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Why do we care?

Interesting MINLP

e | ots of structure,
e challenging nonlinearities,
e many problem variants.

Infeasibility important ...

e needed to certify rejections

Good setting to test MINLP methods

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014
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Advertisement: Our book

Evaluating Gas Network Capacities

Koch, Hiller, Pfetsch, Schewe (Eds.),
to appear in the SIAM-MOS series, December 2014

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWM?EEO 2014
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Structure of the Project

e Open Grid Europe
e German Federal Government

Partners

e FAU Erlangen-Nuremberg

e Humboldt University Berlin
e Leibniz University Hannover
e TU Braunschweig

e University Duisburg-Essen
e Weierstral3 Institute Berlin
e Zuse Institute Berlin

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014
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Problems

Standard contract

“On any given day you are allowed to supply/demand up to X units of gas at
node v if you have matching partners at some other nodes”

e Given a supply/demand situation on a given day, is it technically feasible?

e How large may X be?

e Given a set of nodes, how large may we choose each X, such they can be
satisfied simultaneously?

e |f one of the above problems has no satisfying solution, where can we build a
network extension to ameliorate the situation?

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014



Validation of nominations — Prerequisites

e (stationary) gas network
complete specification of all pipes, compressors, valves, ...

e active elements: compressors, valves, control valves, resistors
e temperature

Nomination

e Precise supply amounts at entry nodes
e Precise demands at exit nodes

e Pressure bounds at entries/exits

e Balance: flow in = flow out

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014



Validation of nominations — Task

e a specification of the network,
e a nomination, defining supplies/demands.

Task: Find

1. Settings for active elements
(valves, control valves, compressors) and

2. values for physical network parameters,

which satisfy
¢ laws of physics (according to the model) and
e regulatory and technical requirements.

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014



Booking validation

- 000000000000000000__]
Given a new contract at node u, how large may we choose X, such that all
supply/demand-scenarios can be satisfied?

e Is not a robust optimization problem,
e how to deal with the infinite scenario space?

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014
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Calculation of technical capacities in gas networks?

Given a set of nodes, how large may we choose each X, such that all
supply/demand-scenarios can be satisfied?

Definition according to GasNZV

Technical capacity is the maximal fixed capacity which the network
operator can offer guaranteeing system integrity and fulfiling all
restrictions of network operation.

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014



Problem: Capacity maximization

Tool to compute available technical capacity

Given:
e a technical specification of the gas network
e technical and contractual requirements
Find:
e maximal capacity,
e such that all (conforming) nominations can be transported.

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014
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Validation of nominations: Physical modeling

Lars Schewe -

FAU - Optimization Problems in Gas Transportation CWM?EO 2014
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Modeling — Discrete and Nonlinear

Nonlinear

e Pipes
e Compressors
e Resistors

e Valves
e “Control Valves”

e Switching inside compressor
stations

Lars Schewe - FAU - Optimization Problems in Gas Transportation
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Network model

Basic model

Graph G with node set V and arc set A

Nodes

e Entries, exits, and inner nodes

Arcs

e Pipes, Resistors, ...

Quantities

e pressure p, mass flow g,
e density p, and temperature T

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014
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Hierarchical modeling

There is no true model

e need approximations,
e which typically come in hierarchies.

Are your solutions truely feasible?

e For which model?
e Does this translate to other models?
e Can you detect infeasibility?

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014 16
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Pipes

1d Euler equations for cylindrical pipes

dp 10q L
1 oy o ‘ %T =0, (continuity)
0oq Jop oqv viv
A9t + Ix + A ox +gpS+ )\(q)ﬁp =0, (momentum)
oT oT Toz\ op
Apc, (—+ v—) _A (1 + ——) T

. aza(;p 15).4 zoT ) ot (energy)

szﬁ—Tﬁ_X+Apng+7rDCHT(T_ Tsoﬂ) =0,

needed additionally
pRsTz(p, T)=p. (state)
Lars Schewe - FAU - Optimization Problems in Gas Transportation CWM?3EO 2014 17
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Plus ...

Model for the real gas factor z

AGA-8 z(p, T) = 1+ 0.257 p, — 0.533 p,/ T,
Papay z(p, T) =1 — 3.52p/p,e 2267/ + 0.247(p/p;)%e1:878T/Tc,
or...

Model for the friction coefficient \

Hagen-Poisseuille (laminar) A(q) = g5%,

1 2.51 K
Prandtl-Colebrook (turb.) -~ = —2 log, (Re(q)ﬁ + 571 D),
or...

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014
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For our model: only stationary and isothermal ...
After simplification: System can be solved!

A calculated from gas- and pipe-parameters
S calculated from the height difference of the nodes

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMEEO 2014
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More precisely ...

