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Abstract

This study develops a thermal stress model of solid-oxide electrolysis cells (SOECs) including a model for
creep strain and failure probability and integrates that with a dynamic plant-wide model of a hydrogen
production process. Uncertainties in key material properties of the cell are quantified to assess their
impact on stress profile variability. The oxygen electrode is found to have about 10 times higher failure
probability compared to the fuel electrode. The study shows that if the stack operation is not optimized,
cycling operation would lead to stress build-up eventually leading to catastrophic failure. A dynamic
optimization problem is set up for obtaining the optimal operational profile considering variable hydrogen
production rate. Due to the tradeoff between the efficiency and stress build-up, the dynamic optimization
problem is multi-objective. It is observed that the optimizer can considerably reduce the stress build-up
(i.e., can increase the stack life) albeit at the cost of a lower efficiency thus exhibiting strong tradeoffs
between capital and operating costs. For example, if the stack would be replaced in 0.5 yr, specific energy
requirement would be 48.5 kWh/kg H, while for a stack replacement time of about 6 yr, the specific energy
requirement rises by about 4.2%.

Keywords: SOEC, thermal stress, uncertainty quantification, dynamic optimization



1. Introduction

Hydrogen is a carbon-free energy carrier with extensive current and potential uses in the power and
chemical industries. Hydrogen can be produced by using electrolysis using renewably sourced power thus
also helping higher penetration of renewables into the electric grid without adversely affecting the grid
reliability and affecting dynamics of non-renewable energy sources. One potential technology to
producing hydrogen is by using solid-oxide electrolysis cells (SOECs) that offer high efficiency . However,
their high-temperature operation, necessary for realizing the high efficiency, can degrade cell components,
causing irreversible structural damage and performance loss. There are four main types of thermo-
mechanical degradation in SOECs %: residual stress or strain from manufacturing, thermal stress or strain,
creep strain from prolonged high-temperature operation, and chemical expansion effects coupled with
electrochemical-mechanical interactions.

Recent solid-oxide cell (SOC) research has focused extensively on the challenges posed by thermal stress
due to high operating temperatures and thermal gradients. Much of the work in this area has focused on
solid-oxide fuel cells (SOFCs) rather than SOECs. Chiang et al. 3 focused on thermal stresses in an anode-
supported SOFC under various operating conditions. Their results showed that principal stresses increase
when temperature gradients increase. The study also showed that preheating of the inlet gas reduces
temperature gradients and consequently thermal stress. Peng et al. * have noted that thermal stresses
can cause severe performance degradation and eventual rupture of critical cell components. To address
this issue, the impact of design geometries for planar SOFCs has been extensively evaluated particularly
focusing on the thickness of the electrode layer and the design of gas flow channels. Liu et al. > developed
a mathematical model to estimate thermal stresses in planar SOFCs, particularly under thermal cycling
conditions. Their findings indicate that increasing electrolyte thickness leads to a reduction in the number
of cycles before failure. The work of Colombo et al. ® showed that the aging process is highly impacted by
the operational history, including the number of duty cycles, frequency, and the severity of thermal cycling.
Xu et al. 7 explored the possibility of controlling temperature gradients through operational adjustments.
There are several other notable works in this area, again all focusing on SOFCs (Wang et al., 2018; 8.

Creep deformation during long-term operation can be a significant factor leading to both electrochemical
performance degradation and mechanical failure of SOFCs. Greco et al. ° studied the impact of anode and
sealant creep over 10,000 hours, particularly focusing on stress redistribution and its implications for the
mechanical survival of the repeating unit under lower current densities. They also studied the thermo-
mechanical reliability of SOFC stacks during extended operation, and found that there is a substantial
decrease in contact pressure due to creep deformation . Peksen ' reported how creep strain over
prolonged periods can cause high deformation in metal components. Wang et al. *? studied the effect of
frame creep parameters on the long-term mechanical performance of SOFCs under isothermal conditions.
Guo and Lin B performed a comprehensive thermo-mechanical analysis using a multiphysics model to
assess the impact of creep on the mechanical degradation of all SOFC components over 10,000 hours. Luo
et al. ** focused on a creep analysis of tubular SOFCs, studying the effect of tube radius on stress
distribution. Their results showed that the hoop stress of the electrolyte increases with the increase in the
radius of the tube for tubular SOFCs. Zhang et al. > used a probabilistic model for creep damage to evaluate
the evolution of failure probability in SOFCs with varying geometric dimensions during the creep process.
They found that increasing the thickness or width of the sealant and decreasing the thickness of the anode



and frame can reduce the failure probability of the glass-ceramic sealant. Despite the growing number of
studies on the long-term mechanical failure of SOFCs, a common limitation in these studies is the
assumption of isothermal conditions. This simplification often leads to the consideration of the creep
effect of only one or a few materials/components in the SOFC, rather than a comprehensive assessment
of the entire cell under realistic operating conditions. Furthermore, most studies have focused on thermal
stress analysis of SOECs. Recently, Sun et al. ** performed a study on thermal stress evolution in SOECs.
There is scarcity of studies in the open literature on thermal stress analysis of SOECs, especially under non-
isothermal operation. It should be noted that a model for the thermal stress evolution considering creep
strain has been developed by Zhao et al. Y. However, their model is applicable for systems when
temperature change with time is negligible. However, as H2 production rate varies with time and cell
transitions from the endothermic mode to the exothermic mode and vice versa, spatio-temporal change
in cell/stack temperature is practically unavoidable. The model developed in this work takes into account
the impact of spatio-temporal change in cell/stack temperature on the evolution of thermal stress and
creep strain. Understanding the impact of non-isothermal operation of SOECs under varying load
conditions on stress evolution is important to prolong the cell life, which would not only reduce the capital
expenses but would also improve the reliability. .

