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Why hydrogen ?

e Hydrogen displays promising features
for decarbonization industry, transportation and building sectors

e Transition towards a hydrogen economy requires hydrogen costs to
come down, through optimal choices of infrastructure design and
operation

e The optimal choices of design and operation
rely on multistage stochastic optimization
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Problem statement

e Schiever company: diesel trucks — hydrogen trucks
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The objective is to minimize the operation cost of this supply chain by
making decisions every hour during one week




Special characteristics of the problem

e A nonlinear electricity consumption for the electrolyser
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e An energy mix to power the supply chain
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Decisions and uncertainties

‘ Decision ‘ Description
E;™ Electricity from PPA contract (kWh)
Ei.; Electricity from the grid (kWh)
I Load at which the electrolyser is functioning (%)
M Turn the electrolyser to cold, idle or start mode

H." Quantity of hydrogen extracted from the
storage (kg) to satisfy demand

Uncertainty ‘ Description
A Renewable (PV) electricity (kWh) during [h, h+ 1]
Dpi1 Demand of hydrogen (kg) during [h, h+1[




Optimization problem formulation

min E B [
, AU Dyt E
(EEPA EG M';] 7|;}7H:D)helﬂ ( h+1 h+1)he]}1

Ll ¥ )
ppapPPA EEG d —D
> PPEN + cEEf,  + ¢®(Dpa - HEP).
heH

Electricity cost Demand dissatisfaction cost

+ K((E}™, By, ERYy)en) |
subject to

e nonanticipativity constraints
e operational constraints
e renewable energy constraints

e a coupling constraint between the energy mix
and the hydrogen equipments
] PV ET E |E
EZPA + E57+1 +Epy1 = g(Mh y Wipy h)

electricity supply electricity consumption
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Renewable energy constraints of the problem

e Constraint on energy from the grid

Electricity from the grid is less than p percent of the total electricity
Z/ve% E/;+1
PPA ( P\
th Eh + Eh—l + Eh—l

= Z ((1 _p)E2+1 (ElH + Eh+1 ) 0
helH

<p

reformulated as a cost function

K((ES™ ES,,, 2‘;1)h€H):o¢max(0,Z((1—P)E +-P(E"+ hil)))
heH

e Constraint on PPA contract

Electricity from the PPA contract is bounded
—_—

SE) < B

heH



State dynamics for the Schiever case

To solve the problem by dynamic programming,
we introduce the mode of electrolyser and three stock variables

State variable | Description
My mode of the electrolyser ({start, idle, cold})
Sh quantity of hydrogen in the storage (kg)
Qp “cumul of electricity”
P remaining stock of available PPA (kWh)
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State dynamics for the Schieve case

Letting Xp, = (M}, Sp, Ph, Qn) be the four dimensional state, we have a
state dynamics Xpy1 = £(Xp, 15, ME " H™” E}™ Ej 1, Eblq, Dhy1) with

L =ME (Mode of the electrolyser)
Shi1=Sh+ Eu(M;, M}, )W - H;? (Stock of hydrogen)
—,—/ ——
H> produced H, extracted
Py.1=P,-E;™ (Stock of PPA)
Qi1 =Qp+pEY,; - (1-p)(E}* +Ep4 (Cumul of electricity)

Thanks to the state Qp, the cost K((E}"™, Ej,;, Ejl1)hen) can be written
as J(Q7) =amax(0,Q7)
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Numerical considerations

A difficult numerical problem:

one week horizon with hourly decisions (168 time steps)

four dimensional state

e using Stochastic Dynamic Programming,
we discretize the states

e the stock of PPA (P) and of the “cumul of electricity” (Q)
take large values and require a fine discretization
which is numerically demanding

e two random variables

five decisions at each hour
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Solving the problem by
decomposition method




A decomposition approach

Operational problem

Coupling constraint

Power Purchase Agreement EFY, + BEFA L B, = o(ME", ME,1E,) Electrolyser ~ Compressor Storage

EPV EPPA E% .
<:> Hydrogen E

PPA
P =Py —E; Hydrogen demand

E B~
Qi = Qu +pEL, — (1 p)(EFY, + BF74) My =My

Sirt = S+ 15u(ME”, MP)mP - HpPP
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A decomposition approach

@)= i B e
(E Eh+l7Mh ‘rlh‘th )hEI-H

> CPPEL + CEBLy + K((ES Efuy, Eptyhen)
heH

electricity cost

+ Y c(Dra - H). |

heH

demand dissatisfaction cost

subject to nonanticipativity constraints, operational constraints,
electricity constraints and the following coupling constraint

PPA @ PV _ BT E
E," +Ehy +Epii= g(My, h)

electricity supply electricity consumption
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Decoupling the operational and electricity problems

Dualize the coupling constraints with Lagrange multipliers: A = {\p},

e electrolyser/compressor/storage operational (O) problem

p°(N) = min _ Em,,). c?(Dpy1 - Hy®
(M D) g (PP HI:/%}:H ’ §

- 2 Mg (M M) |
heH

s.t. (undetailed) operational constraints

e electricity (E) allocation problem

ot (A) = E(Ef}'l)hsu{[ Z cPPPEL™ + Cf bl

h+1

+ K((EPPA i1, ZXl)héH)
+ Z )‘/7( \/;M + E(h‘\l + E‘hwl)]

hel

s.t. electricity constraints 15



Decoupling the operational and electricity allocation problems

e For a fixed deterministic multiplier A = {\p}, ., independently:
o compute $°()\) (operational problem) by
Stochastic Dynamic Programming (SDP)
$°(N) = Vg (S0, M5)
given by induction VhO’A = BO’A(VhO;lA)
e compute ¢F()) (electricity allocation problem) by
Stochastic Dual Dynamic Programming (SDDP)
#F(X) = Vg (Po, Qo)
given by induction Vf’/\ = BE"A(V:;’IA)

e Update the multiplier A by a gradient based optimization algorithm
to maximize the dual function $°(\) + #E(N)

