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Starting question

Why do we need time- and space-resolved energy
system optimization models?
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Starting question
Why do we need time- and space-resolved energy
system optimization models?

To support better understanding of non-intuitive,

complex systems
To guide technology development identifying required

technology features and expected operation modes

To support decision making of relevant stakeholders

°
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Starting question

Why do we need time- and space-resolved energy
system optimization models?

 To guide technology development identifying required
technology features and expected operation modes
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Carbon capture from power plant
(Petra Nova, US)
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Fuel cell (PEM) for automotive industry
(Toyota Automotives)

What do these technologies have in common?
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Carbon capture from power plant Fuel cell (PEM) for automotive industry
(Petra Nova, US) (Toyota Automotives)
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What do these technologies have in common?
The deployment at (mass) scale in the expected time failed

RN Matteo Gazzani, m.gazzani@uu.nl 7
" NS «: Utrecht University

N



Carbon capture from power plant
(Petra Nova, US)

rong primary market: power sector e

Limited by infrastructure: CO, storage and transport
- Viable alternative solutions: PV and wind turbines

Lack of market: CO, emissions
_Social acceptability issues: CO, storage
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Fuel cell (PEM) for automotive industry
(Toyota Automotives)

__adl

Wrong primary market: personal transportation (cars)
Limited by infrastructure: H, production and refuelling
Viable alternative solutions: BEV

¥ Lack of market: H, and FC vehicles
NSocial acceptability issues: H, on board

What do these technologies have in common?
The deployment at (mass) scale in the expected time failed
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Carbon capture from power plant Fuel cell (PEM) for automotive industry
(Petra Nova, US) (Toyota Automotives)

4 e _p el
rong primary market: power sector N Wrong primary market: personal transportation (cars)

Limited by infrastructure: CO, storage and transport = Limited by infrastructure: H, production and refuelling
Viable alternative solutions: PV and wind turbines Viable alternative solutions: BEV

Lack of market: CO, emissions ¥Lack of market: H, and FC vehicles
~_Social acceptability issues: CO, storage NSocial acceptability issues: H, on board

Technologles need to be developedwhlle evaluatmg thelr roIe in the broad

energy and material transition
: -

What do these technologies have in common?
The deployment at (mass) scale in the expected time failed
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Starting question

Why do we need time- and space-resolved energy
system optimization models?

* To support decision making of relevant stakeholders
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A short introduction
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ROBERT LOUIS STEVENSON
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A short introduction

Dr. Jekyll: Irsching 4 power plant
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AFTERWORD BY ULRICH BAER
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Dr. Jekyll: Irschi
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Irsching-4 power plant in Germany
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Irsching-4 power plant in Germany

Modern combined

i cycle:

| Siemens H-class

\ turbine

Cycle efficiency:

il 60.4%

i Power: 561-MW

How would | describe
o t?
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Irsching-4 power plant in Germany

- w./
1 % Modern combined
i) .
i cycle.
{i Siemens H-class
, turbine
Cycle efficiency:
i 60.4%
ki Power: 561-MW

| \\g How would | describe
O t?
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Irsching-4 power plant in Germany - a brief, interesting history

o
cycle:
2011, soon after opening: Certified for setting a world record in efficiency Siemens H-class
(Over 60%). turbine
: Cycle efficiency:

eMarch 2015 onwards: Closure notifications. Due to the rise of renewable 60.4%

energy and unfavorable market conditions (high gas and low power prices \ Power: 561-MW
e April 2016: Mothballed and put in Grid Reserve. The plant was_ officially B .

mothballed from commercial operation butwas simultaneously contracted by - "§

TenneT to be part of the grid reserve. E

eOctober 2020: Reopened for Commercial Operation. The plant was officially :*_*

returned to the commercial electricity market. It continues to serve a key —odl

function as "special grid-related equipment" rather than continuous -

commercial dispatch. ‘
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The role of existing infrastructure

It's not always so easy to change idea !
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The role of existing infrastructure

ALY P

Ludwigshaven BASF

Port of Rotterdam

It's not always so easy to change idea !
Chemical clusters are in a perfect storm
in terms of large, legacy infrastructure
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Starting proposition

To support decision making of relevant
stakeholders...

- In many cases, we need to consider the role of
existing infrastructure, i.e. move from a greenfield
approach to a brownfield approach
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The associated computational challenge

We need to solve an investment and operation problem with the following characteristics:

eTime horizons: 25/30 years, should at least cover the expected lifetime of the system, as there is a
clear path-dependency: decisions in year t depend on the remaining useful life of assets and on the
performance from year t-1. Optimal solutions are needed for when to invest.

e Time discretization: hourly in most cases, especially when dealing electricity (grid, price) and
undispatchable renewables generation

eSet of technologies: should include a fair portfolio of possible alternatives to existing ones. Optimal
solutions are needed for what to invest

eVarying boundary conditions: many boundary conditions, e.g. CO, price, weather, demand, can

vary significantly over a long-time horizon. Add to this the natural stochasticity of many variable and
parameters

- Easily end up with a computationally unfeasible problem: tens of millions of continuous variables,
__hundreds of thousands/millions of binary variables.