Recent studies have highlighted the significant impact of balance of plant (BOP) operation on the
performance and physical integrity of SOCs. Notably, the thermal dynamics within SOECs are influenced
not only by energy generation (such as Ohmic losses) and consumption (from endothermic reactions)
within the cells but also by thermal transients in the BOP, which impact the dynamics of cell inlet
temperatures. Only a few studies in the open literature have investigated the impact of BOP on thermal
stress evolution in SOEC or SOFC systems. Colombo et al. ® used a multiphysics modeling approach to
evaluate the performance and thermal stresses in SOFCs under steady-state and transient conditions. The
same authors *° also investigated the dynamics of air/fuel ratio, fuel channel pressure, and mean solid
temperature on the failure probability. In addition, Colombo and Kharton 2° investigated the start-up of
SOFCs at both component and system levels, concluding that the electrolyte experiences the highest stress
due to its higher Young's modulus compared to that of the electrodes. The same authors® proposed a set
of design and operational guidelines for addressing failure and degradation risks of SOFCs in micro-grid
applications. Liu et al. (Liu et al., 2022) developed a dynamic model for a reversible solid-oxide cell (rSOC)
and the BOP to explore the effects of various operating conditions on the maximum positive-electrolyte-
negative temperature and maximum temperature gradient. However, evolution of thermal stress in
various SOEC components and failure analysis were not studied. Overall, there is a significant gap in the
research literature regarding stress and failure probability analysis of SOECs considering non-isothermal
models and BOP dynamics. It is important to note that thermal dynamics within SOECs differ significantly
from those in SOFCs. SOFCs consistently operate under exothermic conditions, regardless of operating
parameters, as both Ohmic losses and reactions are exothermic. In contrast, SOECs can operate under
either endothermic or exothermic conditions depending on the operating voltage. When operating below
the thermo-neutral voltage (i.e., lower hydrogen production rates), the process is endothermic, whereas
above the thermo-neutral voltage, it becomes exothermic. These variations significantly affect
temperatures and stress dynamics as the load changes. This is further influenced by the dynamics of BOP
equipment items 22,

Many authors have focused on steady-state optimization of SOFCs to enhance their performance,
efficiency, and economic feasibility ?2. These studies span from optimizing physical dimensions and



operating conditions to minimizing lifecycle costs and improving overall system robustness under
uncertainties. For example, Feng et al. 2 maximized the power output of a single tubular SOFC by
considering the optimal thickness of the cathode and the length of the fuel cell for a given inner radius as
the decision variables. Bhattacharyya et al. ?* utilized a multi-objective optimization method to maximize
both gravimetric and volumetric power densities of a tubular SOFC. Cheddie 2> minimized the lifecycle
specific energy cost of an SOFC power plant. This was achieved by optimizing the SOFC size and the
operating conditions such as the molar flow rates of methane and oxygen, as well as the recycling fraction
of the SOFC anode outlet. Spivey et al. *® minimized the total annual operating cost of an SOFC while
ensuring compliance with cell lifetime constraints. Gholaminezhad et al. ¥ conducted multi-objective
optimization for methane-fueled SOFCs, considering both microstructural and operational factors to
maximize system efficiency and power density. Ferreira et al. 2® and Rauh ? investigated the real-time
optimization of an SOFC system.

Compared to the extensive literature on the optimization of SOFC systems, literature focusing on the
optimization of SOEC systems remains scarce. Yin et al. * investigated the importance of temperature
management in SOEC systems, particularly during the transition between thermoneutral and exothermic
modes in response to external and internal changes. Their work emphasized the need for developing
strategies to maintain optimal performance. Cai et al. 3! developed optimal control of SOECs.

Although operational optimization has been widely used to address the mitigation of chemical and
performance degradation 3234, studies on physical degradation has mainly considered improvements in
design and manufacturing. Studies such as Wang et al. **> have combined the finite element method with
the response surface method for optimizing dimensions of SOFCs for minimizing sealant failure probability.
From an operational optimization perspective, Cheng et al. 3¢ focused on maximizing efficiency under a
temperature constraint. Li et al. 3’ incorporated mixed partial temperature gradients as a surrogate for
thermal-stress in a control study focused on mode-switching dynamic operation. To the best of our
knowledge, there is currently no work in the open literature on dynamic optimization of hydrogen
production systems using non-isothermal SOEC stacks with explicit consideration of spatio-temporal
evolution of stress as hydrogen production rates vary. This paper seeks to fill in these gaps. We make the
following contributions:

e A thermal stress model is developed for an SOC and validated with literature data. This stress model
is then included in a plant-wide dynamic model of a hydrogen generation process that considers non-
isothermal operation of the SOEC stack along with the BOP.

e Uncertainties in spatio-temporal evolution of stress due to uncertainties in thermo-mechanical
properties of cell component materials are analyzed.

e The integrated modeling framework is used for equation-oriented dynamic optimization of SOEC
systems under flexible operation by taking into account the tradeoffs between efficiency and
structural reliability of the SOEC.

This study offers a first step towards computational framework that integrates thermal stress and creep
deformation modeling with a system level plantwide model. Given a sufficiently characterized cell design
with well-defined material properties and a standard planar structure, the stress modeling and
optimization-based decision-making framework developed in this work can be adapted to different cell
constructions that are known to have significant variations from manufacturer to manufacturer. While this
work quantifies the uncertainty in the material properties available in the literature, we emphasize that



online application of this framework requires the adaptation of the model parameters to the specific
materials used in the actual cells. Another key assumption that we make is that each layer of the multi-
layered PEN structure is uniform. Experimental characterization studies on the creep deformation of
construction materials have shown that creep rates are negatively correlated with the coefficient of
uniformity in the material®. However, similar studies for SOC electrode and electrolyte materials are not
available. The SOC model used in this work can be expanded to provide more spatial resolution, but the
computational tractability of the multi-objective dynamic optimization problem should be investigated.

This work ignores detailed stack-level interactions, rather approximates it by modeling a central cell with
boundary conditions for heat loss, providing a tractable representation for dynamic optimization. While
more detailed stack models, including inter-cell coupling and statistical approaches such as the Fokker-
Planck equation, offer valuable insights, such granular representation can lead to intractability of the
underlying dynamic optimization problem undertaken in this work, that focuses on system-level
optimization.

It should also be noted that operational optimization is only one method of increasing the usable life of
an SOC stack. The thermal performance of SOC structure can significantly be improved by advances in
manufacturing techniques and selection of electrode materials and morphology. Recent theoretical and
experimental studies have found that incorporating LSCO nanoparticles into similar composite materials
results in an improved strength of the microstructure®®. However, further studies are necessary for
compatibility and technical/economic viability of these materials for SOC stacks. Finally, many studies have
addressed the practice of breaking in or condition electrochemical cells before they are deployed. A recent
review by Moghaddam et al.*’ details various conditioning practices employed for PEMFC stacks
particularly for automotive applications that typically involve load cycling. Similar approaches can be
investigated for the high temperature operation of SOECs in addition to the operational strategies
investigated in this system-level optimization study.

