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plan4res storyline
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 Optimise balance between new investments and optimum use of existing assets

 Maximise use of all (both traditionnal and emerging) flexibilities

Facing European targets for reduction of greenhouse
gas emissions while maintaining high quality of 
supply and low cost

Electricity : Increase Share of renewable

Other Energies : move uses to low emission energy sources

6%

21%

69%

6%

9%

15%

29%
5%

36%

Heavy Industry

Agriculture & Other Industry

Heating

Electricity

Service

Transport (incl. Fuels)

Europe 2015 
Net CO2 by point of emission 

(Gt CO2 p.a.)

plan4res will provide : the integrated representation of the system which is 
necessary in order to simulate the energy system expansion and operation thus 
helping Europe to achieve its objectives with the lowest cost



Expected Results

An end-to-end planning and 
operation tool, composed of a set of 

optimization models based on an
integrated modelling of the pan-

European Energy System;

An IT platform for providing seamless 
access to data and high performance 

computing resources, catering for 
flexible models (easily replacing 

submodels and the corresponding 
efficient solution algorithms) and 

workflows;

A database of public data 3 case studies highlighting the tool’s 
adequacy and relevance.
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An end-to-end planning and 
operation tool, composed of a set 
of optimization models based on 
an integrated modelling of the 
pan-European Energy System

 Investment layer: Determine
investment decisions

 Scenario valuation: Evalute
investment
decisions/operational 
planning

Analysis/additional tools: 
Impact of scenario on 
electricity & gas grid

An integrated Modelling



Sector coupling: which energy mix 

for achieving COP 21? 
 Based on a Mul t i -modal European energy 

concept for  achieving COP 21

with perfect foresight,  consider ing sector  
coupl ing of  e lectr ici ty,  heat & cold, t raf f ic,  
fuel/gas; and coupl ing to gas gr ids

Strategic development of the 

pan-European transmission 

network 
without perfect foresight and consider ing 

long-term uncertaint ies  

Assessing cost of RES integration, 

value of flexibilities and impact of 
climate change for the European 

electricity system
 W i t hou t  p e r f ec t  f o re s ight  :  
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3 Case Studies to highlight the tool’s
adequacy and relevance



The Modelling System : 

A modelling system for structured problems  

SMS++ is a set of C++ classes implementing a 
modelling system that:
 allows exploiting specialised solvers
 manages dynamic changes in the model 

reformulation/restriction/relaxation
 does parallel (almost) from the start
 should be able to deal with almost 

anything (bilevel, PDE,..)
 Includes specialized blocks for energy 

system modelling



An efficient IT Platform

Workflows

Containers

Parallelization



Solving Algorithms

 The latest SCIP release for 

large-scale MIP problems 

 StOpt, an open-source 

stochastic optimization 

library for large seasonal 

storage problems

 NDOSolver/FiOracle, for 

solving problems induced by 

decomposition algorithms



Project Schedule
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Case Studies

Modelling

Data Sets

Implementation

and solvers

Case Studies Definition 
& requirements

(test) modules from 
modelling, data sets 
and implementation

Perform Case 
Studies

Model interconnections & 
functional/mathematical

description 

Identify & Acquire Raw
Data

Transform & construct 
datasets

Data Model

Cure 
data

Implement methods & algorithms

Implement tools
Implement models & 

demonstrators

01/11/17-31/10/18
01/11/17-31/10/18
01/11/17-31/10/182018 2019 2020



First Results

 Insights into Case Studies
 Detai led descript ion of  CS D2.1(publ

 Optimization models
 Simpli f ied modell ing :D3.1 (publ ic)

 Detai led (not publ ic) model l ing: D3.2

 Joint paper (publ ished)

 Data platform (for consortium use 
only)

 Datasets
 Datasets for case studies (not public)

 Publ ic dataset (apri l 2020)

 Data transformation tools (open 
source / october 2020)
 Aggregation/disaggregation

 Data formatt ing for SMS++

 Gasl ib

 Innovative C++ modelling
framework
 SMS++ wi l l be Open source (oct.  2020)

 (OpenSource) State of the art 
Solution algorithms:
 SCIP (very large MILP) (next release 

02/20)
 StOpt (SDDP) (avai lable)
 NDOSolver/FiOracle (Decomposit ion) 

(avai lable 02/20)

 Software architecture and 
specifications
 Publ ic del iverable D6.1

 Workflow coordination tool

 Containers



Case Studies
Dieter Most, SIEMENS, WP leader & CS1 leader

Spiros Giannellos, Imperial College, CS2 leader

S. Charousset, EDF, CS3 leader
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Case Studies
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Case Study 1:

Multi-modal European 

energy concept for 

achieving COP 21

Case Study 2:

Strategic development 

of the pan-European network

Case Study 3:

Assessing cost of RES 

integration and impact of 

climate change for the 

European electricity system

w/ perfect foresight, 

considering sector coupling of 

electricity, heating, cooling, mobility

and coupling of electric / gas grids

w/o perfect foresight 

considering long-term uncertainties 

in a future world with high shares of 

renewable energy sources



Case Studies – Definition & Requirements

 Main Object ive:  
Performing 3 case studies wi th di f ferent v iew on the energy system which should demonstrate 
the adequacy, re levance and feasibi l i ty of  the plan4res’ model l ing f ramework and data base

Workshop with external  s takeholders for  Case Study Def ini t ion 
Apri l  2018

 Recommendations and requi rements for  publ ic data set

 Recommendations and requi rements for  case studies

 Further  ideas for  sensi t iv i t ies and case studies

 D2.1:  Def ini t ion and Requirements of  3  Case Studies

 Speci f ic  quest ions  that each case  s tudy a im s  at  answer ing to ;

 M ethodol ogy fo r  answer ing the  quest ions ,  inc l ud ing a  desc r ipt ion  of  the

used too l s  and m odel s  u sed  per  case  s tudy;

 Descr ipt ion  of  the  var ious  sens i t i v i t ie s  p l anned per  case  s tudy;

 Com mon assumpt ions ,  as  wel l  as  speci f ic  data &  data sou rces ;

 L i s t  o f  p l anned sens i t i v i t ie s  per  case  s tudy

 Expected resu l ts  f rom  3  case  s tud ies

4p-summary of case study definitions

CS CS  CS 

21/Jan/2020

D2.1 long version download from
www.plan4res.eu

http://www.plan4res.eu/
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Modular Framework for 
Analysis of the Pan-European Energy System