N Matteo Gazzani, m.gazzani@uu.nl
£ UZ Utrecht University &

N

21



Let’s take a step back: how can we include existing infrastructure?

Method

Pros

Cons

Notes

situation

Input data: they provide a
snapshot of the current

Small to non-existing
computing challenges, easy
to implement in existing
code

The required data might be
difficult to gather, in any case
data gathering is time-
consuming. Only for including
brownfield, not multi-year

This should be done
irrespective of a
transition study, as
greenfield cases are very
rare (certainly in the EU)
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Let’s take a step back: how can we include existing infrastructure?

Method

Pros

Cons

Notes

Input data: they provide a
snapshot of the current
situation

Small to non-existing
computing challenges, easy
to implement in existing
code

The required data might be

difficult to gather, in any case

data gathering is time-

consuming. Only for including

brownfield, not multi-year

This should be done
irrespective of a
transition study, as
greenfield cases are very
rare (certainly in the EU)

Multi-year, single stage
with perfect foresight:

one formulation solved
with no iteration

The most elegant approach
and leading to optimal
solution, as it avoids lock-in

Computationally the most

challenging; perfect foresight

difficult to believe

Simulation platform
should be structured
accordingly from the
beginning
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Let’s take a step back: how can we include existing infrastructure?

Method

Pros

Cons

Notes

Input data and myopic

a snapshot of the
current/future situation

time period: they provide

Small to non-existing
computing challenges, easy
to implement in existing
code

The required data might be
difficult to gather, in any case
data gathering is time-
consuming. Only for including
brownfield, not multi-year

This should be done
irrespective of a
transition study, as
greenfield cases are very
rare (certainly in the EU)

Multi-year, single stage
with perfect foresight:

one formulation solved
with no iteration

The most elegant approach
and leading to optimal
solution, as it avoids lock-in

Computationally the most
challenging; perfect foresight
difficult to believe

Simulation platform
should be structured
accordingly from the
beginning

Multi-year with rolling-
horizon: multiple
sequential resolutions for
different time periods

Complexity can be managed,
implementation simple
enough. Aligned with real
invest. dynamics and lock-in

Risk of suboptimal long-term
lock-in. Fixed parameters for
the years in the time-window

Probably, the most used
for multi-year MILP
problems

In all cases, deterministic models can, and should, be extended into stochastic dynamic programming

frameworks.
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The associated computational challenge: possible solutions

Several possible solutions have been adopted in the literature to deal with the associated
complexity, two large families:

eData aggregation: time, space clustering

e Master and sub-problems: (partial) Benders decomposition, surrogate models with or without ML
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Overview of the presentation

e Modelling framework: Adopt-NETO
eExample 1: North Sea energy system with multi-period

eExample 2: Chemical industry transition with rolling horizon approach
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Overview of the presentation

e Modelling framework: Adopt-NETO
eExample 1: North Sea energy system with multi-period
eExample 2: Chemical industry transition with rolling horizon approach

Credits:
Jan Wiegner

Julia Tiggeloven
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AdOpT-NETO

1
9:SS -
The Jourmal of Opes Source Softamre AdOpT-NETO (Advanced Optimization Tool for
Networks and Energy Technologies) is a
software designed to optimize multi-energy

AdOpT-NETO: A technology-focused Python package systems via mixed'integer linear programming
for the optimization of multi-energy systems (or linea r),

Jan F. Wiegner © 17, Julia L. Tiggeloven ©!, Luca Bertoni®1, Inge M. It can m0d6| and Optimize d Wide range Of mUIti'
Ossentjuk © !, and Matteo Gazzani®1¥ . . . .
energy systems from individual technologies to

Feature AdOpT-NETO industrial clusters, regions, or multiple countries.
Model Dimensions

Commodities Energy and/or material commodities possible

Space Single node or multi-node systems with network constraints

Time By default, hourly resolution (other resolutions possible)

Stochastic scenarios Deterministic, Monte Carlo sampling possible

Transformation pathways  Perfect foresight, rolling horizon (planned for v1.0, not
implemented yet)

Components Modelling of sources/sinks, converters, electricity and material
storage, and networks possible. Linear or mixed-integer-linear