2. Methodology

2.1 Solid-oxide electrolysis cell

Figure 1(a) shows a planar solid-oxide cell that consists of two electrodes separated by a thin electrolyte.
In the context of this work, we adopt the terms fuel electrode and oxygen (O,) electrode instead of anode
and cathode as these terms are ambiguous when dealing with reversible solid-oxide cells. In this study,
the fuel electrode is composed of a Ni-YSZ cermet material while the oxygen electrode is composed of
LSM-YSZ composite. The two electrodes are separated by a YSZ oxygen ion conducting electrolyte. While
Figure 1 shows two electrodes of equal thickness, in practice the fuel electrode is significantly thicker and
acts as the support. The thickness and materials of construction of each of the three layers plays a
significant role in determining the distribution of thermal stresses in the cell.

A 2-D non-isothermal dynamic SOC model was developed in previous studies (Bhattacharyya et al., 2009)
and recently expanded by some of the authors of this paper in a recent publication ¥’. The model includes
spatially distributed mass and energy balances in addition to a detailed electrochemical model. The
current version of the model that is used in this work has been developed in the open-source equation-
oriented IDAES (Institute for the Design of Advanced Energy Systems) modeling and optimization platform
41 Each cell in the stack is a planar fuel electrode supporting cell with a length of 23.5 cm in the z-direction
and assumes countercurrent fuel and oxidant channel flow. The cell operates counter currently, with
periodic boundary conditions representing interconnects connecting the top of the fuel channel to the
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bottom of the oxygen channel, simulating a central cell in a large stack. Environmental losses are neglected
due to their minimal impact. The model is 1-D for the channels, electrodes, and the electrolyte while the
fuel electrode is modeled by one finite element in the x-direction. The fuel electrode has a thickness of
0.1 cm while the oxygen electrode and the electrolyte are assumed to be thin layers.

2.2 SOEC Flowsheet

The SOEC described above is integrated into a dynamic hydrogen (H,) production flowsheet, as shown in
Figure 1(b), that consists of recuperative heat exchangers, feed and sweep trim heaters, in addition to
other equipment items such as a blower for the air stream. The oxygen exhaust is vented while the fuel
exhaust passes through a condenser and flash vessel to separate water before being removed as the
product. In addition to the BOP equipment, the dynamic flowsheet also consists of a traditional control
system that has been developed and tuned for setpoint transitions. Further details about the flowsheet
and the control system can be found in a previous work ¥’.
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Figure 1. (a) Multi-layered structure of Fuel Electrode supported Planar SOEC and (b) general schematic
diagram of the SOEC-based H, production plant consisting of the SOEC stack and Balance-of-plant.



2.3 Thermal stress model
In this model, the SOEC is considered to bend freely *2. Thermal stresses are calculated for an elastic
multilayered system, as detailed in Figure 1(a) This study assumes:

e The Euler-Bernoulli assumption® (i.e., that the plane section remains plane under lateral
deformation) holds and thus the transverse shear stress is not accounted for.

e All layers are assumed to be elastic and isotropic and have a uniform morphology.

e Furthermore, the most common type of SOECs is the fuel electrode supported (Ni-YSZ) and so
the thickness of that electrode is much higher than the electrolyte and oxygen electrode.
Therefore, the fuel electrode is considered to be the substrate while other layers are
considered to be films.

e There is no external load.

e Due to typical cell enclosure/construction, displacement in the width direction is ignored.

Under the assumptions stated above, the axial force equilibrium for the n-layer system can be written

asl7,43:
n
Z j GixxdA =0 €]
i=1°4

,where 0; denotes the stress in the /" layer and dA = dx dy

By using the generalized Hooke’s law, considering time-dependent deformation due to creep strain,
under assumption that the axial displacement is a linear function of only the coordinate x in the plane of
the cross-section of the multi-layered system (see the last assumption listed above), and applying the
theory of linear thermo-elasticity, we get:

e(x,t) = g(t) + k(t)x (2)
o;(x,t) = Mi[eo(t) + k(t)x — a;VT;(x,t) — & (x,t)] 3)

Ej

, where M; =(1 5
—Vi

In Egs. (2) and (3), t denotes time, E; , 9;, and a; are the Young’s modulus, Poisson’s ratio, and
coefficient of thermal expansion for the material in the /" layer, respectively, k denotes the curvature of
the neutral axis, £ (t) denotes the reference strain at the bottom surface of the substrate, sl-" and VT;
denote the creep strain and temperature difference of the i" layer, respectively.

Given the assumptions noted before and under Euler-Bernoulli assumption®, Eq. (1) yields:

n h;
oi(x,t)dx =0 4)
hi—1



Substituting Egs. (2) and (3) in Eq. (4), and taking partial integration, it yields:

n
hi
Cueo () + Cok(t) — z M, VT (x, ) dx — Z M, " (x, )dx = 0
hL 1 i=1 hi—l
where:
n
€, = Z M;t;

i=1

, with t; = h; — h;_4, denotes the thickness of the /" layer.

n
1
= Ez M;(hf — hi_;)
=1

Taking the derivative of Eq. (5) with respect to time and defining variables R and P as:

non
R :Z Mi aiVTi(x,t)dx

P = Z M;€f" (x, t)dx
hi—1

,we obtain:

't+th K P—O
Qo) + kO~ - =

Cy R P
——%@)+k@)——————:0
2 C2

Given the assumptions stated before, bending moment equilibrium of the SOC cell can be written as

17,43,
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oi(x,t)xdx =0

Substituting Egs. (2) and (3) in Eq. (12), and taking partial integration, it yields:

Catolt) + C5k(e) - Z

hi—y

where:

1 n
- 52 M(h3 — h3
i=1

Taking the derivative of Eq. (13) with respect to time and defining variables S and Q as:

n h;

S = Zf M; a;VT;(x, t)xdx
i=1 " M1
n hi
Q= Zf M; &7 (x, t)xdx
i=1 “Mi-1
, we obtain:
(t)+— k(ﬂ) 5 _ 9 =0
“ G G
G (t) + k(t) 5_¢ =0
C; 0 C; G

M a;VT;(x, t)xdx — 2 Ml- &M (x, t)xdx =0

(5)

(13)
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Subtracting Eqg. (17) from Eq. (10) and after some algebraic manipulation, we obtain :

