profiles will not be sufficient —
— Home EMS
— Grid side flexibility measures
— DBatteries as VPP
— Sector-coupled consumer needs

anurag.mohapatra@tum.de | CoSES | PSCC 2026

BDEW Standard Load Profiles from 1999
96 x 1/4h measurements [in watts], based on consumption of 1,000 kWh/a
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Motivation — High resolution modeling case for a DSO

Majority of the new renewables are going to appear on distribution grids — predominanlty PV.
Heatpumps and EV chargers will also contribute.
The distribution grid will have to be upgraded — at a heavy cost!!

Decisions
Asset Upgrade
: . ;
./

Expansion Planning

Standard Load profiles will not be sufficient — : : } " Tloxibility
— Home EMS @ @ @ _DSM

Ancilliary Sevices

— Grid s!de flexibility measures : @Iﬁ PN @,_A
- Battel’leS as VPP Grid GO g T E.(-;(.J.l.;llliatltwll I
Ancilliary' BESS L LAZE (I-Li&)
— Sector-coupled consumer needs Services [ © NetGrid Demand 7 Sum of
: élﬂ élﬁ % Household Demands

Transformer timeseries is not an inelastic sum of standard load profiles

anurag.mohapatra@tum.de | CoSES | PSCC 2026 5
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Motivation — Model detail vs discrete decisions

« State-of-the-art approach is MILP modeling with hourly or 15m time-series.
« Typical days or in best case — one or multiple calendar years.

* Run through different flexibility paradigms
« Each node is an active entity.

anurag.mohapatra@tum.de | CoSES | PSCC 2026

a) Coor_Flex.
("status-quo")

b) Coor Flex.
("local energy
exchange")

¢) Coor_Flex,
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("best-case",
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S. Candas, B. Reveron Baecker, A. Mohapatra, and T. Hamacher, “Optimization-based

framework for low-voltage grid reinforcement assessment under various levels of flexibility and

coordination,” Applied Energy, vol. 343, Aug. 2023, doi: 10.1016/j.apenergy.2023.121147.
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Motivation — Model detail vs discrete decisions

« State-of-the-art approach is MILP modeling with hourly or 15m time-series.
« Typical days or in best case — one or multiple calendar years.

* Run through different flexibility paradigms
« Each node is an active entity. Coor_Flex_ Coor. Flex- Coor-Flex,

» Decide upon —
— Grid reinforcement (discrete)
— DER dispatch

S. Candas, B. Reveron Baecker, A. Mohapatra, and T. Hamacher, “Optimization-based
framework for low-voltage grid reinforcement assessment under various levels of flexibility and
anurag.mohapatra@tum.de | CoSES | PSCC 2026 coordination,” Applied Energy, vol. 343, Aug. 2023, doi: 10.1016/j.apenergy.2023.121147.
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Motivation — Model detail vs discrete decisions

State-of-the-art approach is MILP modeling with hourly or 15m time-series.
« Typical days or in best case — one or multiple calendar years.

* Run through different flexibility paradigms

BN Hootpump WSS PV BN Elecrricity demand  MEMI BEVcharging  MEMN Curiailment MM Battery discharge MM Batiery charge  MEMN Import W Feed-in

. . . Coor- Flex — Coor 4 Flex _ Coor _Flex + Coor 4 Flex 4
« Each node is an active entity. w0
* Decide upon — 7
—  Grid reinforcement (discrete) P
— DER dispatch 2
Zo
=500
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S. Candas, B. Reveron Baecker, A. Mohapatra, and T. Hamacher, “Optimization-based

framework for low-voltage grid reinforcement assessment under various levels of flexibility and

anurag.mohapatra@tum.de | CoSES | PSCC 2026 coordination,” Applied Energy, vol. 343, Aug. 2023, doi: 10.1016/j.apenergy.2023.121147.
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Motivation — Model detail vs discrete decisions

« State-of-the-art approach is MILP modeling with hourly or 15m time-series.
« Typical days or in best case — one or multiple calendar years.

* Model setup takes a lot of time and turns intractable beyond few hundred nodes.
« Setup data collection is not trivial — difficult to haromize the assumptions from different datasets.

« The target timeseries of value aggregates from otherwise useless individual series.
— but it costs RAM regardless!
Transformer or cable upgrade is dependent on next larger available size.
— decision is the same if the transformer is 1% overloaded or 10% overloaded.
« Every scenario is a separate model run.
— Cannot solve a part of the model, however small the change. Inefficient use of computation.

anurag.mohapatra@tum.de | CoSES | PSCC 2026
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Research Gap

« Can we replace the MILP model with ML surrogates for rapid yet reasonable estimates?