Component Extensions

MNon-linear capacity Piece-wise investment cost function possible
expenditures
Technology dynamics Constraining ramping, minimum part-load, minimum

up-/down-time, maximum number of start-ups, slow
start-ups,/shut-downs possible
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AdOpT-NETO

INPUT: Resources in

time and space

-

electrical grid

A
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grid

=5
)
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SYSTEM: Set of technologies and processes of
interest to be optimized
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DEMAND: Energy and

Material in time and space
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AdOpT-NETO

electricalgrid

A

naturalgas

==n
—

Wind speed

\ Solar radiation

/ Heat Pumps battery

J

‘..'_.“.." Solar PV E / /
k‘é‘-l Thermal solar \=b\k 1 /

electricity
H, Storage
Gas2Electricity Power2Gas
> FC_ GT
K
I >l < I
Electrolyser
_..<
I Wind turbines Blue H2
Gas Boiler A
il # Q&

Thermal Storage ‘!.

Generic end user:
Industry, city,
building, country

Electricity demand

H, demand
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AdOpT-NETO

(%

electricalgrid

A

naturalgas
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electricity
H, Storage
Gas2Electricity Power2Gas
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e Electrolyser
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Wind speed

\ Solar radiation

Wind turbines Blue H2

J

Input Data

Gabrielli et al. App. Energy 2018 (219) &
App. Energy 2018 (221)
Weimannet al. Advances in Applied

Weather data
Space description
User demands
Energy prices
Carbon rates
Technology cost

and performance Y,

Energy 2021 (3)
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AdOpT-NETO

mi Q@ +
s.t.

+ + =
>0
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Gabrielli et al. App. Energy 2018 (219) &
App. Energy 2018 (221)
Weimannet al. Advances in Applied
Energy 2021 (3)
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\ Solar radiation
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Input Data

Decision var.

Weather data
Space description
User demands
Energy prices
Carbon rates
Technology cost

and performance Y,

Tech. selection

Tech. sizing
Scheduling (on/off)
Operating load
Network size and
operation
Import/Export Y,




AdOpT-NETO
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Input Data

Decision var.

Constraints

Gabrielli et al. App. Energy 2018 (219) &
App. Energy 2018 (221)
Weimannet al. Advances in Applied
Energy 2021 (3)
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Weather data
Space description
User demands
Energy prices
Carbon rates
Technology cost

and performance Y,

Tech. selection
Tech. sizing

Scheduling (on/off)

Operating load
Network size and
operation
Import/Export

/

« Technology

behavior

* Network capacity

and behavior

» Energy balances

per node and total
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AdOpT-NETO
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North Sea Energy System
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North Sea Energy System




North Sea Energy System - method

Existing
infrastructure as
input:

- Electricity grid

- Offshore pipeline

- Generation and
storage assets

-

JEEE =

)

TYNDP and National
tenders as input

- No fossil or
renewable generation
expansion possible
(only operation)

- Electricity grid
expansion possible

- New hydrogen
generation and use
possible (onshore and
offshore)

- New batteries
possible

- New hydrogen grid
possible (onshore and
reuse of NG offshore)

-

/

New investments and
replacement possible:

- Renewable generation
expansion possible

- Electricity grid
expansion possible

- New hydrogen
generation and use
possible (onshore and
offshore)

- New batteries possible
- New hydrogen grid
possible (onshore and
reuse of NG offshore)

- /
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North Sea Energy System: baseline today

Emmmm—— Existing technol ogies

[ New technologies

At each
onshore

T gm
Solar PV I % n Od e
|
Onshore Wind Run-of-river Hyd o
|
Transmission to
other nodes/
import-export ' At eac h
|
' ( C% offshore
. @ node
Conventional —
Technol ogies Pumped Hyd o
| |
.
A E
Transmission to
Steam Methane .other nodes/
Reforming + CCS Offsh ore Wind import-export
— I I
Hydrogen Hydrogen Demand
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North Sea Energy System: 2030 baseline
—

Legend

@ Onshore Node

@ Offshore Node
—— AC Line
—— DC Line
—— Parallel AC/DC Lines

Global Annual Balance

wh u Hydrogen
demand
Electricity

. demand

. Nuclear

. Natural gas
[ Wind onshore
. Wind offshore
[ Run of river

PV

B Biomass

B Hydro power

Supply

Demand
Electricity
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North Sea Energy System: 2030 with expansion