RC2 _SC1 + PCZ - QCI
C22 _C1C3

k() =

Subtracting Eqg. (18) from Eq. (11) and after some algebraic manipulation, we obtain:

RC3 _SCZ +PC3 _QC2
€G3 — (3

g(t) =

Under constant stress and temperature, many materials have been observed to undergo three stages-
primary, secondary and tertiary. If the state of stress becomes invariant with time, then the material
reaches stationary regime where the components experience creep in a stationary state. Both primary
and stationary creeps are generally given by the power law %3:

e (x,t) = Aol (x,t)
, where A; and n; denote the creep constant and exponent, respectively for the i" layer.
Taking derivative of Egs. (2) and (3), we obtain:

£(x,t) = & (t) + k(t)x

6,(x,t) = Ef[€5(t) + k(®)x — a;VT;(x, £) — " (x, t)]

Egs. (19), (20), (21), (22), and (23) are solved along with the SOC-based plant model equations to obtain
stress and strain profiles with time. To solve these differential equations, consistent initial conditions are
required. It is assumed that the sintering temperature during manufacturing of the cell is the reference
temperature, i.e., the cell is stress-free and strain-free, but as it is brought to the operating temperature
that is lower than the sintering temperature, it would develop stress, but with sufficient time, denoted by
tsyr the stress would relax. Thus, the initial condition of the cells for this work is considered to be stress
free, but with non-zero strain. Therefore, the following set of equations are solved to obtain the consistent

initial conditions:

g(t=0)= Eo(tsuf)
k(O) = k(tsuf)
&(0,x) = ei”(tsuf,x)

é(x, tsuf) = gO(tsuf) + k(tsuf)x =0
O'l'(X, tsuf) =0
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(13)
(14)

(15)
(16)
(17)

(18)
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&i(x, tous) — VT (x, toys) — e (x, tsus) =0 (20)

eo(tsur) + k(tsuf)x — a;VT(x, toup) — &7 (% tup) =0 (30)

, Where VT denotes the difference between initial operating temperature and the sintering temperature
for generating these initial conditions.

2.4 Failure probability analysis

In SOCs, electrolyte, anode, and cathode, are ceramic materials. Ceramics are more susceptible to failure
due to tensile stress rather than compressive stress. However, given the multi-layered structure of SOCs
and the high operating temperature and expected high spatio-temporal temperature gradient, it is
important to ensure that the compressive stress remains below the acceptable level 44,

Failures of ceramics are uncertain. Failure probabilities for ceramic materials can be assumed to be
independent of time for simplicity, but this requires ignoring time-varying crack growth probability. In this
work failure probability is considered to be time-dependent to account for long-term, high-temperature
SOC operations that leads to creep deformation, a key failure mechanism in these conditions, causing new
cracks or exacerbating existing defects.

The Weibull distribution given by Eq. (31) is often used for estimating materials failure probability 446

0o

F(t)=1—exp [— <@> [Et)] (21)
0

where F is the failure probability, , gy IS the characteristic strength, m is the Weibull modulus, V; is the
volume of the material, and V,, is the reference volume associated with the characteristic strength. The
Weibull distribution has been widely applied to metals. Unlike metals, ceramics do not have a constant
creep failure strain, due to the uncertainty in flaw size, structure, and stress distribution®®. Instead of
Equation (31), a modified form of the Weibull distribution® given by Eq. (32) is used. This modified form
is given in terms of strain € and characteristic strain &,. The characteristic Weibull distribution parameters
m, &, and I/, depends on the materials of construction of a layer:

2l @] 22)

€o Vo

F(t) = 1—exp[—(

The change in the characteristic volume V(t) for any finite element can be related to the strain £(t) by
considering any change in volume to be additive as per:

V(t) =Vy+ 4V (t) (23)
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The strain is typically defined as shown in Eq. (34).

__AL(@

£(t) Ly

Considering a regular cube, V o« L3, we obtain:

V(t)
—=1+¢3
Vo ¢

2.5 Dynamic optimization

During transient operation of the SOEC, temperature fluctuations and high-temperature operation can be
unavoidable. Consequently, over the span of long-term operation, creep deformation is inevitable and will
lead to eventual failure. For the reliability of a Ho-production system, the stack should be replaced before
a certain failure probability is reached. In this study, the replacement time for the stack is considered to
be the time when the failure probability reaches 60%. To evaluate long term evaluation of stress, strain
and failure probability, we use the following approach to keep the computational cost tractable:

1) Dynamic optimization is performed over a single 8-hour cycle and then the cycle is assumed to be
repeated over the plant lifetime. Obviously, cycles of longer duration and with varying operational
profile can be included in dynamic optimization, albeit with additional computational cost.

2) Using Eq. (32), time-dependent profiles for the failure probability are obtained using the strain
over multiple cycles.

3) The failure probability over long-term operation is computed by assuming that each cycle is
identical.

While producing the desired H, production rate, efficiency must be maximized and accumulation of
residual thermal stress be minimized. For SOC, operating at high temperature improves the efficiency
mainly due to reduced overpotential in the electrolyte while the high temperature operation and
especially rapid temperature changes can adversely affect thermal stress. For this multi-objective dynamic
optimization problem, the weighted sum method is used as given by Eq. (36).

12
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Nz Nx,l

o1 (Y 1 0 2
min — Psystem(t) + Z w z z (O-l,iz,ix (t) - O-l,iz,ix) dt
o tlo o NNz e
subject to:
d¢
hsys (5; E) =0
do de
0.2

h‘LHZ'O(t) - 5 S m.Hz (t) S mHz'O(t) + 5

compressive,max tensile,max
gl < 0,i2,ix (1) < 0

b <9 < g

E <) < gvb

Here the objective function includes the following two terms: (i) the first term denotes the average power
consumption over the cycle in MW (since the H; production rate is predetermined, this is equivalent to
minimization of specific power consumption or maximization of efficiency) and (ii) the second term
denotes the integral squared deviation of the stress distribution ¢ at a time t for all locations from the
initial stress distribution ¢%in MPa. w; is a user-provided weight. Since the stress in each layer [ can vary
by several orders of magnitude, different values of w; can be assigned to each layer | € FE,E,OE. The
stress deviation at every point in time is averaged for the cell by dividing the summation with the number
of x and z finite elements in each layer. Since each layer has a different thickness, different number of finite
elements in the x direction can be used for every layer. hg, is the system of equality constraints pertaining

to the dynamic process model (SOEC and BOP equipment) with & and Z—i representing the system state

variables and their respective derivatives. hg, 4 is the differential-algebraic equation (DAE) system derived

from the thermal stress and creep deformation model described in Section 2.3. In Eq. (38), ¢ and € are
do
dt
time derivatives. The constraint (Eq. 39) enforces the production profile described in Figure 4(a) by

restricting the H, production rate at every point in time to the corresponding value from the
predetermined cyclic operating profile within a tolerance 8. The constraint given by Eq. 40 provides bounds
to the maximum allowable localized instantaneous compressive and tensile stresses during dynamic
operation. The decision variables 8 are bounded by lower and upper bounds based on reasonable
operating regimes in Eq. 40.