Focus on authorities, operators, 
utilities, energy system analysts

Focus on authorities, TSOs/DSOs, 
investors related to RES / storage

Assessing cost of RES 
integration and impact of 
climate change for the 
European electricity system

Focus on authorities, utilities

Strategic development
of the pan-European 

transmission network

Multi-modal European energy 
concept for achieving COP 21

Change

Case
Study 

Future 
European

Energy 
System

Integrated end-to-end 
planning and operation 
modelling suite
• Modular Modeling Framework 

• IT platform for seamless access
to data and high performance 
computing resources, 

• Catering for flexible models 
(easily replacing sub-models
and efficient solution 
algorithms)

• Public datasets



Illustrative Workflow for Joint Modelling
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Framework’s capabil i ty to facil i tate joint modeling of different stakeholder viewpoints
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Case Study 1



CS1 - Objectives

 How to meet COP21 targets? What is the optimal pathway?

 Determine an optimal future energy mix

 Propose a cost-effective investment pathway

 Assess impact of sector coupl ing on the future generation f leet 

(eMobil i ty , Power2Heat, Power2Gas)

 Assess the tool’s adequacy and relevance to analyze: 

 Investment trajectory for an integrated energy system

 Impact of extended pan-European cross-border energy exchange 

 Impact of sector coupl ing on the future multi -modal energy mix 

 Impact of emerging technologies on the integrated energy system 

 Potentials and constraints from coupl ing electr ic grid and gas network

via power2gas
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CS1 - Multi-modal European energy concept for achieving COP 21 goal

21

 Case study 1 wil l  focus on the modeling of the 

 Cost-effective investment t ra jectory

 Future mul t imodal  energy mix for  Europe

 Impact of  sector  coupl ing

 The objective of this case study is to assess the 

plan4res tool’s abil i ty to capture:

 The investment t ra jectory for  a c luster  of  countr ies

 The impact of  a pan-European energy exchange

 The impact of  sector  coupl ing on the energy mix

 Potentials  of  coupl ing of  e lectr ic and gas gr id v ia power2gas

Chal lenges:
 massive l inear optimization problem  Several  European countr ies 

are modeled in paral le l  in  sub -country resolut ion & along a pathway
 ensure data qual i ty on al l  spatial  resolut ions

• adapt scope and cel l  s i zes  l eve l  accord ing to  ava i l able data qua l i ty  and 

l im i t ing  requ i rements  f rom  m odel ing &  ana l ys i s

• t rans fo rm at ion  a l gor i thm s to  aggregate  or  b reak  down data and resu l ts  

between cel l  s i zes  l evel

 construction of  adequate gas gr id model  ( incl .  data acquis i t ion)

2020

2050

2030

2040



CS1 - Methodology
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• Step 1 provides the optimal energy mix along the transition pathway, investments and retirements

• Step 2 performs a detailed bottom up modelling for further analysis of single years of the pathway

• Coupling electric and gas grid 
 feasibility of Power2Gas

Pathway 2020-2050 Focus Year 2050 (2040)



CS1 – Methodology - Results

 opt im i zes  inves tm ent a l ong pathway 

annual  d i spatch

 m odel l ing w i th  per fect fo res ight

 opt im i sat ion  w i th  cons t ra in ts  f rom  e l ectr ic  g r id

 uses  two spat ia l  reso l ut ion  l eve l s
( t rans fe r  o f  resu l ts  /  data f rom  S tep 1   S tep2)

 expl ic i t l y  inc l udes  sector  coupl ing technol og ies  to  

captu re  the  im pact of  in te ract ing m ul t i -modal  

energy sys tem s

 check feas ib i l i ty  o f  Power2Gas  schedules  and 

l ocat ion ,  u s ing a  gas  g r id  m odel

 Step 1 provides the optimal energy mix 

along the transit ion pathway
 early ret i rements and new instal lat ions for  

each technology capacit ies per  year

 hour ly generat ion and load prof i les
for  each technology per year

 macro-economic cost  est imat ions and 
price levels  for  the used energy types

 Step 2 performs a detailed bottom up 

modell ing for further analysis of single 

focus years along the pathway
 operat ion schedules for  power p lants,  

s torages and di st r ibuted generation uni ts  
 t ransmiss ion gr id operat ion model 

provides resul ts  regarding l ine ut i l i zat ions 
and congest ion management

 gas gr id models evaluates feasibi l i ty of  
Power2Gas schedules decis ions

23



CS1 – Data Sources

 technology data related to energy types
heat ing/cool ing, mobi l i ty,  e lectr ic i ty,  gas/fuel

• ef f ic iency,  ava i l ab i l i ty

• speci f ic  CAPEX &  O&M  cos ts

• i n s ta l l ed f l eet  ( inc l .  s to rage)

• reg iona l  l im i ts  fo r  inves tm ents

• publ ic  re t i rem ents  p l ans

• pl ans  fo r  fo rced inves tm ent

 generat ion prof i les Wind/PV/Solar/Hydro

 electr ic i ty exchange capabi l i t ies between 
regions s impl i f ied NTC approach

 data about electr ic and gas gr id st ructure

 gas supply /  demand forecast  for  EU28+

 project ion Demand for  ‘Di rect-Used Energy’

 project ion of  GDP and populat ion

 stat is t ical bui lding & sociodemographic data

 stat is t ical data about indust r ies ( ‘Kataster ’ )

CAPEX OPEX  EU EC JRC, public data sets

Heating Cooling      Heat Roadmap Europe 2050 (HRE4)

Transport  EU Ref Scen 2016

Industry  EUROSTAT, NAVIGANT Gas For Climate

DECHEMA 2017 “Low carbon energy [..] 

for the European chemical industry”

Installed Base PP  entso-e, IRENA, EUROSTAT

Electric Grid  entso-e TYNDP, eHighway 2050 (NTCs), 

Gas Grid  entso-g, public data sets

Weather  generation profiles:www.renewables.ninja

or EU ECEM (climate change)

GDP, Population    Projection of EU Ref Scenario 2016

Building data,  EUROSTAT, Digital data service

Socio/demographic  Digital data service, EU Ref Scen 2016

Fuel / CO2 Prices  Projections of IEA World Energy Outlook

24

http://www.renewables.ninja/


CS1 - List of Technologies – Sector Coupling

El. Generation Utility & Industry
• Steam PP Coal/Gas/Oil/Lignite

• GT PP Oil / Gas

• CCGT PP Oil / Gas

• Nuclear PP

• CHP Engine (large)