MODEL COMPARISON: DETAILED OPTIMIZATION vs. SURROGATE INFERENCE

4{ TRADITIONAL APPROACH: DETAILED OPTIMIZATION MODEL ]—

MULTIPLE (o5
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anurag.mohapatra@tum.de | CoSES | PSCC 2026
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ML surrogates are fast, accurate and transferrable.

* Focus on hyperparameter tuning for LSTM and Transfomer architectures
» Feature engineering and data augmentation for better results.

* Archetypical benchmark grids — rural, semi-urban, urban. I &
Buildi O W
atull3ulsn|g cs}s\Q QO 6‘ e;szgl\\\‘\
. . i S P\ HP & &
30 scenarios — 1h resolution for 1yr model " %"’ggpp‘%*pHP K"cop e e S o
O qfeed in - qu Heat pump
. . < f;ed in J;;EBUX Raux
* Pre-trained model can be transfer learnt to new grids P i o i e v -
. . . ir it VTS'e KTS,.U K'Se 75 dch | >
* Requires less than 4% of the original dataset. —% “ i TS
CfPVI_& p‘,r,f it
it KBSe /85e /BS.deh
K9 KO ot B
atte : BS.ch
pbakeh P 4 Hiei
it it WB —
vy k"8 g WB’ML Hict YoV Tﬂ
dg!ec,q dgn’ec t o ddhw dsh BEV

A. Mohapatra, M. Hock et.al, "Surrogate Framework for Energy System Modeling," 2025 IEEE Kiel
anurag.mohapatra@tum.de | CoSES | PSCC 2026 PowerTech, Kiel, Germany, 2025, pp. 1-6, doi: 10.1109/PowerTech59965.2025.11180532. 11
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ML surrogates are fast, accurate and transferrable.

4 Input Timeseries 0\
Data L Demand & Generation timeseries - MILP Optimization Exemplary L= [ Optimal DER capacity
i - Unit Commitment & Capacity Planning | ADG model | wges= ges : b : .
Preparation C Input Scalars 2 - Grid Coordination paey £l keber | mome PaEE Unﬁ;o&r;gg&egggé?gws
tl"opology, Techno-economic parameters - Flexibility through storages - SimBench [I5N L
( Toput N —»{(PV - 100%, 80%, 120%) [ (= A Training D
Data Optimal DER TR = urbs Day, Month How cenarios
Augmentation Capacities HP - 100%, 80%, 120% + + Timestamp Dﬁ‘;gg;gfisezd
\ ) Bat - 100%, 80%, 120% A7 Timestamps
- ( Normalisation ) (" Hypertuning ) (  Training (" Error Analysis )
Surrogate %)7 Scenarlocsl Prescale Timeseri P T LSfT " Optimal Layer Count Lo
? CCOMPpOSE ries »| Transformer I . . -
Creation Timesorios over all Scenarios Optimal Learning Ratc Good Fit Loss Function Learning
Timestamps N N N\ - -I

anurag.mohapatra@tum.de | CoSES | PSCC 2026

A. Mohapatra, M. Hock et.al, "Surrogate Framework for Energy System Modeling," 2025 IEEE Kiel
PowerTech, Kiel, Germany, 2025, pp. 1-6, doi: 10.1109/PowerTech59965.2025.11180532.
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ML surrogates are fast, accurate and transferrable.

