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The Energy Transition

“Heating and cooling in buildings and industry accounts for half of the EU’s
energy consumption.”

e Use cleaner energy

e Distribute energy in an efficient way

= District Heating Networks
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District Heating Systems and Optimization

Optimization:
e Control
e Design

e Expansion
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Expansion Problem

max Profit = Consumer Payment - Expansion, Operation and Maintenance Cost
s.t. System physics,
Consumer constraints,

Depot constraints.



Challenges and Assumptions

Challenges:

Nonlinear behaviour of fluids in pipes
e Mixing of water at pipe intersections

Water flow directions

e Modeling of candidate consumers
Assumptions:

e One dimensional stationary model

e Only tree shaped networks



Network Modeling and Notation

We introduce the graph G = (V/, A) such that:

A, Abf, Ac, ad

Vir, Voot

A?Fv A?ﬁ AE{, Agﬁ Agv Atc:
Vf?v Vf?v Vbev Vbcf



Pipe Physics
(- =0
u v
a=(u,v)

One-dimensional stationary momentum equation for compressible fluids in
cylindrical pipes:

pa(La) — ps(0)
La

|Va|vap

= - hg_)‘a )
gp 2D,

One-dimensional stationary thermal energy equation:

Tsoil, va =0,
Ta(La; Va) = _ _4Uala
(Ta(o) - Tsoil) e pPPava 4 Tsoit, Va> 0.



Node Physics

L, 0

()
N

acs(u) b € 6 (u)

Mass flow continuity:
ooa= > qa7 uev
acsin(u) agsout(u
Pressure continuity:
pu = ps(0), wueV, acdsi™u),
po=ps(Ls), weV, acd"(u).
Temperature mixing:
Zaeain(u) s Ts(La)
Zaeém(u) CpQa
T.=T,0), ucV, acds™(u).

T, =

ueV,



@

For aq = (ug, va): La,
Pug = Ps,
qs a¢ = (ug, v
o= (b~ pu). = ()

P+ Pg = g3y ¢ (Ta(Ls,) — Ta(0)) -

@
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Consumers

@

P, = qacy (T2(0) — Ta(Ls)), a€ AS, 0
XaPa = qacp (Ta(0) — Ta(La)), a€ A,
To(L) = T, ac A, a=(u,v)
7,(0) > T3, acA,
pv < pu, acA.. La
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Thermal Energy Equation Approximation |

4U,L,
Ta(0) = Toi wrbava Teoi — Ta(La 5 2 > 07
f(va, T2(0), Ta(Ls)) == {( (0) |)e P + | (L), v

Tsoil - Ta(La), V3 = 0.
fapprox(va7 Ta(0)7 Ta(La)) = Z OkIm Vak Ta(O)/ Ta(La)m + Ta(La) - Tsoila

(k,I,m)eBy
with
0y = {(k,/,m)eN3; k # 0 and k+l+m§d}.

4

main Z fapprox(va’.7 Ta(o)iv Ta(La)i)z‘
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Thermal Energy Equation Approximation Il




Candidate Pipe Modeling: Pressure Constraints
(D ()
u v
a=(u,v)

One-dimensional stationary momentum equation for compressible fluids in

cylindrical pipes:

|Va‘VapLa

v — Pu La h/ Aa -
pv — pu+ Lagphs + 2D, 0,
For a = (u,v) € Af U A
P — pu+ Logphl, + 0, 12L2PLs < (1)1,
2D,
a a La
pv — pu + Lagphl + /\SM > (1 —xa)Mf.

2D,
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Candidate Pipe Modeling: Valid Inequalities

Valid additional constraints:
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max > Pawmxs — Y GVxa — w(GoPy + CuPu + CePy)
acAS acAc
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Model Summary

max objective,

s.t. stationary incompressible Euler equation,
stationary thermal energy equation approximation,
mass conservation,
pressure continuity,
temperature mixing equations,
depot constraints,
consumer constraints,
system bounds,
power bounds,

valid binary inequalities.
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Test Case

Fo F7 @- -----------------------
& .
© @y @
------ @ ------ © Consumer P, (in kW)
Cost Cu (@ G (F2,B2) 200.00
Value (€/kWh) 0 0.0415 0.165 (F3,B3) 600.00
(F5,B5) 150.00
(F6,B6) 666.66
Ed A AS U AS
lee  ac 2 A At (F8,B8) 200.00
Ci™ (€) 100000  [90000,330 000
) [ ] (F9,B9) 183.33
(F11,B11 183.33

ANTIGONE using the Pyomo interface. (F14,B14 183.33

)

Intel(R) Core(TM) i7-8550U, 16 GB RAM. (F12,B12) 183.33
)

(F15,B15) 183.33
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Initial Results

p=17.09 p=707 p=1703
T =390.98 T =389.01 T =387.05
g O
q=089 q-089
p=166 p=1712 p=655 p=638

T =391.54

p=66 p =633 p =634 p =633
T =390.77 T=38859 T =38941 T =38859

p=694 p=16.95 p=694
T=389 T=3907 T=3809

Objective (€/day) P; (kW) P, (kW) Py (kW) P, (kW) Py (kW)
—1380.02 2550.0 2.84 5000  2149.87  99.87

Poi=> Pat > xPs P = Py + Py — Py.

acAs acAS
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Discussion: Impact of Estimated Average Demand and Distance

If P, = 150kW for all a € AS:

- 618 p=616 p=6.09
T=37788 T = 37652 T=37516
F7
G-113 G-113
p=6.69 p=624 <Gl p =587 p=585
T=37833 T=37813 /' T = 37649 T=37528

; v
: T=37752
If P, =350kW for all a € AS:
p=T7.08 p =699 p=674 P =664

p=702
T -302.88

RO

p=639 p=641 p=1639
T = 39249 T=30021 T=39L07 T -39021

p=697 p=1698 p=697
T=30158 T=30248 T =30158
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Discussion: Impact of Thermal Losses

If Uy =05Wm *K?2=08Wm K2

p=6.18 p=616 p=6.00
T=37788 T =37652 T =1375.16
@ @
q—113
p=587 p=585
T = 376.49 T=1375.28
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Conclusion

Contributions of the expansion model:

e Nonlinear modeling of T and p behavior

e Polynomial approximation of the Thermal Energy Equation

Main parameters:

e Estimated average demand
e Distance of the candidate consumer

e Pipe insulation
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