Renewables
• Hydro Run-of-River

• Hydro Lake w/ reservoir

• Solar PV (large farms)

• Wind Onshore, 

• Wind Offshore

• Waste

• Biomass / Biogas

• Solar thermal (large)

Generation - decentral
• Rooftop PV (small)

• Micro CHP

• Fuel cells (incl. CHP)

• Solar Heat (roof-top size)

Storage
• Pumped Hydro

• Batteries

• Heat Storage HT (small, large)

• Heat Storage MT (small, large)

• Heat Storage LT (small, large) 

• Cold Storage H2O (small, large) 1)

• Cold Storage Ice (small, large) 1)

• Gas Storage in Cavern (NG/H2) 2)

Power to …
• Electrolyseur (H2)

• Power2Gas (CH4)

• Power2Synfuel (Liquid Fuel)

Industry Demand correlated to P2G 2)

• Simplified Steam Methane Reforming 1)

• Simplified Refineries & H2 Demand 1)

• Chemical Industry H2 Demand 1)

• Ammonia Demand & Simplified Synthesis 1)

• Methanol Demand & Simplified Synthesis 1)

Grids
• Electric (Transmission) Grid

• District Heating 

• District Cooling 1)

• Gas Grid 2)

Transport (Mobility)
• Classic  Mobility (Rail / Road / Ship / Air) 1)

• Public Bus / Coaches

• Fuel Cell Cars / Trucks / Rail / Bus 1)

• E-Mobility

• eCar, eBus, eCoach

• eTruck heavy & light, eHighway

• eAircraft 1)

Transport Demand (short/long distance)
• Passenger in p*km 

• Freight in t*km (light/heavy)

Cooling - central / decentral
• Compression Chiller 1)

• Compression Chiller HVAC 1)

• Absorption Chiller (large) 1)

Heating – temperature levels
• LT <100 °C

• MT 100°C – 150°C

• HT 150°C– 500°C

• VHT >500°C

Heating - decentral
• Small Boiler

• Small Electric

• Micro CHP

• Heat Pumps (Air / Water)

• District Heating

Heating - central
• Large Boiler

• Heating rod (electric) LT / MT

• Heating rod (electric) HT /VHT

• Arc Furnace (electric) VHT

• Furnace VHT

• Heat Pump (LT / MT)

1) CS1: Step 1, but not considered in Step 2

2) CS1: Step 3 ‘gas grid modeling’ add-ons
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Case Study 2



Key points

 Capital decisions in power systems are largely irreversible .

This creates the risk of inefficient investment (stranded assets).

 There is learning regarding future developments (inter -temporal 
resolution of uncertainty).

 The planner can exert managerial flexibility in decision making; ‘Fit -
and-forget’ vs. ‘Wait-and-see’.

Planning-under-uncertainty optimisation frameworks are fundamental for 

identifying openings for strategic action
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Storyline
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 Pan-European policy dictates reduction of Greenhouse Gas emissions.

 Such a policy motivates increased renewable capacity connections on 

a pan-European level.

 Increased level of uncertainty around generation, demand and costs.

 High quality of supply at least possible cost must be ensured.

 Energy Storage can play a significant role since it can offer flexibility to 

deal with uncertainty. 

 Optimisation balance between new investments and optimum use of 

existing assets.



Consideration of Long-Term Uncertainties.

 Key sources of  uncertainty:

o Generat ion  in s ta l l ed capac i t ie s  (m ain l y  so l a r ,  w ind)

o Peak Dem and

o Technol ogy Cos ts  re l ated  to  energy s to rage development

 Exogenous type of  uncertainty

o Use of  a  scenar io  t ree  to  represent the  process  o f  uncer ta in ty

o I nvestm ent dec i s ions  a re  m ade in  such a  way as  to  hedge agains t  the  inherent s t randed -asset  r i s k s  o f  

uncer ta in ty

Mult i -Dimensional  Uncertainty

o Locat ion -Dependent :  uncer ta in ty as  to  the  l ocat ion  of  connect ions

o T im e-Dependent :  uncer ta in ty as  to  the  t im ing of  connect ions

o M agni tude-Dependent :  uncer ta in ty as  to  the  m agn i tude of  connect ions .

29

Key Points (1)



Multi-Asset Capability.

Conventional  and non-conventional  assets  as investment a l ternatives:

o Convent iona l  I nvestm ents :  Upgrades  of  ex i s t ing  t ransm i s s ion  in te rconnector s

o Non-Convent iona l  o r  ‘ f l ex ib le’  inves tm ents :  Energy S torage

 Energy Storage technologies

o L i th ium - Ion  Batte r ies

o Pum ped -Hydro S torage

Detai led Model l ing of  Hydro -Units

o Hydro run -of  r i ve r

o Hydro reservo i r

Detai led Model l ing of  technical  generation -related constraints

o Ram p-up and ram p-down cons t ra in ts

o Cons iderat ion  of  ‘bu i ld - t ime’  delay fo r  inves tm ents .
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Key Points (2)



Optimal Investment Strategies covering 2020 to 2050 in the European

Context.

Consideration of  th i r ty three European Countr ies and thei r  interconnectors.

 Start ing f rom 2020, the study hor i zon i s  broken down in four  epochs/stages:

o 2020-2029

o 2030-2039

o 2040-2049

o 2050-2059

with investment-decis ion points  at 
years :  2020, 2030, 2040, 2050.
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Key Points (3)
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Case Study 3



 The objective of this case study is to assess the plan4res tool’s abil ity

to capture 

 The Impact of different levels of RES integration on the European system costs 
 E lect r ic i ty  generat ion  cos t  

 Cost  to  ensure  the  dynamic robus tness  o f  the  sys tem (Reserves ,  Iner t ia)

 …

 The Value of different f lexibil i ty services: system cost reduction coming from using 

the flexibil i ty potentials of the different system assets.
 RES  can be represented as  non - f lex ib le ,

i .e .  a l l  generat ion  i s  ‘ fa ta l ’  o r  we can account  fo r  the i r  ab i l i ty  to  be cur ta i led 

or  can cont r ibu te  to  anc i l la ry  se rv ices  

 F lex ib i l i t ies  f rom s to rages and addi t iona l  s to rages can be represented 

