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Hydrogen Value Chain
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Introduction
H2020 projects for stationary applications

X prometeo J ||| SWITCH .

% Clean Hydrogen
Partnership

FCH

. . . i “Mostly green always secure”
Prometeo is a European Horizon 2020 project that aims to

design, construct, and test an innovative prototype to produce
renewable hydrogen from solar power. The Prometeo’s SWITCH is a H2020 EU Project that aims to design, build and

prototype is based on high-temperature solid oxide electrolysis | test a fully integrated and continuous multisource hydrogen
(SOE) coupled with an innovative heat storage system that | production system, based on reversible solid oxide cell
optimizes the use of intermittent solar heat in hydrogen | (rSOCs) technology.

production.
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Dynamic Modelling Scheme

* Model developed by using Modelica Language with Modelon Impact
* Allthe gases in the model are considered to be ideal gases

A
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77

Modelonlmpact MODELICA

* Equidistant one-dimensional discretization for the stack cells, channels, and other components is considered
* Concentrated parameters model, physical phenomena occur only in the respective component
* Diffusion phenomena are not considered

* Experimental data used for validation of this model are
obtained by a complete 70 cell stack box, provided by
SolidPower, was tested at FBK facilities.

Active surface area

80 cm?

Number of cells

70 cells

Cluster for voltage
probe

8 clusters (7 clustersx9 cells +
1clusterx? cells)

Thermocouple
sensor

9 thermocouples type K

Time step

1s

" Courtesy of Solid Power (SP)

Composition and Mass fraction of
medium used

Nasa reformate Long

Fuel Mass Fraction (%)
Supply H, CH, | cO | co, | H,0 [N, | O,
Channel
SOFC 0 0.303 0 0 0.697 | O 0
SOE 0.12 0 0 0 0.88 0 0
Nasa Moist Air
Air Supply Mass Fraction (%)
Channel Ar CO2 H20 N2 02
Air 0 0 0 0.767 | 0.233
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Dynamic Modelling Scheme
Hierarchical diagram of the workflow template structure

- . 4t [ayer
-{ Condition &/

¥

-

© Constant

o]0}

© parameters

o c 4

) S Q L _

< 7 ° — S Q

c = O B3 5 o

e = I:> g 29 é - % 9 Transition

> © O = o E o

o a O c?2 (@) =

: : 2 E 3

Y A

m .

Variable

Parameters

I page
07

|
- D( 10/11/2022| rSOCs System: Modeling and Control Development With Modelica-Based Language| Michele Bolognese| Bruno Kessler Foundation |



/hodelorL
INNOVATE

2022 = Oct 19-20

‘ Dynamic Modelling Scheme
General Layout of the complete PFD model
Fuel source :
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Dynamic Modelling Scheme

General Layout of the control architecture model

* Constant Current (CC) control
* Constant Voltage (CV) control
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Dynamic Modelling Scheme
rSOCs stack model focus

The SOFCs model is made up of different models and sub-models. 3) Reactign Channel
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Dynamic Modelling Scheme
SubStack model

The substack model allows to connect the cell model to the anode and cathode channel

Mass Balance in Anode and Cathode channel

pin_p
—H =
J
i

anode_channel

Mip1p =M T

Tx = Trar + Tref
Faraday Law Internal Reformer reactions
T affects cell

Wa.” ............................................

. model |1

behaviour . Mg, = E 2F Ncell Nsub
u

e
O‘
®

! The internal reformer reactions happen in
i anode channel model during SOFC mode

Connectors Legend

. Mass Electrical | Heat
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pin_n Outlet o o |:| |:|
- et | @@ W |M
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Methodology approach
Cell model

H, production or consumption

H2 +%02 (—)H20

Nerst’s voltage (based on partial
pressure)

AG® RT | (pu,o0 Poim
|74 = ————— ] el b
. Nerst 2F ZF n < sz p825

The area-specific resistance (ASR)
gives information on the
overall equivalent cell resistance

E
O ASR = ASR, — exp [F

ASR, is the area-specific resistance at 1073 K
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' The voltage at the cell external connectors is calculated
V = Vyerst + Rint Icen
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n ”ASR
. ORjppm 20

E, is the activation energy describing the whole set

Acell
of barriers that limit the current flow in the stack
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T, is calculated through an

i ;. energy balance between
ntemalRes(]

N dt Qan + Qcath + Qwall + chll
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Methodology approach
Cell model

The area-specific resistance (ASR) is calculated as a function of ASR,y and E, it is obtained from the experimental
data and is closely related to the temperature value (670 -700 °C).

