ss0o Appendix A. Model formulation

ssv  Appendiz A.1. Nomenclature of parameters and variables

Symbol | Explanation | Unit
Time-dependent variables
Pyia,i(t) Grid power to technology 4 MW
Prat gria (t) Power from battery to grid MW
NGcBin(t) Natural gas input to the gas boiler MW
HZ process(t) Heat flow from technology 7 to the process MW

H; trs2s0(t) Heat flow from technology ¢ to the TES at 250 °C MW
Hep excess(t) Excess heat from the gas boiler MW
Hygpi(t) Heat from electric boiler to technology i MW
Hyp ;(t) Heat from heat pump to technology 4 MW
Hyp, in(t) Heat from process heat source to heat pump MW
Hyivriis,i(t) Heat from MVRI113 to technology i MW
Hyivrizo,i(t) Heat from MVRI120 to technology i MW
Hrgsi20,i(t) Heat flow from the TES at 120 °C to technology i MW
Hsnor nop(t) | Hydrogen from electrolyser to the boiler MW
Hs nopnos(t) | Hydrogen from electrolyser to storage MW
Hj nasnop(t) | Hydrogen from storage to the boiler MW
Hyop, process(t) | Heat from hydrogen boiler to process MW
Prat,i(t) Power from battery to technology i MW
SOE;(t) State of energy of technology i MWh
bi(t) Binary variable for battery charging Binary (0/1)
ba (1) Binary variable for TES at 250 °C Binary (0/1)
bs(t) Binary variable for TES at 120 °C Binary (0/1)
by(t) Binary variable for TES at 113 °C Binary (0/1)
bs(t) Binary variable for the hydrogen storage tank Binary (0/1)
be(t) Binary variable for the connection to the power grid | Binary (0/1)
Sizing variables
S; | Size of technology i | MW, or MWh
Time-dependent parameters
Pel.grid (1) Electricity price at time ¢ Eur/MWh
PNG use () Price for using natural gas price at time ¢* Eur/MWh

Continued on next page

3Includes price for COy emissions
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Continued from previous page

Symbol Explanation Unit
Hiem(t) Heat demand of the process at time ¢ MW
Constants

SaB Gas boiler size MW

T disc Discount rate %

At Time step duration h

7 Efficiency of technology ¢ -
COPup,camot | Heat pump ideal coefficient of performance -
MinLoadgg Minimum load factor for gas turbine % of capacity
crate; Charge/discharge rate of technology i MW /MWh
capg, Grid connection capacity MW

G Capital cost of component ¢ Eur/unit
Inf; Installation or Lang factor of technology i -

LT; Lifetime of component years
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Appendiz A.2. Mathematical formulations of the model for the electrification of the
utility system
The following equations represent a mathematical formulation of the model for
the electrification of the utility system with the "High integration’ heat pump, as it is
the most complex model. All models are available on GitHub (see "Data availability’
statement).

Objective function.

t=16000
min Z OpEx(t) 4+ CaPex, (A.1)
t=0
where
OpEx(t) =At - (P gria () - ( > Pyria, i(t) — Poat, g (%))
t€{process, bat, EIB, H2E, MVR}
+ NGGBJH(Q " PNGLuse (t))
and

si - ¢ - Infy - rgise

Pex = E A2
Ca ¢ 1-— (]- + Tdisc)iLTi ( )
t€{HP, bat, EIB, SS-TES, LT-TES, H2E, H2B, H2S, MVR}

Heat balance equality constraints.

Hiem <t> = Z Hi,process(t) (A3>

ie{HP, EIB, SS-TES, LT-TES, H2B, MVR}

GB constraints.
Heat generation constraint:

NGGB7in(t) : nGB,th - HGB,process(t) + HGB7TES25O(t) + HGB,excess(t) (A4)

Maximum natural gas consumption constraints:

NGGB,in(t) S Hdem,max/nGB (A5)
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Minimal load constraint:

NGGT7in(t) Z Hdem,max/nGB . MinLoadGB

Electric boiler.
Heat generation constraint:

Z Hypi(t) = (Paiams(t) + Poatris(t)) - nmB
i€{process, TES250}

Sizing constraint:

Z Hgpi(t) < sms

i€{process, TES250}

Heat pump.
Heat generation constraint:
E Hyp ;(t) = COPcarnot,up - Nup - E P np
i€{processT113, MVR113, TES113} j€{grid, bat}

Heat source constraint:

Hyupin
g Hyp, i(t) < :
ie{processT113, MVR113, TES113} (1 = 1/(COPcarmotutp - 111p)

Sizing constraint:

Z Hyp i(t) < sup

i€{processT113, MVR113, TES113}
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MVR1185.
Heat generation constraint:

Z Hyvrisa(t) = (A.12)

t€{processT120, TES120, MVR120}

(Pariamvr113 + Poat mvri13) (t) - COPcarnot, MvR113 * TMVR

Heat source constraint:

H, 3(t
Z Hyvrisi(t) = T 1/(0011{:’ GITEIO) : (A.13)
ie{processT120, TES120, MVR120} Carnot, MVR113 * /IMVR

Sizing constraint:

Z Huvriz,i(t) < smvriis (A.14)

i€{processT120, TES120, MVR120}

MVR120.
Heat generation constraint:

HyivR120, process250 (t) = (Paria MvR120 + Poat MvR120) (t) * COPCarnot, MvR120 * IMVR
(A.15)

Heat source constraint:

o Hyivri1s, mvri2o(t) + Hresi2o, MVR120(¢)

H rocess t - A.16
MVRIZ0, process250 () 1 — 1/(COPcarnot, MVR120 - TMVR ( )

Sizing constraint:
Hyivri120, process250(t) < Smvri1s (A.17)

Water electrolyser.
Hydrogen production constraint:

(Pariam2r(t) + Poatni2r(t)) - Nnee = Honor nos (t) + Ha o mos(t) (A.18)
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Sizing constraint:

Pianor(t) + Poat mer(t) < smor

Hydrogen boiler.
Heat generation constraint:

(Hamopm2n(t) + Honos nos (1)) - Mo = Hiop process(t)

Sizing constraint:
HH2B7process(t) S SH2B

Battery.
State of energy:

0,

SOEbat (t) = SOEbat (t - 1) + Mbat - At - Pgrid,bat (t - 1)_
1

Maximum charge constraint:

Spat  Cratepat

P
Tlbat At

grid,bat (t) S

i (t)
Maximum discharge constraint: Discharging for ¢t = 0:

> Poar,i(0) =0

i€{EIB, HP, MVR113, MVR1120, H2E, grid}

Discharging for ¢t > 0:

cratepat

Pait< at * //bat *
Z bt,()_Sbt Thoat AL

i€{EIB, HP, MVR113, MVR1120, H2E, grid}

Sizing constraint:
SOEbat(t) S Shat
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Moo At - Zie{ElB, HP, MVR113, MVR1120, H2E, grid} Pha,i(t —

(A.19)

(A.20)

(A.21)

itt=20

1), otherwise

(A.22)

(A.23)

(A.24)

(1= bi(t) (A25)
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Thermal energy storage 250.
State of energy (SOE):

0,
SOETrsaso(t) = ¢ SOETEsso(t — 1)+

ift=0

At - (HGB,TES%O(t — 1) + Hgisres2so(t — 1) — HTES%O’WGSS@_U> , otherwise

Maximum charge constraint

STES250 * Cratergs
- bo(t
At 2(t)

IN

Hgg res2s0(t) + Hes,res2so(t) (1)
Maximum discharge constraint: Discharging for ¢ = 0:

HTESQSO,process(O) =0
Discharging for ¢t > 0:

STES250 * NTES * Cratergs
(1 —by(t
s (1~ ba(0)

IN

HTESZSQprocess (t)

Sizing constraint:
SOEtEs2s0(t) < sTES250

Thermal energy storage 120.
State of energy (SOE):

0,
SOETESlgo(t) = SOETESIQO(t - 1>+

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)

itt=20

H rocess t_l +H t—l .
At - (HMVR113,TES120(t — 1) — —IES0e (t=1)+Hrps120 mvrazol )> ., otherwise

NTES
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Maximum charge constraint

. t
Hyvriis tesi2o(t) < STESlQOA(:a CTES - bs(t) (A.33)

Maximum discharge constraint: Discharging for ¢t = 0:

Hrgs120,process(0) + Hrrs120 Mvri20(0) = 0 (A.34)

Discharging for ¢ > 0:

] . - crate
H1gs120 process (t) + Hresi20mvri20(t) < 1E8120 nTEi 1B (1 —0bs(t)) (A.35)
Sizing constraint:
SOFErEsi20(t) < sTEsi20 (A.36)
Thermal energy storage 113.
State of energy (SOE):
0, ift=0

SOETESlB(t) = SOETESllB(t - 1)+

H s (t—1)+H t—1 .
At - (HHP,TE8113(t o 1) _ HrEsi113,process(t—1)+H1Es113,MVR113( )) ’ otherwise

1TES
(A.37)
Maximum charge constraint
Hyp resiis(t) < STESMS.A(:ateTES - by (1) (A.38)
Maximum discharge constraint: Discharging for ¢t = 0:
Hrgs113 process(0) + Hrrs113 mvri13(0) = 0 (A.39)

Discharging for ¢ > 0:

S . - crate
Hrgs113 process (t) + Hresiismvriis(t) < 1ESILS WTAEi Loy (1 —b4(t)) (A.40)
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Sizing constraint:

SOFEresns(t) < stesis (A.41)
Hydrogen storage.
State of energy:
—— 0, itt=0
nas(t) = SOPBmss(t — 1) + <H2,H2E,st(t -1) - —Hz’mf]’:;:(t_l)) - At,  otherwise
(A.42)
Charge constraint
Hj nopnos(t) < spas - bs(t) (A.43)

Discharge constraint: Discharging for ¢ = 0:

Hs nos nop(0) =0 (A.44)
Discharging for ¢ > 0:
S .
Hs nas mon(t) < %:HQS (1 —=bs5(1)) (A.45)
Sizing constraint:
SOEHgs(t) S SH2S (A46)

Grid connection capacity.
Maximum inflow constraint:

CaPguiq - bo(t) > > Pyriai(t) (A.47)

1€{EIB, bat, HP, H2E, MVR120, MVR113}

Maximum outflow constraint:

Poatgr(t) < capy, - (1 — bg(t)) (A.48)
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