Q. 29s O Rszm Tm
S . m, /\ -« A(q) .

Parameter uncertainties

Many of these parameters are only rough approximations

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014
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spec. change in adiab. enthalpy (kJ/kg)

Compressors

volumetric flow (m3/s)

Modeled by

e Characteristic diagrams

¢ Highly nonlinear,
e no underlying PDE model.
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Subnetwork Operation Modes
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Mathematical approaches to validate
nominations

Lars Schewe -

FAU -
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23



Easy cases

Much is known about . ..

e Pure pipe networks,
e casy graphs, like paths and trees.

e Pure pipe networks: Can be transformed to a convex problem,
e Easy graphs: Dynamic Programming (see the survey by Carter).

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014
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What did we do?

Two stage approach

e First stage tries to compute discrete decisions (coarse models),
e Second stage checks these decisions (fine NLP model).

First stage

e Exact:

e MILP-relaxation,

e “special” MINLP-approach,
e Heuristic:

e MPEC,
e “reduced” NLP-approach + assignment heuristic.

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014
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Basis of our approach
Classical: MIP approximations

e uses MIP formulations to approximate nonlinear constraints, e.g. incremental
method or convex combination method.

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWM?EEO 2014
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Basis of our approach
MIP relaxations

e uses MIP formulations to approximate nonlinear constraints, e.g. incremental
method or convex combination method.

e modify classical formulations to incorporate over- and underestimators
(Geif3ler, Martin, Morsi, LS; 2012)

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWM?EEO 2014
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Incremental Method: Basics
Markowitz, Manne (1957)

YI+1*

X X1

n n
X=70+Z5/ y=70+§ 71—{/_15,
=1 ]

(7,'_1 —7,'_2)2,'_1 < 5,’ forall i = 1,. .o, N
5/§(7/—7,',1)Z,' foraIIi:1,...,n—1.

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWM?EEO 2014
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Incremental method

Incorporating approximation errors (Geissler, Martin, Morsi, LS; 2012)
n
X = Xo + Z 0;
i=1
i~ Vi
y=Yo+» —léi+e
0 ; i— Xj-1 I
n—1 .
eu(f)+ Dz, (f) —eu(f) > e
i=1
n—1 . '
—eo(f) = D zi(eo () —eo(f)) < e
i=1
(7, 1 —X,'_Q)Z, 1 < 5, forall i = 1,...,n,
0 < (Xi—Xj_1)z; foralli=1,...,n—1.
Lars Schewe - FAU - Optimization Problems in Gas Transportation CWM?3EO 2014 28



What can be computed now?
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FA

test set V]| | Al |Ag| Ayl |Acy] |Acg] # nom.
HN-AB 661 498 116 33 26 7 43
HN-SN 592 452 o8 35 23 6 4227
gaslib-582 582 451 96 26 23 3 4227
gaslib-582-95 582 451 96 26 23 3 4227

Public instances

gaslib-582 and gas1ib-582-95 are available at:

http://gaslib.zib.de/

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWM?EEO 2014


http://gaslib.zib.de/

Impression
Gaslib network
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Computational results — MILP approach

slack O infeasible slack > 0 no solution

HN-AB 33 3 7 0
HN-SN 3280 444 495 7
gaslib-582 2054 909 1230 34
gaslib-582-95 2831 716 661 19

e Timelimit: 14400s

Lars Schewe - FAU - Optimization Problems in Gas Transportation

CWM?EEO 2014
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New variant of the MILP approach

under development

F_I_FH

T

| 3 — 4460,
‘ L{:ﬁiﬁtﬁu :E ] 1 i ‘ ‘

et % L. 1 o |A;| = 3550,

i s P o |A =12

il e SN
=y i = eIV L 51 expert instances
=g T

e Run time: 13 min to 810 min
e Average run time: 150 min

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWM?EEO 2014 33
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New variant of the MILP approach

under development

| j
- N
- ]
ﬁ{;}@:/ e |V| =2735,
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) 1 o A =41.
T
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S
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%
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Future directions

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWM?3EO 2014
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Problems

Standard contract

“On any given day you are allowed to supply/demand up to X units of gas at
node v if you have matching partners at some other nodes”

e Given a supply/demand situation on a given day, is it technically feasible?

e How large may X be?

e Given a set of nodes, how large may we choose each X, such they can be
satisfied simultaneously?

e |f one of the above problems has no satisfying solution, where can we build a
network extension to ameliorate the situation?

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014
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There is much to do

Better physics

e Transient, non-isothermal,
e (Gas mixtures,
e reach “simulation accuracy”.

More economy

e Booking validation,
e Technical capacities,
e Network extension planning.

Overall

e Faster,
e larger networks.

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWMBEO 2014
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Next up ...

DFG CRC/TR 154

Mathematical modelling, simulation and optimization using the example of gas
networks

Lars Schewe - FAU - Optimization Problems in Gas Transportation CWM?EEO 2014 38
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Advertisement: Our book

Evaluating Gas Network Capacities

Koch, Hiller, Pfetsch, Schewe (Eds.),
to appear in the SIAM-MOS series, December 2014
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