 Di f fe rent  demand response f lex ib i l i t ies  can be model led

 The impacts of climate change
 Di f fe rences in  Temperatu re scenar ios  ( level ,  dynamics)  

 Di f fe rences in  Wind/Sun scenar ios  w i th  impact  on  RES  generat ion  potent ia l s

 Inc lud ing  cor re la t ions

CS3 - Objectives
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 Case study 3 will  focus on the Pan-European electricity sector in 2050



CS3 - Methodology
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Multi modal 
investment
Generation

mix and 
demand

(2050) from
CS1

1

Transmission 
Expansion

Transmission 
capacity(2050) 

from CS2

2

Capacity
Expansion 

Model
Adapts

generation mix, 
transmission 
capacity and 

storage (2050)

3

Seasonal
Storage 

Valuation
Computes

strategies for all 
seasonal storages

4

European Unit 
Commitment

Computes
operational

scheduls and 
costs

5



CS3 - Methodology
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 The Capacity expansion model  computes the 
opt imal  mix

 elect r ic  generat ion  p lants ,

 s to rages,  

 i n te rconnect ion  capaci t ies  between c lus ter s  

 dis t r ibu t ion  g r id  capaci t ies ,  Scenar io  va luat ion layer :

 The seasonal s torage valuat ion model  computes 
the operat ion st rategy for  seasonal  s torages

 For  Hydro  reservoi rs

 And a l so  a l l  o ther  ‘ seasonal ’  f lex ib i l i t ies  such as  

Demand response 

 The European uni t  commitment (EUC) model  
computes the opt imal  operat ion schedule for  al l  
the assets deal ing wi th constraints:

 Supply  power  demand and anc i l la ry  se rv ices

 Min imal  iner t ia  in  the  sys tem

 Maximum t ransmiss ion  and d i s t r ibu t ion  capaci t ies  

between c lus te rs

 Techn ical  cons t ra in t s  o f  a l l  assets  

ehighway2050



CS3 - Methodology
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 Comparing several scenarii / sensitivities:

 For assessing the cost of RES integration:

High share of RES (optimist ic scenario)

Low share of RES (sensit ivity analysis)

 For assessing value of f lexibil ity:

No flexibi l i ty in the init ial scenario

Addition of f lexibil i t ies individually, and 
collectively 

 For assessing the impact of climate change:

Simulation with present climate variables 

Simulation with future (2040/2050) climate 
variables

Data Sources:

CAPEX OPEX

Energy targets

Volume of installed mix

=> Case Study 1

Physical constraints of assets

=> eHighway2050

Time series profi les

=> C3S Energy

eHighway2050: www.e-highway2050.eu
C3S: https://cds.climate.copernicus.eu

http://www.e-highway2050.eu/
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Case Studies – Questions?



Modelling
Daniel Beulertz, RWTH Aachen, WP leader
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WP3 – Project context

WP3: Modelling the 
system and the decision

progesss

WP4: Providing data sets

WP5: Methods and
algorithms

WP6: Implementation of
the tool

Data 
requirements

WP2: Case Studies

Case Study 
Definition

Model 
description

Solving algorithm
requirements



• Investment layer: 
Determine
investment
decisions

• Scenario valuation: 
Evalute investment
decisions/operation
al planning

• Analysis/additional 
tools: Impact of
scenario on 
electricity & gas grid

Investment

Distributed 

Generation

d
is

trib
u

te
d

Electricity 

Distribution 

Model

c
e
n

tra
l

Transmission Grid Expansion Model

(stochastic expansion planning)

European Unit Commitment Model

(Aggregated Modelling of Transmission Grid)

Clustering Transmission Grid

Seasonal Storage 

Valuation (Hydro)

Transmission 

Grid

Operation Model

Schedules

Gas Network 
Model

Aggregated Grid

Transmission 

Grid expansion 

measures
Generation 

Investment Trajectory

Scenario Valuation

Thermal 

Power Plant

Central 

Storage (incl. 

hydro) 

Power-to-

Gas

Centralized 

Demand 

Response

E-Mobility

Intermittent 

Generation

Market signals / Dispatch / Time series

Distribution 

constraints/costs

Capacity Expansion Model

(stochastic investment planning)

Schedules,

Dispatch

Constraints

Water Values

Distributed Load 

Mngt.

Energy Cell
Generation

Scenario framework per year

Trajectory of technology mix/capacities

External

Multi-Modal Investment Model

(along pathway considering sector coupling)

Multimodal Energy Mix 

(aggregated numbers)

Status Quo Grid
Model

External

Heat

Aggregated GridAggregated Grid

Distributed 

Storage

Modeling overview



Multi-Modal Investement Model

 Minimize total system costs for investment pathway

considering electricity, heat and transport

min (𝐶 𝑖𝑛𝑣 + 𝐶 𝑜𝑝𝑟)

 Constraints for power balance and CO2 emissions

 

𝑐𝑠

𝑝𝑐𝑠,𝑡 ,𝑥,𝑦
𝐼𝑛 + 𝑝𝑐𝑜,𝑡 ,𝑥 ,𝑦

𝐼𝑛,𝑠𝑙𝑎𝑐𝑘 + 𝑔𝑐𝑜,𝑡 ,𝑥,𝑦 =  

𝑐𝑠

𝑝𝑐𝑠,𝑡 ,𝑥,𝑦
𝑂𝑢𝑡 + 𝑝𝑐𝑜,𝑡 ,𝑥 ,𝑦

𝑂𝑢𝑡,𝑠𝑙𝑎𝑐𝑘

𝑜𝑦
𝑡𝑜𝑡 ,𝑌 =  

𝑐𝑠

𝑒𝑐𝑠,𝑦
𝑜𝑢𝑡 ∗ 𝐹𝑐𝑠,𝑦

𝐶𝑂2 ≤ 𝑂𝑦
𝐶𝑂2

 

