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Modeling

The project (electrolyzer + gasification)

Single-stage optimization Multi-stage optimization
for various electricity prices for time-varying electricity prices

Mitigating fluctuations
in the feed stream
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September—November, 2024

Technical University of Denmark

SemperCycle ApS
Nordic Hydrogen ApS

Videnbro Project (Funded by
Energy Cluster Denmark)

Activity 1: Model electrolyzer

Activity 2: Extend existing model of SemperCycle’s plant

Activity 3: Formulate process optimization problem

Activity 4: Analyze solution to optimization problem
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Objective
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Operate plastic waste-to-methanol plant flexibly
in response to dynamic electricity prices

Varying electricity price

= g Electrolyzer
Grid power
Fluctuating composition
N, Plastic MeOH y
C ) g4 Wwaste-to- >
' methanol Market
Plastic waste
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Site A

Site B

https://doi.org/10.1016/j.jclepro.2021.128124

CAPEX

Where should the water come from?
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Flexible/intermittent operation
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Plastic waste-to-methanol plant
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Electricity
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Chemical reactions

Fluidized bed reactor and partial oxidation reactor

»  Depolymerization and hydrogenation

[CH9o]n = n/2CoHy,
CoHy + Ho = CoHg

» Combustion reactions

2C 4+ 09 = 2CO,
2CO 4 Og = 2CO0O9,
2Ho + Og9 = 2H20

P  The water-gas and water-gas shift reactions

C + HoO = CO + Ho,
CO + HoO = COqy + Hy

»  The Boudouard reaction
C 4 CO9 = 2CO

See also the book by Higman and van der Burgt [2] and the website
by the National Energy Technology Laboratory [3, Sec. 5.1.2-5.1.3
and 10.3].

The methanation/hydrogasification reaction
C+4+ 2Ho = CHy
Partial oxidation
CoHy + O9 = 2CO + 2Ho
Steam reforming
CoHy + 2HoO = 2CO 4 4Ho

Involved components: C, O9, CO, CO9, Ho, HpO,
CHy, CoHy, CoHg.

Methanol reactor
Syngas conversion to methanol

CO + 2Hy = CH3OH,
COg + 3Hy = CH3OH + HyO,
CO + Ho O = COqy + Hy

Involved components: CO, CO9, Hy, Ho O, CHgqOH.

[2] C. Higman and M. van der Burgt, Gasification. Elsevier, 2nd ed., 2008.  [3] U.S. Department of Energy, “Gasifipedia.”

https://netl.doe.gov/carbon-management/energy-systems/gasification/gasifipedia.
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Process model
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0= F(y, u, d)’ Mass balances (FBR)

0= G(:C, Y, 2:), Chemical reaction equilibria (FBR + MeOH)

w = H(y,u,d), Storage

Electricity Electrolyzer

Plastic Fluidized . Methanol
waste bed reactor

Buffer tank

syngas reactor

Ho @

[Mass balance equation ]

Mass balance equations
Chemical reaction equilibrium
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Key question: How much hydrogen do we need? 186 1
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Single-stage optimization
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myrgafﬁu o(y, w1, u,p), Profit
s.t. 0= F(y, u, d)’ Mass balances (FBR)
0= G(aj’ Y, z), Chemical reaction equilibria (FBR + MeOH)
w1 = wo + H(y,u,d), Storage
Tmin < T < Tmax, E.g., non-negativity
Ymin = Y < Ymax; No formation of solid carbon
Wmin < W < Wipax, Physical limitations

Electricity

o<y < .
Umin > U > Umax Operational constraints

Plastic Fluidized : Methanol

waste bed reactor Buffer tank

syngas reactor
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== Profit vs. electricity price
>

2000 i 2000
e
< 1500 [ 11500 2
: 5
%1000— — 1000 B
15 kS
& 500 —500 &
o
0 — . T

N
o

S
1
|

&)
|
|

Plastic waste inlet stream [m3/h]
>
I
o
!
2
w
l

o

—= 1500 I 1 1 [
P}
E
£ 1000 — _|
:
o
»
I 500 — ]
£
N
o 0 | ! J | L
0.04 0.045 0.05 0.055 0.06 0.065

Electricity Price [EUR/KWHh]

December 4th, 2024 DTU Compute PWtM-Flex: Flexible operation of plastic waste-to-methanol plants using next-generation electrolyzers



=
—]
—

W

Profit vs. methanol price

Electricity price 0.06 EUR/kWh
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= Ternary diagram
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== Multi-stage optimization
N—1
max N1 ¢({yk)uk}]g:0 awan)n Profit
{xk:ykazkawk+1vuk}k:0
s.t. 0 = F(yk, W dk), Mass balances (FBR)
0= G(ij’ Yk » Zk), Chemical reaction equilibria (FBR + MeOH)
Wi+1 = Wi + H(yr, ug, dy,), Storage
Tmin < Tk < Tmax, E.g., non-negativity
Ymin < Yk < Ymax No formation of solid carbon
Wmin < Wi < Wmax. Physical limitations
Flectricty Umin < Uk < Umax Operational constraints
Plasti Fluidized , Methanol
w:ssttlac bed reactor syngas reactor Buffer tank

December 4th, 2024 DTU Compute PWtM-Flex: Flexible operation of plastic waste-to-methanol plants using next-generation electrolyzers



=
—]
—

W

December 4th, 2024

Process optimization for time-varying electricity prices

Profit = -126513 EUR | Total plastic waste processed = 217.13 m3
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Constant electrolyzer efficiency

Profit = -116728 EUR | Total plastic waste processed = 217.13 m3
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Reduced electricity price

Profit = 31710 EUR | Total plastic waste processed = 279.58 m3
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sz Previous work (simpler model)
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Optimality conditions

W

Optimality conditions

— A —VeG(z,y, 2)\ — k =0,
Vyo(y,u) — V,G(x,y, 2)A — v =0,
—V:G(2,y,2)A =0,
Vaud(y,uw) — B 1 — wimin + wmax = 0,
Axr + Bu+e =0,
G(x,y,z) =0,
T — Tmin L K,
Y — Ymin L V,

U — Umin L Wmin

Umin — U L Wmax
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Fluctuations in the feed composition
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Mitigation of fluctuations in the feed composition
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Summary

Water: Important, Electrolyzer efficiency:
but not expensive Limited effect on results

Single-stage optimization Multi-stage optimization
for various electricity prices for time-varying electricity prices

Mitigating fluctuations
in the feed stream
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