, . . i . d . .
the degradation state variables for stress and strain, respectively, while — and d—i are their corresponding
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Table 1 presents the baseline values and the bounds for the decision variables used for dynamic
optimization. Here, we free the inlet temperatures to the SOC on the fuel and oxygen side and enforce
lower and upper bounds.

Table 1. Base case values and bounds for the decision variables.

Base case
Decision variables 6 Unit o'p oup
(Min/Max H2 rate)
Steam heater outlet temperature setpoint K 943.6/986.0 920 1000
Sweep heater outlet temperature setpoint K 923.0/985.6 920 1000

2.7 Cell configuration and material properties

The SOC cell is considered to be fuel electrode-supported with Ni-YSZ as the fuel electrode, YSZ as the
electrolyte, and LSM-YSZ as the oxygen electrode materials. The thicknesses of Ni-YSZ, YSZ, and LSM-YSZ
layers are 1000 um, 10.5 pum, and 40 um, respectively. A single cell measures 23.45 mm in length.

The material property values for Young’s modulus (E), Poisson's ratio (v), coefficient of thermal expansion
(CTE) (a), and creep parameters, A and N, of the cell components are shown in Table 2. Details on the
uncertainty in these parameters can be found in the supplementary information in Figures S1 — S3 and
Table S1.

Table 2. Material properties of SOEC materials

Fuel electrode Electrolyte Oxygen electrode
Temperature (K) .

(Ni-YSZ) (YSZ) (LSM)
E (GPa) 1073 53 144 52
v 0.39 0.29 0.28
a (10%/ K) 12.41 10.35 12.19
A (MPa™s?) 2.6x101 1.18 x 10'* 1.27 x 1012
N 1.7 1 1.7

The characteristic Weibull distribution parameters m, g;, and V,, are different for each layer of the SOC
structure and depend on the materials of construction (Table 3).
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Table 3. Weibull parameters for SOC materials

Material of construction m & Vo
LSM-YSZ Oxygen Electrode 3.7 0.01 1.21
YSZ Electrolyte 8.6 0.01 0.35
NiO-YSZ Fuel Electrode 17.8 0.01 0.578

2.8 Modeling and optimization software

The dynamic process model for the SOEC flowsheet is developed by using the open-source, equation-
oriented IDAES software framework 4!, which is based on Pyomo, a Python-based open-source code. A
comprehensive discussion of the plant-wide model and how the controller is configured can be found in
Li et al. 3. The Pyomo.DAE module is employed for the discretization of the time domain to transform the
DAE into a system of nonlinear algebraic equations using the implicit Euler method.

The spatial variations within the cell are captured through finite-element discretization along the cell
length. The flow direction is along the z-axis shown in Figure 1(a). The stress model is discretized over the
x-direction with 16, 4, and 8 finite elements in the fuel electrode, electrolyte, and oxygen electrode,
respectively. Note that these finite elements along the x-direction are only present in the stress model.
The SOEC model uses a discretization strategy similar to Li et al. 3 with one finite element in each layer for
the x-direction. The temperatures for the 28 finite elements in the stress model are obtained through
interpolation from the SOEC temperature profile. Dynamic simulations are conducted using the adaptive
timestep integrator PETSc #” and served as the initial guess for the fully discretized optimization approach
solved using IPOPT “&,

3. Results

3.1 Model validation

To validate the developed model we simulate the initial stress relaxation after the sintering of the SOC
structure. Figure 2 shows excellent agreement between our model and results from Zhao et al. Yunder
isothermal conditions (1073 K), accurately capturing the initial thermal stresses in the layers and interfaces
of an SOFC ¥, including when creep deformation occurs. We consider that the cell is sintered at a
temperature of 1470 K. At this temperature the cell is considered to be at zero-stress and zero-strain. The
cell temperature is brought to an operating temperature of 1073 K for operation. This results in the
formation of the initial thermal stress profile described in Figure 2(a).Before stress gets fully relaxed,
compressive stress develops in the electrolyte and oxygen-electrode layers due to the contraction of the
fuel-electrode substrate. As illustrated in Figure 2(a), this results in a pronounced tensile stress peak near
the fuel-electrode/electrolyte interface and considerable compressive stress within the electrolyte layer,
measured at approximately 136.49 MPa. The difference in material properties including mismatch in
coefficient of thermal expansion among the three layers results in the steep discontinuities in stress at
the interfaces between the electrodes and the electrolyte.
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Figure 2(b) and Figure 2(c) shows the evolution of total strain and stress, respectively, and compare these
profiles with that from Zhao et al. ¥’. Again, there is a good match between the proposed model with the
reference. The total strain accumulation increases with time which leads to decreased stress and
consequently a decrease in the creep rate.
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Figure 2. Validation with (Zhao et al., 2019) describing stress relaxation and creep deformation under
isothermal conditions (1073 K).

3.2 Dynamic ramping simulations of the SOEC system

For the studies conducted in this and subsequent sections, initial condition (i.e., att = 0) is considered to
be when the cell is stress-free (i.e., post stress relaxation as observed in the study presented in the earlier
section) but it has non-zero creep strain due to the deviation of the initial temperature compared to the
sintering temperature during manufacturing. The steady-state targets for dynamic simulation are
determined by solving an optimization problem that minimizes the total electricity usage of the cell and
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associated BOP equipment. Similar to Li et al. ¥, steady-state setpoints are optimized by solving individual
steady-state optimization problems for fixed H, production rates. These setpoint variables include cell
potential, makeup steam/hydrogen feed rate, sweep feed rate, and temperature setpoints for steam and
sweep heater outlets. Note, that during dynamic optimization the only free variables are the temperature
setpoints of the steam and sweep heaters as discussed in Table 1. This section of the paper will first show
the impact of a classical control strategy for a single cycle of H; production changes on cell temperature, a
key parameter the impacts stress, and then the subsequent impact of multiple H, cycles on the stress
accumulation. More importantly, it demonstrates how a stress penalty can be added to the nonlinear
model predictive control (NMPC) objective to mitigate stress accumulation.