𝑦

𝐹𝑦
𝑚𝑢𝑙𝑡 ∗ 𝑜𝑦

𝑡𝑜𝑡,𝑌 ≤  

𝑦

𝑂𝑦
𝐶𝑂2

𝒄𝒐: Commodity
𝒄𝒔: Transformation process
𝒕: Timestep
𝒙: Region
𝒚: 𝑌𝑒𝑎𝑟

𝒑𝒄𝒔,𝒕,𝒙,𝒚
𝑰𝒏 , 𝒑𝒄𝒔,𝒕,𝒙,𝒚

𝑶𝒖𝒕 : Input/Output to process 𝑐𝑠

𝒑𝒄𝒐,𝒕,𝒙,𝒚
𝑰𝒏,𝒔𝒍𝒂𝒄𝒌, 𝒑𝒄𝒐,𝒕,𝒙,𝒚

𝑶𝒖𝒕,𝒔𝒍𝒂𝒄𝒌: Slack Input/Output to

commodity 𝑐𝑜
𝒈𝒄𝒐,𝒕,𝒙,𝒚: Net-Import to commodity 𝑐𝑜

𝒆𝒄𝒔,𝒚
𝒐𝒖𝒕 : Total energy output of process cs per year

𝑭𝒄𝒔,𝒚
𝑪𝑶𝟐: Specific CO2 emissions of process 𝑐𝑠 in year 𝑦

𝑶𝒚
𝑪𝑶𝟐: Maximum allowable CO2 emissions in year 𝑦

𝑭𝒚
𝒎𝒖𝒍𝒕: Number of occurences of year 𝑦

CS 1



Transmission Grid Expansion Model

 Optimal investment decisions
for energy storage
deployment and power 
transmission corridor
upgrad/construction

 Use of benders
decomposition to seperate
investment and operation
decisions

 Minimize total investment
costs in the master problem

𝑚𝑖𝑛 

𝑚

𝜋𝑚𝑟𝜖𝑚𝐶𝑚
𝑖𝑛𝑣 ,𝑡𝑜𝑡 + 𝛼𝑚

𝝅𝒎: Probability of the scenario tree‘s node𝑚 occuring
𝒓𝝐𝒎: Discount factor for investment costs with respect

𝑪𝒎
𝒊𝒏𝒗,𝒕𝒐𝒕: Total investment cost for node𝑚

and the stage 𝜖𝑚 that the 𝑚 node belongs to
𝜶𝒎
𝒊 : Approximation of operational costs for node𝑚

CS 2



Capacity Expansion Model 

 Long term horizon

 Optimal generation mix with the optimal transmission and distribution 

grid capacities

min
𝜅
𝐶 𝑖𝑛𝑣 𝜅 + max

𝜂𝜖Υ
𝐶 𝑜𝑝(𝜅 , 𝜂)

 Considering meta-scenarios (Υ), e.g. choice of climate change

trajectory

 Operational costs determined for a discrete

meta-scenario and fixed investment capacities

in mid/short term problem

𝜿: Investment capacities of generation/lines
𝜰: Set of meta−scenarios
𝑪𝒊𝒏𝒗(𝜿): Annualized investment costs induced by
installing capacitiy 𝜅
𝑪𝒐𝒑(𝜿): Annualized operational costs with given
capacity 𝜅 under assumption of meta-scenario 𝜂

CS 3



Seasonal storage valuation

 Mid term horizon, minimizing the sum of operation costs on each sub -

period (e.g. each week)

𝐶 𝑜𝑝 𝜅 = min
𝑥𝜖ℳ
𝔼  

𝑠𝜖𝑆

𝐶𝑠(𝑥𝑠)

 Operational costs 𝐶𝑠 depend on installed capacity and uncertainties

(load, inflows, renewable generation, outages) revealed at beginning
of sub-period 𝑠

 Expextation 𝔼 related to the probability

distribution of uncertainties

 Evaluation of operational costs for sub-period
provided by short term problem (EUC)

CS 3

𝑪
𝒐𝒑
(𝜿): Operational costs depending on investment

decisions 𝜅

𝑪𝒔 : Operational costs on sub-period 𝑠
𝓜: Feasible set associated with operation decisions
𝑺: Set of sub-periods (e.g. weeks)
𝒙: Operation decisions on sub-period 𝑠
𝜿: Investment decisions taken by capacity expansion
model



European Unit Commitment Model

 Minimize operational costs of available units

min 

𝑖

𝐶𝑖
𝑜𝑝
(𝑝: ,𝑖 , 𝑝: ,𝑖

𝑝𝑟
, 𝑝: ,𝑖
𝑠𝑐 , 𝑝: ,𝑖

ℎ𝑒) + 𝛼(𝜐ℎ𝑦)

𝑝: ,𝑖 , 𝑝: ,𝑖
𝑝𝑟
, 𝑝: ,𝑖
𝑠𝑐 , 𝑝: ,𝑖

ℎ𝑒 𝜖ℳ

 Power balance constraint

 

𝑖𝜖𝐼𝑛

𝑝𝑡 ,𝑖 = 𝐷𝑛,𝑡

 Use of Lagrangian decomposition to decouple units

Θ 𝜆 = min 

𝑖

𝐶𝑖
𝑜𝑝
(𝑝: ,𝑖 , 𝑝: ,𝑖

𝑝𝑟
, 𝑝: ,𝑖
𝑠𝑐 , 𝑝: ,𝑖

ℎ𝑒) + 𝜆 ∗  

𝑛

𝐷𝑛,: − 

𝑖

𝑝: ,𝑖 + 𝛼(𝜐
ℎ𝑦)

CS 1

𝑪𝒊
𝒐𝒑
: Operational costs of unit 𝑖

subject to it‘s operational variables

𝒑𝒕,𝒊, 𝒑𝒕,𝒊
𝒑𝒓
, 𝒑𝒕,𝒊
𝒔𝒄, 𝒑𝒕,𝒊
𝒉𝒆: Provision of power, 

primary/secondary reserve, heat by
unit 𝑖 in timestep 𝑡
𝜶: Approximation of the value of
seasonal storages

𝝊
𝒉𝒚
: Storage level

𝑫𝒏,𝒕: Electrical demand at node 𝑛 in 
tempstep 𝑡
𝝀: Lagrangian multiplier

CS 3



European Unit Commitment Model (2)

 Consideration multiple regions and electricity exchange in EUC

 Updated power balance constraint

 

𝑖𝜖𝐼𝑛

𝑝𝑡,𝑖 − 𝐷𝑛,𝑡 =  

𝑙=(𝑛,.)𝜖𝐿

 

𝑛′𝜖𝑁

𝐵𝑡 (𝑙 ,𝑛′)  