PO (A) + ¢E(N) <maxp®(N) + pE(N) < val(P)
)\l
primal problem

dual problem
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Policy design

For a fixed multiplier A = {\p},

e we obtain a feasible policy 7* = {m}}, . for the problem (P) by

policy
—

A E .
T, (Sh, My, Pp, Q) = argmin ]E(DM,E;’)I)[
(EJ"A M1 HD)

. PPA =G
me Lh(Eh s Ehtls h+17H )
b1

2 Vho+"1/\(sh+1, he1) + h+1 (Ph+170h+1):|

surrogate additive value function

under nonanticipativity constraints, operational constraints,
renewable energy constraints and the coupling constraint

e we have val(P) <val(P ),
where val(P,») denotes the cost when applying the policy 7*
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PV and demand data

The independent random variables (D1, E}\;)hen are given by

Table 1: Probability distribution of Dpq

Outcome  0.8ud,, 09ud, pd, 11pd,, 1249,
1 1 1 T
5

Probability 1

5 5 5 5

Table 2: Probability distribution of E}}

+1

Outcome  0.8ub7,  0.9ufY, phy,  11ppy,  1.2pp)
1 1 T

Probability i i i i L

1000

il
14

Demand (kg)
PV (kWh)

where (Mgwﬂii\i)heH are deterministic and given in the following figure

0
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Times (h) Times (h)
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Monte-Carlo evaluation of a policy

o Let (d,e™) = (dhs1,€}}1 ) herr be a sample of
hydrogen demand and PV production

We simulate a policy as follows:
X0 ~ o (x0) ~ (i, €%) ~ x1 = f(x0, 75 (x0), (dh, €%)) ~ 73 (1) ~
(o, €5%) ~ x2 = F (31,77 (x1), (o, €5Y)) o ~ (s, €fy1) ~ xn =
f(xh-1, 75 (Xb-1), (dhs1, €)%1))

o Let {(d,e"")i}icqi,n be a set of noise trajectories, we use the
approximation

1Y :
val(P ) ~ N > val(PL,)
i=1

where val(P' ) is the cost of the simulation
for the noise trajectory (d,e"");
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Numerical results




izing the dual function
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maximization of the dual function with decomposition algorithm
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Evolution of the hydrogen stock over time
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Electricity consumption over time
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Figure 1: Time evolution of the electricity consumption for the three different
scenarios
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Optimizing the stock capacity




The design optimization problem

The stock design problem can be written as

min  min Ly(E}™ E} H
i€l (Up)peneYi (Dh“’ h+1)"eu'1|:z h( h+1) h+1’ )

+ K((EIH Eh+17 [/;il)héH)] +aG,

where [ is the set of designs, Up, = (E;™, ES, |, ME ™ IE H;™P), Y/ is the
set of nonanticipativity constraints, operational constraints (that depends
on /), renewable energy constraints and the coupling constraints between
the energy mix and the hydrogen equipments and ¢; is the cost of the
design i.
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An alternative design optimization problem

We consider the following optimization problem

: E 0 _
min Kr;ﬂa&((é N +o7 (N +a s

where

o ¢E()\) is the electricity allocation problem
that does not dependant on i

e ¢2()\) is the operational problem that depends on i

The computation of ¢ (\) is faster than the computation of ¢£()\),
which is the key ingredient used in the following algorithm to solve the
minmax optimization problem
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Solving the minmax problem

1. set J < I, choose an initial design i € J, set J < J\{i}, choose an
initial multiplier \> e R
2. maximize the dual function ¢f + (b? + ¢; associated to the design

problem 7. The multiplier obtained at the end of the optimization is
denoted by \*

3. store the oriented pair (i, ¢ (\*) + #C(\*) + ¢;) in the list O

4. forall i" € J, if 2(N*) +¢; < 92 (N*) + cpr, it follows that
max ¢E(N) + #2(N\) + ¢; < max dE(N) + ¢2(\) + ¢ and therefore
AeRT AeRT
that the design i’ is not optimal, set J < J\{/"}

5. if J # {@}, choose i € J, set J < J\{i}, set A% < \* and goto2

6. if J = {@}, search for the best design in the list O

In one numerical experiment with six different stock capacity, this
algorithm entered step 2 only once, the other five designs were removed
at step 4, which gives promising perspectives
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Future works and extensions




Future works and extensions

e We modeled a hydrogen supply chain with three sources of energy

e We solved the optimal management of the Schiever supply chain
with decomposition method involving two subproblems:

e an operational problem solved by SDP
e an electricity allocation problem solved by SDDP

e We proposed a simple algorithm to optimize the capacity of the
hydrogen storage

e The next step will be to consider the design of the hydrogen
equipments (storage and electrolyser) and the PPA contracts
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