In order to study the effects of different load cycles on the stress distribution in the SOC structure, the
following case study was conducted. We simulate three duty cycles, each consisting of initial operation at
a maximum H2 production rate of 2.0 kg/s followed by a 5-minute ramp down to a low H2 production rate
which is maintained for 5 hours, before finally ramping back up to 2.0 kg/s over the course of 5 minutes
which is held for an additional two hours. The three cases differ in the values of the minimum H2
production rate at the end of ramp down, that are 0.4 kg/s, 1.0 kg/s and 1.5 kg/s, respectively. The system
level setpoints for each of these H2 production targets (including the starting 2.0 kg/s) are obtained
through the solution of a separate steady state optimization problem as discussed in a previous work®.
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Figure 3 Single cycle stress redistribution compared to three ramping cases. (a-c) Operating conditions for
the ramp. (d-f) Stress evolution over a single cycle

Figure 3(a) presents the variation in current density over the 9-hour operating period due to the desired
change in the hydrogen production rate. The corresponding voltage profiles are shown in Figure 3(b).
Notably, the resulting voltage for achieving the 0.4 kg/s H2 production setpoint is approximately 1.14 V,
which is below the thermoneutral voltage (TNV), whereas the voltages for other production rate set points
remain above TNV. The stack operating temperature changes accordingly, as the stack transitions from/to
the exothermic mode (above TNV) to/from the endothermic mode (below TNV) as seen in Figure 3 (c).
Therefore, as expected, average cell temperature is highest corresponding to 2.0 kg/s H2 production rate,
followed by 1.5 kg/s and 1.0 kg/s H2 production rate, with the lowest average temperature observed for
the 0.4 kg/s H2 production rate.

A notable peak in stress is observed towards the end of the ramp down period as stack temperatures drop.
As seen in Figure 3(d-f), the highest stresses are observed in the electrolyte, peaking at about 130 MPa for
0.4 kg/s H2 production rate. It is observed that there is a strong dependance of stress on the difference
between the operating temperature and the sintering (zero-stress) temperature as expected. In addition,
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it is observed that the operating cycles that include a transition from above the TNV to below the TNV
yield higher thermal stress than where such transition is avoided.

Therefore, from this point this study focusses on the load schedule as described in Figure 4(a). The cell
starts the cycle operating at a H, production rate of 2.0 kg/s, followed by a ramp decrease to 0.4 kg/s over
a period of 5 minutes, which is then maintained for 5 hours. Next, the production rate increases back up
to 2.0 kg/s over 5 minutes and is held constant for an additional 2 hours. It should be noted that the H,
flowrate rate of 2 kg/s leads to exothermic operation while the lower H, flowrate of 0.4 kg/s leads to
endothermic operation. It is desired to study the optimal profile as electrolysis operation swings from
above to below the thermo-neutral voltage of 1.29 V and vice versa as shown in Figure 4(b).
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Figure 4. (a) H, production rate, (b) cell voltage, (c) electrolyte temperature profiles at different locations
along the cell length and (d) average temperature at the center of the cell

Figure 4(c) shows the stack core temperature profile over the course of the cycle at different locations
(nodes 1 to 10) along the length of cell (z-direction). The spatio-temporal variation in the temperature
profile indicates expected variation in the stress profile. Interestingly, it is observed that at high H,
production rates, the highest temperatures occur near the center of the stack. However, at low production
rates, the highest temperature region shifts towards the fuel outlet due to endothermic operation. Higher
thermal stress results as the difference in the operating temperature increases from the zero-stress
condition. For conciseness, Figure 4(d) shows the average cell temperature over the course of dynamic
operation.
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3.3 Stress reduction through dynamic optimization

As a base case, we evaluate the stress and strain distribution corresponding to the temperature profile in
Figure 4(c-d) over five identical cycles. Figure 5 show the stress and strain evolution in each layer at the
location of maximum tensile stress, specifically at the interface between the fuel electrode and the
electrolyte. At the start of the cycles (t=0 hours), the stress in all three layers is zero, consistent with the
stress relaxation described in Figure 2. Correspondingly, the initial strain in all locations across the three
layers is non-zero. Figure 5 also presents stress and strain profiles for varying values of the penalty
parameter w (i.e., the weight in the multi-objective optimization problem) used in the electricity
minimization objective function described in Eq. (36). The dynamic optimization results demonstrate that
increasing the value of the penalty value reduces stress but comes at the expense of higher electricity
consumption for achieving the desired hydrogen production. The impact of applying dynamic optimization
to decrease residual stress will be discussed in more detail below.

Figure 5(a) shows the stress evolution in the fuel electrode specifically near the fuel-electrode —electrolyte
interface. It is observed that as the cell transitions from a high H, production rate to a low H; production
rate, without accounting for stress mitigation, the shift to endothermic operation causes a temperature
decrease. This results in a considerable increase in the tensile stress in the fuel electrode, reaching
approximately 40 MPa (black line). This is accompanied by an increase in the creep strain seen in Figure
5(b). As the cell ramps back up to 2.0 kg/s, cell temperatures increase back to the initial 990 K. While the
stress due to thermal mismatch is relieved along with the increase in temperature, residual stress
relaxation through the creep deformation process has resulted in the accumulation of creep strain.
Furthermore, the stress accumulated is not completely relaxed within the cycle time resulting in a non-
zero residual strain at the end of the first cycle.
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Figure 5. Stress and Strain evolution over 5 operating cycles in Fuel Electrode (a-b), Electrolyte (c-d) and
Oxygen Electrode (e-f). w = 0, corresponds to the base case and w = 0.2 includes a stress penalty with

the highest penalty.

This effect is very evident in the results for the electrolyte and oxygen electrode, as shown in Figure 5(e)
and Figure 5(f), respectively. In these cases, the starting stress at the beginning of each new cycle is higher
than that of the previous cycle. The electrolyte material (YSZ) is generally very resilient to high stress
conditions due to a small creep rate constant (A=1.18 x 10™** MPa™s) resulting in low strain deformation
over the 50 hours of operation even under high tensile stresses.