𝑖𝜖𝐼
𝑛′

𝑝𝑡,𝑖 − 𝐷𝑛′ ,𝑡

−  

𝑙=(. ,𝑛)𝜖𝐿

 

𝑛′𝜖𝑁

𝐵𝑡 (𝑙 ,𝑛′)  

𝑖𝜖𝐼
𝑛′

𝑝𝑡 ,𝑖 − 𝐷𝑛′ ,𝑡

 Flow limit constraint

𝑃𝑙 ,𝑡
𝑚𝑛 ≤  

𝑛′𝜖𝑁

𝐵𝑡 (𝑙 ,𝑛′)  

𝑖𝜖𝐼
𝑛′

𝑝𝑡 ,𝑖 − 𝐷𝑛′ ,𝑡 ≤ 𝑃𝑙 ,𝑡
𝑚𝑥

𝒑𝒕,𝒊 : Provision of power by unit 𝑖 in 
timestep 𝑡
𝑫𝒏,𝒕: Electrical demand at node 𝑛 in 
tempstep 𝑡
𝑷𝒍,𝒕
𝒎𝒏/𝑷𝒍,𝒕

𝒎𝒙:Minimum/Maximum 

allowable flow on line 𝑙 in timestep 𝑡
𝑩: PTDF-Matrix

CS 3



 Country-specific load constraint

 Coupling of countries by market coupling algorithm

 Positive quantities for production-bids and negative quantities for

demand-bids

 Price for supply bids defined by the Lagrangian multiplier of current

EUC‘s iteration

min
𝑎
 

𝑧

 

𝑏

𝑀𝑧,𝑏
𝑏𝑖𝑑 𝐶𝑧,𝑏

𝑏𝑖𝑑𝑎𝑧,𝑏

 

𝑏𝜖𝐵𝑧

𝑀𝑧,𝑏
𝑏𝑖𝑑 𝑎𝑧,𝑏 + 

𝑙

𝑓𝑙
𝑒𝑙 𝐼𝑧,𝑙 = 0

𝑓𝑙
𝑒𝑙 ≤ 𝐹𝑙

𝑒𝑙

European Unit Commitment Model (3)

𝒇𝒍
𝒆𝒍: Flow on line 𝑙

𝑭𝒍
𝒆𝒍:Maximum line capacity for line 𝑙
𝑰𝒛,𝒍: Indicator if line 𝑙 is connected to zone 𝑧

𝑴𝒛,𝒃
𝒃𝒊𝒅: Quantity of bid 𝑏 in zone 𝑧

𝑪𝒛,𝒃
𝒃𝒊𝒅: Price of bid 𝑏 in zone 𝑧

𝒂𝒛,𝒃: Ratio of acceptance for bid 𝑏 in zone 𝑧

CS 1



Submodels (1)

 Power plants

Operational decision of power plants based on their specific fuel costs

 Technical constraints (ramping, min up-/downtimes ,…) 

 Storages

 Hydro storages including complex cascaded systems

 Battery storages

 Heat

Aggregation of decentral thermal & electric units (boilers, heatpumps, 
CHP, thermal storages)

 Supply of thermal demands by aggregated units and power plants via 

district heating

CS 1

CS 3



Submodels (2)

 E-mobility
 Storage capability of electric vehicles (vehicle-to-grid, power-to-vehicle)

 Limitation of storage availability by driving profiles

 Centralized demand response/Distributed load management
 Load shifting of a given energy consumption during a sub-period

 Load curtailment based on a given potential (e.g. during one year)

 Intermittent/Distributed generation
Generation of wind, solar, run of river based on meteorological profiles

 Power-to-gas
Operation of power-to-gas units based on a given gas price

CS 1
CS 3



Submodels – Power plants

 Minimize operational costs with respect to Lagrangian multiplier

min
𝑝,𝑢,𝑧
𝐶 − 𝜆 𝑝 − 𝜆𝑝𝑟𝑝𝑝𝑟 − 𝜆𝑠𝑐𝑝 𝑠𝑐 + 𝐶𝑓𝑥𝑢 + 𝐶 𝑠𝑡𝑧 𝑠𝑡

 Operational constraints

𝑝𝑡 + 𝑝𝑡
𝑝𝑟
+ 𝑝𝑡
𝑠𝑐 ≤ 𝑃𝑡

𝑚𝑥𝑢𝑡

𝑝𝑡 − 𝑝𝑡
𝑝𝑟
− 𝑝𝑡
𝑠𝑐 ≥ 𝑃𝑡

𝑚𝑛𝑢𝑡

𝑝𝑡
𝑝𝑟
≤ 𝜌𝑡
𝑝𝑟
𝑝𝑡

𝑝𝑡
𝑠𝑐 ≤ 𝜌𝑡

𝑠𝑐𝑝𝑡

𝑝𝑡 ≤ 𝑝𝑡−1 + 𝑢𝑡−1𝐺𝑡
𝑢𝑝
+ 1 − 𝑢𝑡−1 𝑃𝑡

𝑚𝑛

𝑝𝑡−1 ≤ 𝑝𝑡 + 𝑢𝑡𝐺𝑡
𝑑𝑛 + (1 − 𝑢𝑡)𝑃𝑡

𝑚𝑛

𝑢𝑡 ≥ 𝑢𝑡 ′ − 𝑢𝑡 ′−1 , 𝑓𝑜𝑟 𝑡
′ = 𝑡 − 𝜏𝑢𝑝

𝑢𝑡 ≤ 1 − 𝑢𝑡 ′−1 + 𝑢𝑡 ′ , 𝑓𝑜𝑟 𝑡
′ = 𝑡 − 𝜏 𝑑𝑛

𝑢𝑡 − 𝑢𝑡−1 ≤ 𝑧𝑡
𝑠𝑡

𝒑𝒕 : Power generated by a unit in timestep 𝑡

𝒑𝒕
𝒑𝒓
, 𝒑𝒕
𝒔𝒄: Primary/secondary reserve generated by a unit in 

timestep 𝑡

𝒖𝒕 : Status (on/off) of unit in timestep 𝑡

𝒛𝒔𝒕: Auxiliary variable indicating start of a unit in 
timestep 𝑡

𝑪, 𝑪𝒇𝒙, 𝑪𝒔𝒕: Variable production, fixed production and
startup costs

𝝆𝒕
𝒑𝒓

, 𝝆𝒕
𝒔𝒄: Partition of power generation that can be used

for primary/secondary reserve in timestep 𝑡
𝑷𝒕
𝒎𝒏, 𝑷𝒕

𝒎𝒙: Minimum/Maximum production level in 
timestep 𝑡

𝑮𝒕
𝒖𝒑

, 𝑮𝒕
𝒅𝒏: Allowable ramping rate in timestep 𝑡

𝝉
𝒖𝒑

, 𝝉𝒅𝒏: Minimum up-/downtime of a unit

CS 1
CS 3



Supplementary models – Gas Network 
Optimization Models

Given:

 A detailed description of gas network

 A nomination 

Constraints: 
 Flow conservation at nodes

 Pipelines: Weymouth Equation

 Active devices: Valves (open or closed); 

Control valves (active, bypassed or 

closed), Compressor stations

Output:
 Settings for the active devices

 Values for the physical parameters of the 

network that comply with gas physics 

technical l imitations

Nomination Validation (NoVa)

• Is the given nomination that specifies 
amounts of gas flow at entries and exits 
technically feasible? 

• Stationary gas network model

• Network decisions are discrete, gas 
physics are continuous and non-linear: A 
mixed integer non-linear program 
(MINLP)

• Two model extensions to NoVa:

o Allowable limits for electricity 
induced nomination

o Re-dispatch electricity induced 
nomination (optional)

CS 1
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Modelling – Questions?



Implementation
Utz-Uwe Haus, CRAY HPE, WP leader

Antonio Frangioni, University of Pisa

Mauro Dell’Amico, University of Modena
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Data Transformation Tools



Transformation tools input-output

55

Data formatting
T4.5.2

plan4res model 
platform

InputData
(csv)

csv

Data 
transformation
T4.5.1

GasLIB



Transformations…

Data Transformation
Spatial aggregation/disaggregation

Time aggregation

Gas timeseries transformation

Data Formatting
Scenarios to NetCDF format

Gas raw data transformation into GasLib format

Transformation utility
Massive data format transformation

56



Transformation: Spatial Aggregation

 Provides data 

aggregation 

over Zone 

Hierarchy for 

multiple data 

types (Energy, 
timeseries, 

interconnectio

ns)

57



Aggregation/disaggregation example

58

Z1 Z2

Z3 Z4

Z5

Z6

Z7
Z8

Z9

Aggregation : one level

Input data (timeseries) at zone level

Aggregation : two levels

Disaggregation



Formatting: NetCDF Transformation

 Transforms excel 

fi le and timeseries 

fi les into a NetCDF

file that describes 

the UC Problem

59



Formatting: GasLib Transformation

 Transforms raw 

data files into 

GasLib XML format

60

gaslib.zib.de
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IT Platform : WorkFlows and Container



Workflow

62

 Data from several sources are collected on MarketLab

(MKL)

 Move data to StagingTransformationsSolveStore

phases

Executed within the Compute Environment

Eventually store the results back to MKL



Core components

 Software deployment environment

Container (+VM where needed)

 Core tool

Data Movement library UDJ

 Modeling and Solver framework

SMS++



Containerized Compute Environment

64

 Same executables run everywhere

 No dependency issues

 Add-on software (license restricted) 
can be locally added in a 
standardized way

 Directory structure layout 
predefined so software can rely on 
it cross-site

 Using singularity

 Windows needs virtual machine, 
macOS and Linux run containers 
natively

https://sylabs.io/singularity/


Containers: Why?

65

 Containers solve the problem of making your software to 

run reliably when moved from one computing environment to 

another

 Using containers allows to deploy applications across operating systems

without having to build and configure separately

 In contrast to virtual machines, which virtualize the hardware and need a 

complete operating system, containers  interface directly with the host’s 

Linux kernel, so they are faster to deploy and run



Singularity Privileges Design

66

 Singularity launches the container with calling user 

privileges in the appropriate process context

 There is no root daemon process and no escalation of 

privileges within the container

 Limits user’s privileges (inside user == outside user) 



Recurring Problem in Computational Workflows:

 Data movement is primary bottleneck

 Massive interest in flexibility and insulation/abstraction
Cpu / accelerator

Memory

 Interconnect

Abstraction layers should not tie into an architecture

 Memory is 20x slower than 1980
 The complex memory hierarchy isn’t even here yet!

 I/O to disk is used to couple applications because of a lack of 
general-purpose tools
Workflow coupling can often be abstracted as input/output

Not every communication needs a full -fledged protocol



Universal Data Junction (UDJ)

Producer (M nodes)

MPIIO
POSIX

MPIIO
POSIX

Consumer (N nodes)

 Distribution (contig, none, cyclic)
 Format (array, HDF5, Conduit, text)

CDO CDO

 Distribution
 Format

Parallel file system

 Transport methods : 
 DataSpaces
 MPI (DPM) 
 Ceph rados
 DataWarp
 File-based

udj_init()

udj_put() udj_get()



UDJ features

 Library-based, no runtime

 Transport method selected at runtime (file, cephfs, rados, 
MPI[-DPM])

 Based on data description + 0-copy semantics

 BSD 3-clause licensing

 Features:
Automatic redistribution for cyclic an block-cyclic tensors 

(ASPEN algorithm) integrated

Aggregation and chunking at transport layer

Transparent MPI-DPM without user-visible client-server semantics 

MPI transport using fully nonblocking operations

Fortran interface



Using UDJ

• Set specific transport method
 Env UDJ_TRANSPORT_ORDER=MPI,RADOS,FS
 Default is to automatically choose best 

available 

• #include “udj.h”

• link with –ludj

• call udj_init()

• Define CDO views for data to be 
transported using UDJ
 No data copying needed

 Distribution description and 
size

 General case 

 … and convenience methods

 CDO ID (”Tag”)

• Send/Receive as needed

• Synchronous or asynchronous

• call udj_finalize()

Use and initialization: Runtime configuration

Advanced usage
• Use multiple transports 
explicitly

• Use scripting language 
interface

 SWIG wrappers for python for udj.h
(WIP)



Defining workflows: Data-driven

• Using swift/t scripting

language

• Data-dependency

driven tasking

environment

 Tasks can be swift/t 

scripts, shell scripts, 

executables

 Built-in support for
common mathematical

operations

 Transparent access to

MarketLab service
implemented as library

functions

http://swift-lang.org/Swift-T/index.php


72

SMS++



The European Unit Commitment in SMS++
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The Seasonal Storage Valuation in SMS++
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The Investment Layer in SMS++
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How do you actually solve such a thing?