\\ exponential fitting of ASR mode ASR, (Q/cm?) Eq (J/mol)
o — » ASR =y, +AeBT) o SOFC | 0.2785+0.0300 | 53680 +0.0300
...... e - SOE 0.3529+0.0300 | 70489 +0.0300

* Aiming to analyze only the voltage data in a range where the stack is expected to behave as a resistance, the data with a Fuel
utilization minor than 6% and greater than 85% were discarded.

* This choice was due to the presence of additional overpotentials, such as activation and concentration overpotential, which
cannot be described by ohmic law.

* Inaccuracies in this model may arise if current and fuel utilization values are used outside the range of the experimental
values.

* The operating condition of an LSM is usually handled within a certain current range for which the ASR function used can be

adjusted although there are obviously deviations that are considered negligible.
I page
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Results
Cell Model

The results of simulated voltage (Voltage Sim) in both cases is very consistent to that of the experimental voltage
(Voltage Exp) as it is included in the range of variability of the intrinsic experimental results of the SOFC/SOE system

which are estimated to be about 3% (dotted line).
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Simulation Setup

SOFC SOE
Current | Linear Trend | Trapezoidal trend
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Results
Polarization Curves

The trend of the polarization curve allows appreciating the nature of the ohmic losses. These in fact present a
typically linear trend both in the experimental case (/inear lines) and in the simulated case (dotted lines).

SOFC SOE

—————
——\oltage Exp down

61k *** Voltage Sim down |
—Voltage Exp up
----- Voltage Sim up

05 1 15 2 25 3 35
Current [A]

Current [A]
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Methodology approach
Reaction Channel

The kinetic reactions happen in the anode channel and in the external reformer during SOFC mode, by using NG as fuel.

CH, + H,0 <> CO + 3H,
CH, + 2H,0 <> CO, + 4H,
CO + H,0 <> CO, + H,

AH = 206.2 k] /mol
AH = 164.9 k] /mol
AH = —41.1 kJ /mol

Arrhenius kinetic parameters

X
\ Reaction rate

R, = Ky (pCH - PHZPCO) 1 Reaction molarrate (rZ) | Molar concentration variation
2.5 4 Hy K 02 b o o e
pHZ 1 rCH4 = _lel - szz i dZ i
k, Ph,Pco) 1 Tco, = V2Rz + V3R3 :» — =/ r/ - Z

Ry = ﬁ(Pcmszzzo _12(— 2 _ 2 : d Xflow + depl :
PH, 11 TH,0 = —V1Ry — 2v,R; — v3R; i _________________________________________ |
k3 szpCOZ 1 er = 3v1R1 + 4‘172R2 + U3R3 i

R; = E PcoPHy0 — Ky | 02 Tco = V1Ry — v3R;3 ' Protection factor for depleted species

p
Q=1+ Keopco + Kuypu, + Kenypeyy, + Kiyo —2 Molar flow rate
p Tl
V4, U, and v5 are mXriow

. —AH;
with K; = Ky; - exp | ———

:

Van’t Hoff parameters

RT

constant tuning
parameters

https://doi.org/10.3384/ecpl11063593
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Reaction Channel

Methane reforming conversion trend » Determination of reaction tuning parameters (v, v, and v3 )
Experimental Data Simulation results
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Dynamic Modelling Scheme

Steam Generation 3) Steam
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[if useSlunit then “Pa" else

Dynamic Modelling Scheme

Steam Generation

1) Modulation of Solar HTF m_flow
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3) Modulation of valve opening

A5

Steam_ mflow

SOE set point mflow

Bruno Kessler Foundation
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Switching time: 3000 s
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Dynamic Modelling Scheme SOFC SOE
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Dynamic Modelling Scheme

Results of the PFD model
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Conclusions

* A dynamic model of a complete BoP of a reversible Solid Oxide Cells (rSOCs) has been developed using
Modelica Language based software and some components have been validated using experimental data.

* This model allows to simulate the coupling between renewable sources and hydrogen system by storing
electrical energy in the form of hydrogen (SOE mode) and by converting hydrogen into electrical energy (SOFC
mode). In particular the conversion of solar thermal power into steam generation has been considered.

e The calculation and the discrepancy estimation between simulation and experimental data allow the model to
be considered robust as as it is included in the range of variability of the intrinsic experimental results of the
SOFC/SOE system which are estimated to be about 3%.

* The model constructed in this way is enough precise to simulate rSOCs for different applications as in power to
power system (P2P), or to study the integration of rSOCs systems in electrical grid to manage in smart way the
use of renewable energy.
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