As described in Figure 5(e-f) the oxygen electrode experiences moderately high tensile stress (~50 MPa
during the first cycle), which accumulate to exceed 75 MPa over the course of just five cycles. This leads
to a steeply increasing strain profile, which is likely to cause accelerated damage and premature failure if
not addressed. Thus, while dynamic operating scenarios designed to maximize efficiency and reduce
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energy costs may achieve short-term savings, they can ultimately lead to higher capital costs due to the
need for frequent stack replacements.

In the base case (w = 0), we also observe significant spatial variations in thermal stress in both the
compressive and tensile directions. Figure 6(a) represents spatial stress distribution as a 2D heatmap in
which the red regions experience tensile stress, and the blue regions experience compressive stress. The
white region represents the interface between regions of compressive and tensile stress, characterized by
near zero stress levels. Figure 6(b) illustrates the stress distribution in the SOEC at the end of the final cycle
before the ramp up back up to a H, production rate of 2.0 kg/s. This corresponds to the maximum stress
observed in the cell over the five cycles. It is observed here that the entire cell experiences tensile stress,
with the maximum stress occurring at the interface between the electrolyte and the fuel electrode.
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Figure 6. Spatial Stress Distribution at time = 48 hours and time = 45 hours for the base case (a-b) and
the optimized (w = 0.2) case (c-d)

As noted above, in Figure 5 we also plot operating trajectories for increasing values of the penalty
parameter, corresponding to stress accumulation in the objective function specified in Eq. (36). The
dynamic optimization results show that increasing the value of the penalty parameter is effective in
decreasing residual stress in all three layers by up to 80%, 85%, and 87% in the oxygen electrode,
electrolyte, and fuel electrode, respectively. Figure 7 shows the corresponding temperature and voltage
trajectories required to achieve these stress reductions for each value of w. Optimization reduces the
maximal stress by increasing the average cell temperatures during the low H, production phase of 0.4 kg/s.
For the oxygen electrode and electrolyte, this results in a monotonic decrease in stress, which significantly
mitigates the increase in strain. In the fuel electrode (Figure 5(a)), the peak tensile stresses initially
decrease monotonically for low values of the penalty weight w. However, at higher penalty weights, the
reduction in tensile stress is accompanied by a significant spike in compressive stress before the ramp up
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to a H, production rate of 2.0 kg/s. It is noted that fuel electrode and oxygen electrode materials exhibit
high resistance to compressive stress and are not expected to fail under these stresses. At the end of five
cycles, the maximum compressive stress, approximately -11.1 MPa, is observed near the fuel electrode—
interconnect interface. The maximum tensile stress is observed at the interface between the electrolyte
and fuel electrode.
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Figure 7. Optimal cell (a) temperature and (b) voltage for different stress penalty weights

The spatial temperature profiles after optimization including the highest stress penalty are seen in Figure
6. From Figure 6(c), it is observed that the stress at the final-end state is significantly reduced, with an 82%
decrease in the maximum tensile stress to 24.4 MPa, along with a similar reduction in the tensile stress.
At 45 hours, corresponding to the point of maximum stress in the base case, an 84% reduction in tensile
stress is observed at the electrolyte-fuel electrode interface. However, this reduction comes at the expense
of an increased presence of compressive stress along all three layers of the SOEC. These stresses are
concentrated near the cell’s inlet and outlet, with a maximum compressive stress of -31.4 MPa observed
at the fuel electrode-electrolyte interface near the fuel inlet. This value approaches the allowable tensile
stress limit for the electrolyte (-30 MPa).

3.4 Quantification of material property uncertainty

As discussed in the section on parametric uncertainty in SOEC material properties, there is considerable
uncertainty in the Young’s modulus, the coefficient of thermal expansion, and Poisson’s ratio. In Figure 8,
these uncertainties are propagated by simulating the w = 0.2 optimal operating profiles under different
realizations of uncertainty. “Base case” here corresponds to the stress profiles obtained from the expected
value of the parameters. The “Full space” is bounded by lower and upper bound realizations of all the
parameters. Because of the nature of the stress models, these correspond to the worst-and best-case
conditions. We also construct 95% confidence intervals using the data described in the supplementary
information. The regions marked “95% confidence” are obtained from the lower and upper bounds of this
reduced uncertainty space. It is seen in Figure 8(a), Figure 8(c) and Figure 8(e) that the uncertainty in the
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parameters results in a significant uncertainty in the stress evolution in the three SOEC layers, with higher
levels of uncertainty when projecting over longer operating horizons. The largest uncertainties are
observed in the oxygen electrode.

The growing uncertainty in evolution of stress over time further implies significant uncertainty in the
failure probability estimates throughout the five cycles. The failure probability evolution over five cycles is
presented for w = 0.2 in Figure 8(b), Figure 8(d) and Figure 8(f). We observe that the oxygen electrode
and fuel electrode have a much higher probability of creep induced failure compared to the electrolyte.
As mentioned earlier, the maximum instantaneous compressive and tensile stresses are constrained
through inequalities. These constraints, in conjunction with the stress penalty, lead to a decrease in the
transient spike in stress observed at the end of the ramp, resulting in a flatter stress profile before the
ramp up to 2.0 kg/s. The fuel electrode exhibits an interesting property of elastic SOEC materials, since
some of the creep strain can be reversed, thereby reducing failure probability, when the stress transitions
from tensile to compressive. In these operating profiles, the duration of reversal is much shorter than the
duration of the period in which the cell is under compressive stress. However, this could motivate the
development of specialized operating schedules where the stack undergoes a “regenerative” period where
strain could either be reversed or the residual stresses could be relieved through the relaxation process.
The latter can be achieved by extended isothermal operation like that in Figure 2.
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Figure 8. Effect of material property uncertainties on residual stress evolution and failure probability in
the Fuel Electrode (a-b), Electrolyte (c-d) and Oxygen Electrode (e-f)

The stress reduction strategies described in the previous sections have an impact on the energy
consumption of the SOEC-based hydrogen generation process. Increasing the cell temperatures during
low-load conditions (0.4 kg/s H,) incurs a higher energy cost, as the cell operates endothermically during
this period. Figure 9 presents a Pareto plot that indirectly compares the two competing objectives of
annual energy consumption and estimated time to stack replacement as defined in Section 2.4. Under
rapid cycling operation, as described in this study, stress accumulation is exacerbated by the slow dynamics
of the residual stress. This leads to accelerated creep deformation, ultimately resulting in a shortened cell
lifespan. Since the stack should be replaced well before failure is imminent, a failure probability of 60% is
assumed as the threshold for replacement as noted before. As shown in Figure 9, while dynamic
optimization can extend the replacement time, it results in an increase in the annual energy consumption
due to the trade-off with efficiency. The limiting component for stack replacement is the oxygen electrode.
Depending on the method of operation, stack replacement times can range from three months to six years,
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while energy consumption can vary from 47.5 kWh /kg H, to 50.5 kWh /kg H,. The Pareto curve offers
a set of operating points that shows the tradeoff between the two objectives. It shows that if it is desired
to increase the stack replacement time, it leads to steeper energy penalty.
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Figure 9. Pareto-curve comparing specific energy consumption and expected time to replacement.