76



Design goals
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The core SMS++
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The Unit Commitment in SMS++

79

Demand constraints, Ancillary services constraints

SCIP / Bundle Solver

UCBlock Description of UC problem

Description of grid : 
lines, flows, 

impedances…

NetworkData

Description of 
generation units

UnitBlock_0

……

Coupling constraints

Sub problems

UnitBlock_N

ThermalSubProbl
em solver

ThermalU
nitBlock

HydrolSubProble
m solver

HydroUnit
Block

BatterySubProbl
em solver

BatterylU
nitBlock

RESSubProblem
solver

RESUnitBl
ock



The Seasonal Storage in SMS++

80

Scenarios

SDDP Solver

SDDPBlock Description of SSV problem

StochasticBlock_0

BendersFunction

BendersBlock_0

UCBlock_0

StochasticBlock_1

BendersFunction

BendersBlock_1

UCBlock_1 ……

Contains all scenarized data

UC problems for each period

Second periodFirst period



Solvers in SMS++
 Existing Solvers
 MILPSolver (wrapper for CPLEX/SCIP)

 BundleSolver

 SDDPSolver (wrapper for StOpt)

 Specialised Solvers for SubProblems related to units (ThermalDPSolver, 
MCFSolver, . . .)

 Existing Block & support components
 MCFBlock, MILPSolver, AbstractBlock, PolyhedralFunctionBlock, AbstractPath

 Function (inexact computation), C05Function (1st -order information), 
LinearFunction, DQuadFunction ...

 LagBFunction/BendersBFunction for Lagrangian/Benders’ decomposition, 
PolyhedralFunction

 StochasticBlock (handles data change with “methods factory”)

 UCBlock, UnitBlock, NetworkBlock, many derived ones (ThermalUnitBlock, 
HydroUnitBlock ...)

 SDDPBlock to interface with StOpt

81



Solvers
Thorsten Koch, ZIB, WP leader

Antonio Frangioni, University of Pisa
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Decomposition



Original version: NDOSolver/FiOracle

84



MPSolvers
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The NDOSolver/FiOracle project

86



New version: BundleSolver

87



BundleSolver distinguishing features
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Solving Large Mixed 

Integer Linear 

Problems with SCIP



What is SCIP? 

SCIP (Solving Constraint Integer Programs)

 provides a ful l -scale MIP and MINLP solver,

 i s constraint based,

 Incorporates: 

 MIP features (cutting planes, LP relaxation), and

 MINLP features (spatial branch-and-bound, OBBT)

 CP features (domain propagation),

 SAT-solving features (confl ict analysis, restarts),

 i s a branch-cut-and-price framework,

 has a modular structure via plugins,

 i s free for academic purposes,

 and is avai lable in source-code under http://scip.zib.de !

90

http://scip.zib.de/


Toolbox for generating and solving constraint integer programs, in 

particular Mixed Integer (Non-)Linear Programs:

ZIMPL

 model and generate LPs, MIPs, and MINLPs

SCIP

 MIP, MINLP and CIP solver, branch-cut-and-price framework

SoPlex

 revised primal and dual simplex algorithm

GCG

 generic branch-cut-and-price solver

UG

 framework for parallel ization of MIP and MINLP solvers

SCIP Optimization Suite

91



SCIP in plan4res

SCIP has been enhanced with the purpose of efficiently solving atomic 

LP and MIP models appearing in several parts of the plan4res project.

Besides improving out-of-the-box LP and MIP solution performance of 

SCIP, these enhancements have also been focused on: 

 Problem-specific primal heuristics for t ime-indexed MIP formulations 

which appear frequently in the plan4res context

 Exploitation of shared-memory parallelization complementary to the 

task-based parallelization infrastructure developed in plan4res
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SCIP Releases - 1

SCIP Opt imizat ion Sui te 6 .0  (July 2018) & 6.0 .1(Jan 2019) re leased

18% speedup on hard MIPs

66% speedup on hard MINLPs

Enhancements

New pr imal  heur i st ics  to improve solut ion

of  MIPs wi th t ime-indexed st ructure

 Improved selection of  cutt ing planes to 

improve MIP performance

Enhanced LP performance by updating 

SCIP’s underly ing LP so lver  SoPlex

Focus on decomposit ion methods

 new gener ic Benders                                                                                               

decomposi t ion f ramework 

 new vers ion of  the gener ic 

column generation solver GCG
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SCIP Releases - 2

SCIP Opt imizat ion Sui te 7 .0  is  planned in February 2020:

22% speed up on Z IB MIP benchmark problems (Prel iminary test  resul ts)

35% speed-up on hard MIP instances (Pre l iminary test  resu l ts)

Enhancements :  

Paral le l  Presolv ing L ibrary i s  re leased wi th SCIP Optimization Sui te 7.0  

 for  (mixed integer) l inear problems

 i ntegration in SCIP y ields a 4% speed-up (sequential)

The pr imal-heur i st ic GINS (Graph-Induced Neighborhood Search) has been extended to exploi t  

user  provided decomposi t ion information

Degeneracy-aware branching ru le has been implemented to improve branching on problems 

with h igh-degeneracy

Symmetry handl ing has been rev i sed
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Parallel Presolving Library -1

 SCIP has a general constraint-based view of possibly not even l inear 

constraints

 Presolve libray has a global view on l inear constraint matrix which is 
important for a fast implementation of some MILP -specific presolving

steps
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Model-Based ViewConstraint-Based View

Constraint 2

Constraint 1

Constraint 3



Parallel Presolving Library -2

Parallelization

 Parallel implementations of expensive presolving steps

probing, dominated columns, sparsification, parallel rows/columns

 Presolving steps can run in parallel: Presolving library detects 

and discards conflicting reductions

 Same results regardless of thread number by exploiting data 

parallelism
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Plan4res Public Results
 Documents

Modelling

documents: D3.1 & 

Joint paper

Case Study: D2.1 

(detailed

description) & 

D2.2/3/4 (Results)

Software 

Architecture D6.1

Scientific papers
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 Data

Public Dataset (and 

document describing

how it was built)

 Software
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