10 BEST-PERFORMING SURROGATE MODEL COMBINATIONS, SORTED BY PERFORMANCE ERRORS Full Year Duration Curve
MAE Net Peak Peak Feed-in | Hyperfuning [ Training | Evaluation
Label MSE [kW] Demand [%] | Demand [%] [%] Time [h] Time [h] Time [s] -
TrainDeltalLoss_Transformer24_TS-VMDS5 0.048 19.441 0.882 0.826 5.455 03:15:09 01:05:36 4.509 é
TrainDeltaLoss_LSTM24_TS-VMD35 0.049 | 19.238 7.985 1.404 1.461 03:07:20 00:59:42 4.047 g.: IL"L
TrainDeltaLoss_LSTM36_TS-VMD3 0.059 | 20954 5.752 2.278 1.138 09:50:29 01:04:12 4.311 ER 2000 2000 6000 8000 0 2500 5000 7500
TrainDeltaLoss_LSTM24_TS-VMD7 0.047 | 18.991 8.819 5.536 1.947 06:01:53 | 01:0428 | 3919 5 Winter Sumrer
TrainDeltaLoss_Transformer24_TS-VMD7 0.052 | 22.050 5.632 5.445 6.539 03:28:51 01:02:50 4.561 :ﬁ ﬂ )L ILA /ml (MW || ]
TrainDeltaLoss_Transformer24_VMD7 0.052 | 21.903 0.194 8.151 8.406 03:07:32 00:16:13 3.470 E 0 \ U _‘ _h\| o ,—"1
TrainDeltaLoss_Transformer24_NoAugment | 0.062 | 23.004 3.765 1.994 10.636 01:12:08 00:16:55 3572 2 R \I U | r H | I‘
TrainDeltaLoss_Transformer24_VMD3 0.049 | 20.246 3.507 12.485 8.785 03:15:57 01:05:42 4413 - Pred 'J u
TrainDeltaLoss_Transformer24_TS-MSTL 0.056 | 23.427 6.527 2.748 12911 03:09:05 01:02:42 4.516 0 50 100 150 3800 3850 3900 3950
TrainDeltaLoss_LSTM36_NoAugment 0.060 | 21.154 6.225 9521 3893 01:10:20 | 00:1547 | 2.865 fours
Lege.nd = Train: Tra.ining Data as ]US§ target; Df‘:llaLoss: Distance-weighted sum of MSE nqd MAE as loss'fupction: TransformerXX."L‘STMXX: ) 2 | ¥2icnDel(aLoss-TransfonnerZ#TS-VMDS ]
Architecture type with a look-back window of size XX; TS/VMDX/MSTL: Data augmentation method, X indicates number of modes for VMD; £ TrainDeltaLoss-Transformer24-TS-VMDS5-Transfer
NoAugment: No auxiliary inputs and modes é 1| [ '
TRANSFER LEARNING ON 26 SCENARIOS WITH EACH SCENARIO CONSISTING OF 2 WEEKS OF DATA. ga 0 |
Label MSE | MAE (kW) | Agg. Demand (%) | Peak Demand (%) | Peak Feed-In (%) éf =l I
TrainDeltaLoss_LSTM24_TS-VMD35 0.042 6.270 0.397 2.819 12.874 Tﬁ i y‘
TrainDeltaLoss_Transformer24_NoAugment | 0.038 5.498 2.385 13.818 1.779 E »
TrainDeltaLoss_Transformer24_TS-VMD5 0.050 6.169 2.808 8.439 1.131 0 50 100 Hm}rsso 200 250 300

A. Mohapatra, M. Hock et.al, "Surrogate Framework for Energy System Modeling," 2025 IEEE Kiel
anurag.mohapatra@tum.de | CoSES | PSCC 2026 PowerTech, Kiel, Germany, 2025, pp. 1-6, doi: 10.1109/PowerTech59965.2025.11180532. 13
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But actually...

MILP model should exist.

» Inference works so far for only one grid at a time.

* Need time to generate inference inputs as well.

Data requirement is still high for setup.

— Although far reduced than the full MILP model.

No Data, No Party....

T

TRAINING DATASET CREATED WITH 8760 (1 YEAR) INPUT-OUTPUT PAIRS.

Type with units Spatial resolution Temporal
resolution

Inputs

Electrical demand. kWel

Domestic hot water demand, kWth | Sum over all

Space heating demand, kWth households

Mobility demand, kWel Hourly

Solar irradiation capacity factor

Heat pump COP

Charging station availability

Weighted mean over
all housecholds

Battery capacity, kWel

Rooftop PV, kWp

Heat Pump, kWel

Charging stations, kWel

Sum over all
households

As installed

Qutput

Net demand of the grid, kWel

Aggregated for grid

Hourly

A. Mohapatra, M. Hock et.al, "Surrogate Framework for Energy System Modeling," 2025 IEEE Kiel

anurag.mohapatra@tum.de | CoSES | PSCC 2026

PowerTech, Kiel, Germany, 2025, pp. 1-6, doi: 10.1109/PowerTech59965.2025.11180532. 14
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Motivation — Open data & models for national energy studies

« National policy is underpinned by opaque studies with zero verifiability.

consentec Z Fraunhofer

we

» Use of representative grids to model the whole country.
— Real grids given by operator - impossible to access.
— Synthetic grids - need access to propreitary datasets.
— Almost arbitrary clustering to get representative set.

Planungs- und Betriebsgrundsétze fir
landliche Verteilungsnetze

« MILP modeling is out of question due to the scale.