Annual Costs (102 EUR) Annual emissions (Mt) Specific Cost (EUR/t)
Reference ' ‘
- T - no crossborder -0.0%
Electricity | |
. T - only onshore -0.1%
I | | |
g Il d T - only offshore --18.1%
' | \ | |
T-All --18.1%
Synergies —E-18.2% r . .
o 10 20 30 40 o} 20 40 60 80 100 120 -300 -250 -200 -150 -100 -50 O
Cost of blue Emissions from blue
hydrogen production hydrogen production
Cost of existing technologies, Emissions from electricity
carbon and imports generation/imports
Cost of new supportive
infrastructure
NI Matteo Gazzani, m.gazzani@uu.nl 4

= ¥ < Utrecht University

N



North Sea Energy System: 2030 with expansion

Annual Costs (102 EUR) Annual emissions (Mt) Specific Cost (EUR/t

C02]

Reference

Electricity T-nocossborder

T - only onshore

1 | |
g” d T - only offshore
\ | |
T-All
Synergies . .
0 10 20 30 40 0 20 40 60 80 100 120 -300 -250 -200 -150 -100 -50 O
Annual emissions (Mt) Specific Cost (EUR/t,,,))

Reference

H - only offshore
Hydrogen H - no storage

H - no transport

H - only onshore
H-All

Synergies .

0 =20 40 60 80 100 120 -300 -250 -200 -150 -100 -50 O

Cost of blue Emissions from blue
hydrogen production hydrogen production
Cost of existing technologies, Emissions from electricity
carbon and imports generation/imports
Cost of new supportive
infrastructure
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North Sea Energy System: 2040 with expansion

Annual Costs (10 EUR)

Annual Emissions (Mt)

Additional Renewable Capacities (GW)

Reference
g 7 T - no crossborder
% -2 T-only onshore
=
@ 2 T -onlyoffshore
& =
s T- All -12.2% -24.4%
2 4  S-onlyoffshore
RERY
g 5 S - only onshore
ﬁ Z S-All -0.0% -0.0%
H - only offshore
§n H - no storage
'_g H - no transport
E' H - only onshore
H-All -0.6% -6.8%
Synergies -12.2% < - - -24.4%
T T T T I I I
0 20 40 60 80 100 50 100 150 200 100
Cost of blue Emissions from blue
hydrogen production hydrogen production
Cost of existing technologies, Emissions from electricity
carbon and imports generation/imports
Cost of new supportive Photovoltaic
infrastructure
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The transition of the chemical industry

« 30% of the existing asset base will require reinvestment decisions to extend operational
lifetimes [5]

* Scaling up R&D now is essential to avoid technology lock-in of high-emission infrastructure
with long lifetimes

« In Europe/NL, existing facilities need to be replaced to meet sustainability goals
Complicates the transition, but legacy assets may still hold value

There is a critical need for analytical tools that can support long-term decision-making by

capturing the economic and technical complexity of achieving net zero at a chemical cluster scale.

:@g’% Utrecht Uni ” (5) IEA Net Zero by 2050; International Energy Agency (IEA), Paris, 2021. Matteo Gazzani, m.gazza ni@uu.nl
= N F Utrec niversity
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The transition of the chemical industry
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The transition of the chemical industry - method

Greenfield

ata

©

Fi]
=2

g' Technology data

CO, tax & limit
Infrastructure
Prices
Demand

Short term opt.
min  f(x.y)
st Ax+By=b

—>

Optimal x,y
(capacities,
operation)

—_ - — 4 L
Update:
CO, limit

Prices

Infrastructure

Mid term opt.

min f(x.y)

s.t

Ax+By=b

>

Short term

Mid term

Optimal x,y
(capacities, | |

operation)

Long term opt.
min  f(x.y)
st Ax+By=b

Optimal x,y
(capacities,
operation)

| (.
Update:

CO, limit
Infrastructure
Prices

»| Longterm
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The transition of the chemical industry - method

__ High-voltage
electricity grid
— CO, pipeline

C(;2 storage

Compressor
statioh

r-—-r———— ——— - —— - - - — - — - -~ — - -~~~ — = — — — = = — = = 1
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The transition of the chemical industry - results

* Minor differences in capacities
 Some obsolete legacy assets exists in 2050
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The transition of the chemical industry - results

* Minor differences in capacities

* Some obsolete legacy assets exists in 2050

 Difference in system costs between greenfield and brownfield are between 5.5-
14.1%
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The transition of the chemical industry - results

* Minor differences in capacities

* Some obsolete legacy assets exists in 2050

- Difference in system costs between greenfield and brownfield are between 5.5-
14.1%

* Qver a 20+ years horizon, multiple technology options are adopted
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Conclusions

* Transition studies can provide critical new insights that are needed for
many of the problems at hands.

« Existing infrastructure, especially when complex, more especially if in
Europe, should be regularly embedded in the problem formulation.

» Several methods exist that can already help and allow for harvesting
low-hanging fruits. However, new and better methods remain key to
improve the physical representation of the system.
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