The Pareto curve can be used to obtain the optimal operating conditions given the cost of energy and
stack. However, these prices greatly vary based on the specific region/location. Our prior related studies
on long-term chemical degradation of SOEC systems have shown that the trade-off between short-term
efficiency and long-term replacement costs is highly market dependent®22*, For example, in regions with
high electricity prices, operating profiles that favor efficiency—despite more frequent replacements—tend
to minimize the long-term levelized cost of hydrogen. Conversely, in markets with lower electricity costs,
reduced efficiency and longer stack lifetime may be more economic.

4. Conclusion

While load-following cyclic operation is an attractive application for SOEC systems due to their fast thermal
and electrochemical dynamics, this study shows that, without careful optimization of dynamic operation,
rapid stress build-up and resultant deformation can significantly shorten stack lifetime. The dynamic stress
and creep deformation model presented here serves as a crucial tool to understand the physical
degradation of SOEC stacks, especially in the absence of experimental methods for monitoring cell
deformation during operation.

The model captures the dynamics of the multi-timescale deformation process by accounting for both the
instantaneous stress formation caused by thermal mismatch and the much slower creep deformation
process. Implemented within the open-source IDAES framework, this deformation model can be readily
coupled with the publicly available SOEC system model.
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Simulation results show significant variations in the stress magnitudes and directions throughout the cell,
with both compressive and tensile stresses present in different layers of the SOEC. These stress
distributions are time dependent and heavily influenced by the operating conditions during dynamic
operation. While stresses caused by thermal mismatches are instantaneous and follow the temperature
dynamics, they contribute to a slower creep deformation process.

Even though the stresses developed during transient operation are reduced by returning to the initial zero-
stress temperature, the residual stress does not completely relax within the cycle. This results in a
compounding effect, where the initial stress at the start of each subsequent cycle is higher than the
previous one. Over long-term operation, this accumulation of stress can ultimately lead to stack failure.

Dynamic optimization is shown to be effective in controlling physical degradation and increasing the stack
lifetime, from a base case of three months to over six years, based on the assumption that the stack must
be replaced when the failure probability exceeds 60%. This highlights the importance of considering both
physical degradation and efficiency when dynamically operating the stack.

Although dynamic optimization leads to a reduction in physical degradation through multiple mechanismes,
including slow creep deformation and instantaneous thermal stress, by using stress constraints and a
penalty function, it leads to a decrease in the efficiency. A Pareto curve is generated showing the stack
replacement time and specific energy requirement. It shows that if the stack replacement time is desired
to be higher than about one year, then the energy penalty steeply increases. For example, if the stack
would be replaced in 0.5 yr, specific energy requirement would be 48.5 kWh/kg H, while for a stack
replacement time of about 6 yr, the specific energy requirement rises by about 4.2%. Obviously, the
optimal operating conditions for cyclic operation will depend on the capital cost of the stack, energy cost,
and market incentives for cyclic load-following operation. The optimal condition selected based on the
Pareto-front is highly dependent on the specific region/location under consideration. Furthermore, it is
important to consider the real-time economics of electricity prices and hydrogen demand. Additionally,
other strategies to mitigate stress evolution may include scheduling restorative periods during long-term
operations, where the cell operates isothermally to allow built-up stresses to relax. Incorporating such
long-term scheduling decisions into the day-to-day dynamics of thermal stress requires multi-timescale
optimization models, which can be computationally expensive. The multi-objective optimization problem
proposed in this work and other variants of it including the scenarios and operational strategies as noted
above can lead to a highly computationally expensive dynamic optimization problem especially for large-
scale industrial systems. For computational tractability of these problems, in addition to
selection/development of efficient optimization algorithms and strategies, other strategies should be
investigated including simplified/reduced model of the stack and balance of the process, reduction of the
scenario space, potential use of parallel computing, etc.

While the theoretical approach developed in this work can be applied to other ceramic materials used in
SOECs, we recognize that there is a high degree of uncertainty in the structural parameters of the SOEC
materials. Monte Carlo simulations undertaken in this work show that the stress-induced failure
probability and uncertainty in the failure probability are considerably higher for the fuel and oxygen
electrodes compared to the electrolyte. The oxygen electrode exhibits about 10 times higher failure
probability compared to the fuel electrode. To address materials uncertainties, future work could explore
robust optimization techniques to obtain operating profiles capable of maintaining feasibility under all
realizations of uncertainty.
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This work models the cell as a multi-layer structure with uniform material properties for each component
described by macroscopic structural properties such as the coefficient of thermal expansion, Poisson’s
ratio, and the Young’s modulus. Characterization at the microstructure level by taking into account local
inhomogeneities and microscale mechanisms, such as grain boundary sliding, local creep at
heterogeneities, microcrack formation, and localized contact resistances are not taken into account in the
current work. Accounting for these effects would require high-fidelity multiphysics models that are
computationally prohibitive for dynamic optimization. In addition, there is a lack of literature on detailed
theoretical studies quantifying these phenomena and measurement of local thermo-mechanical
properties with well-defined local inhomogeneities further limiting their integration into system-level
models. It is desired that future works in this area address these important aspects.

Finally, it is important to recognize that in addition to failure due to thermal stress and creep deformation,
a significant challenge towards the commercialization of high temperature SOC stacks is that of
performance degradation due to a variety of chemical degradation mechanisms. These include phase
coarsening, TPB degradation and the formation of secondary oxide scales that often work synergistically
to reduce the useable lifetime of the SOC stack. It is highly desired that future works in this area account
for these synergistic interactions to optimize operational profiles for long-term operation of the SOC
systems.
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