. T tan _dena
— Arbitrary rules to abstract the optimisation step. T
Kur
021
Baseline scenarios Sensitivities
Variations for 2030 Basis KK Basis KK+Gas Damm- EMab- Flex-
Coal consensus No decentralized Tabelle &: Anteile d Ktorient d Janti Haushals - 1 1
e path (18.5 GW from c:f:lcu:sgtrliu's'nm Lower insulation Lower share of flexibility in heat ol & Anteite der marktorlentierten und netzerientierten Haushatte dena Le}'tStu.'dle P
[ coal-fired power l:oat l; :; standard electric car use pumps and electric in% a2037 82007 ca0a azoes 2045 c20s Aufbruch Klimaneutralitat
plants) ® cars** - Eine gesamtgesellschaftliche Aufgabe
Highest demand [GW] 17 n 20 21 10
Energy consumed 16 22 42 43 % ' : ! ' =
[Twh]

anurag.mohapatra@tum.de | CoSES | PSCC 2026 15
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The actual gap...

« Acrisis of available grid data to learn across.

* We might have the synthetic grids but we need a full model setup for each grid
— demand, generation, weather, prices at each node for each grid.

anurag.mohapatra@tum.de | CoSES | PSCC 2026
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One surrogate for all German LV grids...

« Acrisis of available grid data to learn across.
* We might have the synthetic grids but we need a full model setup for each grid
— demand, generation, weather, prices at each node for each grid.

Ground Truth Input Data - X MILP & Power Flow — f(X) Target Data - Y

Building selection of * Harmonized datasets DER Expansion & Operation Cost-optimal expansion Transformer LV

investigated grid « State-of-the-art —> Time series for each building: —— 2nd operation of: — side hourly one-

Desired DER Scenario + Open-source PV, space & water heat, COP, sPt\(’;r:R bgtéiry.hthf:mal year time series

Optional: Provide known BEV charging & availability, 98, charging Active Power (P)

data (e.g. grid topology) appliance and lighting demand Non-convexIAC power flow Reactive Power (Q)
Remodeling of real grid & Grid Topology + Line Specs | Training

buildings with real census, -
street & building geometry data

I
Demand & production profiles Surrogate Input Data - X’ Surrogate Model - f°(X’)

Training & Testing Data base‘(i on phys(ljcal b,""ld:"g Aggregate Time Series Data: Fourier feature encoding, Inference
1,200 LV grids at o :’.““”S and nationa > Expected PV, space & water heat, ——3 VMD preprocessing,

representative locations statisties COP, BEV charging & availability, Transformer Encoder

in Germany to be filled appliance demand,temp. . .

with pre-generated grids Aggregate Building Data: Fast Approximation for

# (non)res. bldngs, # households, * Many LV Grids: Full city/country model
# occupants, # cars, RepioStaRy, » Many Scenarios: % DER adoption,

¥ (non)res. bldng. base/floor area e .
Grid: total resist. R, # feeders peak pricing, weather, curtailment

anurag.mohapatra@tum.de | CoSES | PSCC 2026
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Result #1 — Fully open-source MILP ground truth tool

«  Using existing open-source demand tools. | (R [ amete ] Eif.?:ﬁl:;t]
E .E TMY) Bulcing Type, Use TABULA.*Census) L (OSM‘: DIN)
‘_g Area, Occupancy e ]
*  MILP optimization following Home EMS paradigm N\ [Erotmi.h?.f ][ xotm[;_%;r J oty
— Houses are optimized individually for optimal DER size | . e —— P
. g 2 s fg E E E :§ é _i‘;‘
« Full AC power flow to account for grid losses. £ f|| eeneme || E[3 0 5S| 213 2[5 :
& | F|_De s 2E| Elzg g [E ¢
s ¢ 5 B3 Gl E 5| (23
« LV grids generated synthetically with our tool - pylovo £ |Comenatien] | § Lomrictenersto J(_ ot ) emotey ]
A E L 3 HE HH olz  Bf
E <
\"5/ [ MILP Optimization of Building DER Expansion and Operation ]
é u_g- | Net Building Node Power Demand [ Non-Convex AC Power Flow ]‘_

<

Reveron Baecker, B., Candas, S., Tepe, D., & Mohapatra, A, ,Generation of low-voltage
synthetic grid data for energy system modeling with the pylovo tool*, Sustainable Energy, Grids 4 8

anurag.mohapatra@tum.de | CoSES | PSCC 2026
urag P @tu | | and Networks, 41, 2025, doi: 10.1016/j.segan.2024.101617
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Result #2 — Inference with proxies instead of time-series

« Use computationally cheaper proxies as surrogate inputs
« Time taken to train Surrogate vs Time taken to generate inputs for surrogate inference.

SURROGATE MODEL TRAINING AND INFERENCE INPUT DATASETS.

Rationale Input Features Unit  Aggregation Temp. Res.
Electr. Demand MW.; Sum Hourly
Cheap Expect. PV Production MW ,; Sum Hourly
Ground Water Heat Demand MW;p, Sum Hourly
Truth Space Heat Demand MW;p Sum Hourly
Heat Pump COP - Weighted Avg. Hourly
. Temperature °C Grid Wide Hourly
M';)b_l]'ty # Cars - Sum Const.
Proxies RegioStaR7 Region - Grid Wide Const.
Power Grid Resistance € Transf. LV Side  Const.
Flow # Feeders - Sum Const.
Proxies # Buildings (Non-)Res. - Sum Const.
Disags. Bldng. Base/Use Area m? Sum Const.
# Households, # Occup. - Sum Const.

anurag.mohapatra@tum.de | CoSES | PSCC 2026

Ground-Truth Generation Process

_| Surrogate Prediction ]

104+

Computation Time [h]

=

Electricity

PV

Heat

Mobility

MILP

Powerfl.

Inference
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Result #3 — One surrogate possible for all German grids

* One surrogate hits ~10% accuracy on |S| at Transformer for all 200 test grids — no transfer learning.

« Completely open-sourced dataset and models.

« 500,000 German LV grids can be inferenced in 5.2 days — including surrogate input data generation.

Inputs Embed Encode Readout RQ
=]

= MLP g Drop

o lms el Q

E MLP E MLP

= T = T h

shared E shared Q

5 1
2 MLP
o
= Drop

Fig. 6. Surrogate model architecture. The target time series is split into
smaller, potentially padded, individually inferred core slices. A shared MLP
embeds a multivariate input time step into a higher dimension. The transformer
encoder architecture allows rich interaction encoding within a slice. Finally,
a per-time-step, shared readout MLP reduces the output to a joint prediction
of active and reactive power.

anurag.mohapatra@tum.de | CoSES | PSCC 2026

Apparent Power |5| Prediction MAE

- 3571 — Expected Time Series — Median Time Series
g 68% Percentile Band 68% Percentile Band
4307 96% Percentile Band 96% Percentile Band
@
£ a5+
Qo
e
7]
c 2.04
o
'_
o +
o 1.5
N
© 04t
£ 1.0
-
o
Z 0571

0.0

Jan 'Feb' Mar' Apr 'May' Jun " Jul "Aug'Sep’ Oct "Nov' Dec

Fig. 8. Normalized transformer load (|S](¢)/(|S|)) and normalized prediction
MAE distributions for testing grids at daily aggregation over one year. The
expected/median time series and percentile bands are obtained from each
individual day’s normalized load/error distribution over all grids.
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Result #3 — One surrogate possible for all German grids

* One surrogate hits ~10% accuracy on |S| at Transformer for all 200 test grids — no transfer learning.
« Completely open-sourced dataset and models.
« 500,000 German LV grids can be inferenced in 5.2 days — including surrogate input data generation.

MEDIAN ERROR METRICS OF THE SURROGATE MODELS.

MLP Transformer Agg. Feed-In MAAPE [%] Al 3.2'57 Loty 16'3

Metric Agg. NMAE NMAE Peak Median NMAE [%] Th 14505 767, 7.7

Agg. Feed-In MAAPE [%] Al 97135 1211282 110130 24h 8250 34'%0 3710
s - - Q )

; § 2o 4t T8 Q7.3 " a0 1183 Q41120 5 gtlld

Agg. Import MAAPE [%] Al 4875 18773 17100 Peak tmport MaAPE (50 1B 33T AT 2000

Medion NMAE [%] Th 185'1%2 1381149 1360070 Ah 3855 26'55  1.6'07

24h 108" 6815t 6.2 Th 1077 o' ot

Peak Import Median At [d]
Ih 1“-“'7’:_; 93,4173 1441189 24h 0.0t 27! 0.0M177  pteroe

Peak Feed-In MdAPE [%] 18.9 12.9 0.0 0.0 0.0
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Conclusion

1. ML surrogates for energy system models are fast, accurate and transferrable.
2. Open source synthetic LV grid models can be generated for whole Germany.
3. One surrogate possible for all German grids.
|.  Fully open-source MILP ground truth tool. SurroGrid Repo =2

II.  Inference with proxies instead of time-series.

SurroGrid

SurroGrid is a research codebase that combines two workflows:

1. GridExpand: a 4-step pipeline to generate grid-level simulation data for low-voltage (LV) distribution grids.

2. GridForecast: preprocessing + machine learning models (MLP and Transformer) to train surrogate forecasters on
the GridExpand outputs.
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